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Beaucoup nous demand&u’es-ce que la thése »Nous répondons rapidement que ¢’est un
rassemblement!’expériences en labo, de recherches biblio, et puis de rédaction, mais
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Le doctorat nous pousse dans nos retranchements, nous amene a dépasser nos limites. Au
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nous a, sans aucun doute, construit pour le restant de notre vie de chercheur, mais aussi pour
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Abbreviations / Abréviations

7-AAD
AF488
AM
ANR
ANSES

AT
ATP
BAL
BALF
BALT
BSA
CBA
CDX
CFSE
Chol
CLSM
CS
DAPI
DCF
DCP
DMSO
DOPE
DPI
DPPC
DTPA
ELISA
FBS
FDA
FITC
FL-
FSC
g
GPR
GPX
GSH
GSSG
GST
GSTNB
H.DCFDA
HSPC
ICAM-
IFN
IL-X
IPL
LDH
LPS

: 7-Aminoactinomycin D
: AlexaFluor 488
: Alveolar macrophage / Macrophage alvéolaire
: Agence Nationale de la Recherche
: Agence Nationale de$écurité Sanitaire, de I’ Alimentation, de
I’Environnement et du travail
: Alveolar type / Type alvéolaire
: Adenosine triphosphate
: Broncho Alveolar Lavage / Lavage Broncho-alvéolaire
: Broncho Alveolar Lavage Fluid
: Bronchial Associated Lymphoid Tissue
: Bovine Serum Albumin
: Cytometric Beads Array
: Cluster of differentiation number X
5-(and 6)-Carboxyfluorescein diacetate succinimidyl ester
: Cholesterol
: Confocal Laser Scanning Microscopy
: Chitosan / Chitosane
: 4',6'-diamidino-2-phénylindole
: 2°,7’-dichlorofluorescein
: Dicetylphosphate
: Dimethylsulfoxyde
: 1,2-Dioleoylsn-glycero-3-phosphoethanolamine
: Dry Powder Inhaler
. 1,2-dipalmitoysn-glycero-3-phosphocholine
: Diéthyléne triamine pentaacetique acid
: Enzyme-Linked ImmunoSorbent Assay
: Fetal Bovine &um / Sérum de veau feetal
: Food and Drug Administration
: Fluorescence IsoThioCyanate
: Fluorescence Channel
: Forward scatter
: Gravity / Gravité
: Gluthathione reductase
: Glutathione peroxidase
: Reduced Sulfydryl form gluthathione
: Oxidized disulfide form gluthatione
: Gluthathion S-transferase
: Glutathion derivate (see TNB)
: 2, 7'-dichlorodihydrofluorescein diacetate
: hydrogenated soy phosphatidylcholin

. Intracellular Adhesion Molecule

. Interferon

. Interleukine-X

. Isolated Perfused Lung

: Lactate dehydrogenase / Lactate déshydrogénase
: Lipopolysaccharide
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Abréviations

MCP- : Monocyte chemoattractant Protein

MDI : Metered Dose Inhaler

MFI : Mean Fluorescence Intensity

MTS : 3-(4,5-dimethylthiazol-2-yl)-%3-carboxymethoxyphenyl)-p4-sulfophenyl)-
2H-tetrazolium

MTT : 3-[4,5-dimethylthiazol-2-yl]-3,5 diphenyl tetrazolium bromide

n : Number of independent trial

na : Not applicable / Non applicable

NADPH : Nicotinamide Adenine Dinucleotide Phosphate-oxidase

NBT : Nitroblue tetrazolium / Bleu de tetrazolium

nd : Not determined / Non déterminé

NIR : Near Infra Red / Proche Infra Rouge

NMR : Nuclear Magnetic Resonance

NPs : Nanoparticles / Nanoparticules

NT : Non treated / Non traitées

p . Statistic value / Valeur statistique

PBS : Phosphate Buffer Saline

PC : Phosphatidylcholine

PE : Pycoerythrin

PEG : Polyethylene Glycol

PEI : Polyethylenimine

PF68 : Pluronic F68 (Poloxamer 188)

P1 (IP) : Propidium lodide / lodure de propidium

PLA : Polylactic acid

PLGA : Poly(lactideco-glycolide)

PMA : Phorbol 12-myristate 13-acetate

PMN : PolyMorphoNuclear

PS : Polystyrene / Polystyrene

PVA : Polyvinyl alcohol / Alcool Polyvinylique

Rhod : Rhodamine

RNS : Reactive Nitrogen Species / Especes Réadeiéazote

ROS : Reactive Oxygene Species / Especés Réadtivexygene

SCG : Single Cell Gel

SD . Standard deviation / Ecart Type

SLN : Solid Lipid nanoparticle

SOD : Superoxide dismutase

SSC : Side-scatter curves

B : Trypan Blue / Bleu trypan

TEER : Trans Epithelial Electric Resistance

TEM : Transmission Electronic Microscopy

TNB : 5-thio-2-nitrobenzoic acid

TNF- : Tumor Necrosis Factor

WST : Water soluble Tetrazolium salts

XTT . 2,3-bis{2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
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Introduction générale

La nanotoxicologie, nouvelle sodsscipline de la toxicologie, a pour but d’étudier la toxicité

de nanoparticules vissds de 1’organisme. L’évaluation de cette toxicité est réalisée par le

suivi de plusieurs parametres, tels que la viabilité cellulaire, la réponse inflammatoire, le
stress oxydant ou encore les dommages induits a I’ADN. Parmi les nanoparticules
développées, celles concues pour des nanomedicadw@ntat faire 1’objet d’études trés

poussées. Composé de nanoparticules auxquelles sont associées une ou plusieurs substances
actives (anticancéreux, antibiotique, protéine, géne), le nanomédicament est capable de
transporter ces derniéres jusqu’aux cellules/tissus cibles, afin d’augmenter 1’efficacité du

traitement tout en diminuant la toxicité. Mé#ins, peu d’études se concentrent sur la
nanotoxicité de ces vecteurs qui doivent pourtant étre le plus inertes possibles vis-a-vis de

I’organisme, tout en libérant la substance active au site d’action.

Parmi les différentes voies d’administration des nanomédicaments, la voie pulmonaire est
prometteuse car elle présente de nombreux avantages. En effet, en plus d’étre non-invasive
(comparée a la voie parentérale), les traitements peuvent étre délivrés pour des applications
locales (traitement de 1’asthme ou de la broncho-pneumopathie chronique obstructive) ou
systémiques (traitement du diabéte). Dans cette derniere perspective, le passage systémique
s’effectue grace aux échanges constants entre les alvéoles et la circulation sanguine. En outre,

en raison de la faible activité enzymatique qui regne dans les poumons, les molécules fragiles
sont peu dégradées contrairement a d’autres tissus. Enfin, a ’inverse de certains traitements

administrés par voie orale, 1’effet de premier passage hépatique est évite.

Au sein de I’équipe Vectorisation pharmaceutique de Molécules Fragde$’Institut Galien
Paris-Sud,un projet de recherche soutenu par I’ANSES (« Emerging Risks), I’ANR (2009

CESA) et le Fond Pour la Recherche Respiratoire se concentre sur les études de toxicité
pulmonairein vitro etin vivo de nanoparticules polyméres qui pourraient étre utilisées comme
vecteurs de substance active. Les nanoparticules sont formulées a base d’un polymere
biodégradable et I’ajout de différents polymeéres stabilisants permet de moduler la charge de

surface, sans en modifier la taille. La toxiditévitro vis-a-vis de cellules bronchiques a été
précédemment étudiée par Simona Mura et la toxinitévo (chez la souris) par Let&i
Aragdo Santiago, chacune au cours de leur stagedpastal. L’objectif de ce projet de

thése est d’évaluer la toxicité in vitro de nanoparticules vis-a-vis de cellules épithéliales

alvéolaires et de macrophages en mono et en co-culture.
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Introduction générale

La premiere partie de ce manuscrit consiste en une revue de 1’état de I’art de la toxicologie
pulmonaire des nanoparticules biodégradables, et sera pulliEfosne d’un chapitre dans
le livre « Targeted Drug Delivery Concept and Design », dans la partie « Nanotoxicology and

Regulatory Issues » (Elsevier).

La seconde partjelécoupée en trois chapitres rédigés sous forme d’articles de recherche, fait

état des travaux expérimentaux meneés au cours de ce projet de thése. Le premier chapitre qui
étudie la toxicité des nanoparticules vis-a-vis de cellules épithéliales pulmonaires alvéolaires
(A549) a récemment été publié. Le deuxiéme chapitre s’intéresse a la toxicité de ces mémes
nanoparticules vis-a-vis de macrophages humains (différenciés des monocytes THP-1). Le
troisiéme et dernier chapitre décrit 1’établissement d’un mod¢le de co-culture de cellules
épithéliales pulmonaires alvéolaires et de macrophages et démontre son intérét en

nanotoxicologie.

Au cours d’une discussion générale, tous les résultats in vitro etin vivo actuellement obtenus
dans le cadre de ce projet nanotoxicologie sont mis en paralléle et discutés, afin de dégager

des conclusions générales sur les facteurs modulant la toxicité des nanoparticules.
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Travaux antérieurs

La nanotoxicologie est une sous-discipline émergente de la toxicologie relative aux effets
déléteres des nanoparticules (Donaldsoral, 2004). Les travaux décrits dans le présent
chapitre sont centrés sur la nanotoxicologie pulmonaire. Par définition une nanoparticule est
un assemblage d’atomes qui posséde au moins 1’une de ses dimensions dans le domaine du
nanomonde (1 nm = 190n). Les nanoparticules peuvent étre d’origine naturelle, mais le plus

souvent elles sont créées par ’homme, de maniére intentionnelle ou pas (Andujar et al,

2009). L’exposition pulmonaire qui constitue la voie d’exposition la plus importante peut

dans ce sens constituer un danger pour 1I’€tre humain si les particules inhalées s’averent
posséder des effets néfastes.mveau de 1’arbre pulmonaire, on distingue une forte barriére
physiologique qui fait face a la pénétration de petites particules. En effet, les nanoparticules
inhalées ont de fortes chances d’étre piégées dans la couche de mucus, qui, grace a 1’action de

la clairance mucociliaire, seront entrainées vers la sortid’o8i se place sur un plan
galénique, la voie pulmonaire est trés prometteuse pour 1’administration des médicaments

(Patton and Byron, 2007). Parmi ses nombreux avantages, nous pouvons citer sa grande
accessibilité et le fait qu’elle soit non invasive. De plus, grace a la fine épaisseur des tissus
alvéolaires qui sont trés vascularisés, les traitements envisagés peuvent étre, certes locaux
(cancer, mucovicidose ou tuberculose par exemple), mais également systémiques (diabete).
Par all eurs, les nanomédicamentspposés d’un principe actif et d’un nanovecteur, peuvent

étre administrés par inhalation ou nébulisation. C’est pour cette raison que nous avons

consacré cette revue de la littérature a I’évaluation et la caractérisation de la toxicité
pulmonaire des nanoparticules biodégradables qui contrairement aux nhanoparticules

manufacturées sont peu décrites.

Au cours de ces travaux bibliographiques, 1’anatomie et 1’histologie de I’arbre pulmonaire

ainsi que ses mécanismes de défense sont présentées dans une premiére partie. Dans une
seconde partie, les nanoparticules qui peuvent étre utilis€ées pour 1’administration pulmonaire

sont détaillées ainsi que les modes d’administration et leur biodisponibilité cellulaire et

tissulaire. La toxicité peut étre évaluée selon de nombreux parametres, présentés et expliqués
dans une troisiéme partie. Les tests présentés ont fait 1’objet d’études de nanotoxicité
concernant principalement les nanoparticules non-biodégradables, mais sont néanmoins
transposables aux nanoparticules biodégradables. Enfin, le systeme pulmonaire humain étant
complexe, de nombreux modelesvitro, in vivo et exvivo sont utilisés pour le mimer, en

partie ou en totalité. Les résultats obtenus aprés application de nanoparticules biodégradables

sur ces différents modeles sont discutés.
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En conclusion, nous montrons comment 1’ensemble de ces données contribuent & montrer une

relative innocuité des nanoparticules biodégradables utilisables par voie pulmonaire.
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Introduction

The term Nanotoxicology was introduced in 2004 by Donaldson and co-workers (Donaldson
et al, 2004) and defined a& new frontier in particle toxicology relevant to both the
workspace and general environment and to consumer safety”. The concept was aiming to

create a new sub-discipline in toxicology, meeting specific aspects of nanoparticle toxicity
and modifying the existing tests to adapt them to the evaluation of risks associated to

nanoparticles (Figure 1).

Nanoparticles are nowadays being used in a large variety of manufactured products, such as
electronic components, textile or cosmetics (Mu and Sprando, .201®ddition, very
promising applications in medicine have been highlighted in diagnostic and therapeutic. For
such purposes, nanoparticles can enter the organism using different routes such as inhalation,
oral ingestion, dermal or parenteral route. Despite a high number of promises for therapeutics
and diagnosis, nanoparticles are potentially able for each of these routes of administration to
induce adverse effects and toxicity. Among all the tissues susceptible to be affected by
nanoparticle interaction are the lungs which have been widely explored, mostly for inorganic
nanoparticles (Chaet al, 2009). A large number ofivitro andin vivo studies have repead
cytotoxic effects, inflammatory and oxidative stress responses from lung cells after exposure
to particulate matter, silica (Liret al, 2006), titanium dioxide (Wangt al, 2008,
Bhattacharyaet al, 2009), gold and silver (Bachanet al, 2012) nanoparticles. The
involuntary inhalation of these materials through accidental exposure represents therefore a
high source of toxicity. Nevertheless, the pulmonary route is also an interesting non invasive
route of administration for drug delivery (Patteh al, 2004). Both local and systemic
treatments can be considered taking advantage of the’ llarge absorption surface area

(around 140 1), and high vascular permeability with continuous exchanges between alveoli
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and blood (Patton, 1996). In addition, the weak enzymatic activity present in lungs is relevant
for administration of poorly stable drugs (peptides / proteins). Administration of drug loaded
nanoparticles can lead to several advantages. Ideally, nanoparticles will not only prgect dr
against degradation and transport it to target cells, but also allow a sustained drug release,
decreasing the frequency of administration and subsequent risk of side effecte{iling
2007). Nanomedicine can be delivered to the lungs by nebulization of an aqueous
nanoparticle suspension or aerosolization of a dry powder of nanoparticles. However, because
of their small size, solid nanoparticles are eliminated by the mucociliary clearance and only
low amounts reach the alveoli. Diverse processes have been employed to transform
nanoparticles into ephemeral microparticles that can first go deeper into the lungs and
secondly turn into nanopatrticles once in contact with biological fluids (Tetapis 2002).

Nanoparticles
=) Nebulization (suspension)
=) Aerosolization (powder)

Peripheral
cells/organs

Inflammato
Cytotoxicity responsery
Oxidative
stress Mucus
interactions

Apoptosis

Figure 1. General roadmap to assess lung nanotoxicology.

A large variety of nanopartidean be used to prepare nanomedicines (Mansioal;, 2009)

Polymer-based nanoparticles, solid lipid nanoparticles (SLN) and liposomes have all been
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investigated for lung delivery of antibiotics, anti-inflammatory, antineoplastic compounds or
hormones. However, a small number of nanoparticles have been so far proposed as tool to
lung cancer diagnosis by local delivery (Yaataal, 2010, Mclntireet al, 1998).

The question of whether nanomedicines are safe remains debated. For this purpose, toxicity
studies should be carried ount vitro, in vivo or exvivo after exposure to nanomedicine.
Toxicity encompasses different mechanisms, from cellular viability, to inflammatory

response, oxidative stress induction and DNA damage that should be deeply investigated.

In the present chapter, the pulmonary tract architecture and its strong defense barriers are
firstly presented. Secondly, nanoparticles used for lung delivery, and their administration
modes are detailed. The toxicity tests used to investigate toxicity of nanoparticles and the
large variety of pulmonary tract models developed so far are then illustrated by their

application for the evaluation of nanoparticle toxicity.

1. Structure of the respiratory tract
1.1. Anatomy

The respiratory tree is in charge of bringing oxygen to the body and removing carbon dioxide
through continuous gas exchanges with blood circulation. The lung volume is included in the
range of 2.5 (children) to 7 liters (adults) depending on the size lung (Weibel and Gomez,
1962). According to the model proposed by Weibel (Weibel and Gomez, 1962), the
respiratory tree is a hierarchical and symmetric network, divided into 24 generations,
beginning with the trachea (generation 0) and ending with alveolus (generation 23). Each
airway is divided into two airways increasing the specific surface, to carry the ar up
alveolar ducts where gas exchanges occur. During each breath, inhaled air is tratsported
the conductive zone (generations 0 to 4), including the trachea and bronchus that divides into
two distal bronchi (dichotomy), in order to reach the respiratory zone. As reviewed by Shelly
et al. (Shelly et al, 1988), the temperature and the moisture of alveolar gases are essential
parameters in normal lungs to maintain physiological conditions. Conditions of optimal
inhaled air were determined as 100 % of humidity, and a temperature closed to the body

(Tsudaet al, 1977), modulated by the nose and the upper respiratory tract.

While the conductive zone represents 10 % of the lung volume, the respiratory zone
represents the lasting 90 (Weibel and Gomez, 1962). The respiratory zone is composed of
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300 million alveoli and 14 million alveolar ducts. The average alveolar diameter in human

lungs is in the range of 250 to 290 um, among the lung volume. With an average diameter of
400 to 450 um, 3-4 generations of alveolar ducts are terminating in alveolar sacs that have
exactly the same structure. In addition, 3 generations of respiratory bronchioles, with an

average diameter of 500 um, are proximal to alveolar ducts. Blood vessels follow exactly the
same pattern than the bronchial tree, with similar dimensions. The pulmonary arteries divide
into 28 generations, with an average diameter of 15 to 25 um. In the respiratory zone,
277 billions of capillary segments, with an average diameter of 8.3 um create a total tissue-

blood interface (or alveolar capillary surface) of 60 to 80 m

1.2. Histology

The bronchial epithelium is pseudostratified and is composed of four cell types: basal cells,
ciliated cells (allowing mucus elimination), goblet cells (secreting mucus) and Clara cells
(producing mucus, pulmonary surfactant proteins and cytokines, and involved in epithelium
regeneration) (Figure 2). The epithelium thickness is close to 60 um and covered with 2-
10 pm of an airway fluid (Patton and Byron, 2007, Rubin, 2002). The latter is composed of 2
layers cleared by ciliary beating, the mucus, and the periciliary fluid (consisting of water layer
that cover cilia cells on apical surface) separated by a surfactant layer (Mat$uil998)

Mucus from healthy human lungs is honhomogeneous and viscous (rheology of a crossed
linked gel) with a pH ranging from 7 to 8.5. Biochemical analyses have shown that human
mucus samples are mostly made of water, containing 7 % solids, 8 to 20 % mucins and less
than 1 % DNA. Secreted mucins (glycoproteins) form a 3-dimensional polymer meshwork
able to trap particles (Rubin, 2002), with pores from 10 to 100 nm (Schaisaér 2013).

Mucins are made of 70-80 % carbohydrates, 20 % proteins and 1-2 % sulfates. 8 proteins
encoded as MUC are present in mucus layer, with a large majority of MUC5AC (~80 %) and
MUCS5B (~20 %) (Rubin, 2002) expressed by goblet cells and glandular mucous cells
respectively (Gronebergt al, 2002). In terminal bronchius, the epithelium has a cuboid
shape with a thickness of 10 um, is covered with 3 um of airway fluid and is composed of

ciliated and Clara cells (Patton and Byron, 2007).
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Figure 2. Structure of the respiratory tract and cellular composition of human lung bronchial /
terminal bronchial and alveolar epithelia. (ATI/Il, Alveolar Type I/l cells).
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Alveolar type | cells (8 %) involved in gas exchanges co-exist with alveolar macrophages (3-
5 %, up to 19 % in smoker subjects), alveolar type Il cells (16 %, cover 7 % of the alveolar
surface), capillary endothelial cells (30 %) and cells in the interstitial spac®s) (Sherman

and Ganz, 1992, Crapet al, 1982) (Figure 2). The alveolar macrophages perform
phagocytosis of foreign particles or pathogens. The endothelial cells, lining lung blood
vessels, are highly metabolic and are involved in the circulation of bioactive substances such
as peptides, lipids, and prostaglandins. Alveolar type Il cells produce lung surfactant
components and are involved in the regeneration of type | pneumocyte cells by
differentiation. In alveolar ducts, the thickness of the epithelium is around 0.1 to 0.2 um and
covered with 0.07 um of pulmonary surfactant (Patton and Byron, 2007). The pulmonary
surfactant is composed of lipoproteins, 90 % of which are phospholipids atd at@
surfactant proteins (SP), secreted by type Il alveolar cells (Sherman and Ganz, 1992). SP-
(the most abundant), SP-B, SP-C, SP-D. SP-B and SP-C, very small and hydrophobic
proteins, reduce the surface tension at the air-liquid interface of the lung, that is essential to
avoid collapse. SP-A and SP-C, members of collectin family, participate to the innate
immunity, before induction of an antibody-mediated response (Wright, 1997, Sherman and
Ganz, 1992). SP-A and SP-C, present also in non-pulmonary sites, are involved in viruses and
bacteria uptake by phagocytes (Wright, 2005), andAS#as shown to be involved in the
uptake of nanoparticles covered with different polymers (FRage, 2011).

2. Clearance mechanisms in lungs

Defense mechanisms are both immunological and physiological. The Bronchial Associated
Lymphoid Tissue (BALT) plays a major role in the immune response to all kind of antigens,
with a local response faster and more protective that those initiated by the systemic system
(Randall, 2010). Absent in the lungs of healthy newborn babies, the BALT starts its
development after meeting the first antigens. Generally located along the bronchial airways
and the airway bifurcations, the BALT contains essentially B lymphocytes, dendritic cells,
macrophages, T lymphocytes and M cells (Microfold). M cells present the antigendtdid

cells that participate in maintaining the alert BALT.

A major clearance mechanism is also achieved physiologically by the mucociliary escalator.
Between 2 and 24 h after inhalation, most of the foreign particles are expectorated, with a rate
closed to 5 mm/min in peripheral zone and 20 mm/min in trachea (Samet and Cheng, 1994)

The second clearance pathway consists in phagocytosis performed by resident alveolar
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macrophages (around 10 macrophages per alvé&ilD millions of alveoli). Particles are then
enzymatically degraded or driven out by the mucociliary clearance, or brought to trachea-
bronchial lymphatic canals by translocation. Phagocytosis is modulated, not only by particle
size, but also by particle geometry (Sahetyal, 2010). Some inhaled particles can be
metabolized thanks to detoxification enzymes, such as cytochrome P450, but compared to the

other organs such as the liver, this pathway is negligible (Labiris and Dolovich, 2003).

3. Nanoparticles for lung drug delivery
3.1. Nanoparticles

Nanoparticles have been extensively used for lung drug delivery for the administration of a
large variety of drugs (anticancer, anti-psychotic, antibiotic, peptide, protein or nuatBic ac
that have been loaded into lipid or polymeric nanoparticles (Figure 3) (for review see Beck-
Broichsitteret al, 2012, Mansouet al, 2009, Sunget al, 2007). Nanoparticles can induce
both local and systemic delivery after release of the encapsulated drug. Major successes were
obtained with lipid or polymer nanoparticles. For instance, uni or multilamelar liposomes
ranging from 400 nm to 1 um made from the self organization of glycerophospholipids or non
ionic surfactants were produced for lung delivery. One of their major advantages for
pulmonary administration is their biocompatibility due to their natural origin and their lipid
composition quite often clos® the one of the lung surfactant. Liposomes were used to
deliver peptides and proteins to the lung étial, 2011) and were already investigated in
phase Il clinical trials to deliver amikacin (Weeatsal, 2009) or ciprofloxacin (Bruinenberg

et al, 2010). Furthermore, several studies investigated the potential of solid lipids
nanoparticles (SLN) composed of a solid lipid core (dispersed in water) and a shell of
stabilizers (soy lecithin or poloxamer) (Schwastz al, 1994). SLN have shown a great

potential for insulin delivery towards lung (Let al, 2008).
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Figure 3. Nanopatrticles used for the lung drug delivery.

Last but not least, polymeric nanoparticles are of great interest for lung drug délinggro

et al, 2012) since they can be tailored from a range of biodegradable polymers, such as
poly(lactic acid) (PLA), poly(lactideo-glycolide) (PLGA), chitosan (Huangt al, 2002)

gelatin or alginate (Yangt al, 2010). Stabilizers like polyvinylic alcohol (PVA), chitosan or
poloxamers are often required, in order to obtain spheres in the size range of 100 to 250 nm.
However, their presence at the surface can modify the cell-nanoparticle interactions and must
therefore be carefully investigated. For instance, a large amount of PVA significantly
decreases cellular uptake (Sale@l, 2002) or the presence of chitosan modulates dendritic
cell recognition (Bivas-Benitat al, 2004b). Other surface modification such as PEGylation
(using polyethylene glycol (PEG)) of polymeric nanoparticles has been shown to decrease the

time of mucus layer crossing (Schusteal, 2013).

3.2. Administration modes in lung delivery

Nanomedicines can be delivered to the lung by two modes, under liquid (using nebulizers or
Metered Dose Inhalers MDIs) or solid form (using Dry Powder InhalerdDPIs). Knowing

the administration mode is crucial before conducting a nanotoxicity study, since nanoparticle
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biodistribution will be different according to thenode of entry, which might impact the type

of cells that will be first in contact with nanopatrticles.

3.2.1. Delivery under liquid form

Nebulization is the easiest administration mode to deliver aqueous suspensions of
nanoparticles or liposomes around 200 nm (Zral, 2007), but it is not convenient for the
delivery of large particles (0jdmto 3 um) that can provoke nasal obstructions or be filtered

by the nasal mucosa (Schwab and Zenkel, 1998). To achieve nebulization, two devices are
available: nebulizers (delivery under controlled rate) and MDIs. The MDI is a pressured
device that allows the delivery of uniformed doses of suspension / solution to the patient
(Nowackiet al, 1985). Droplets are formed under pressure and further inhaled by the patient.
MDI were originally developed to deliver anti-asthmatic treatments. Although there is a little
number of applications of MDI for the delivery of nanopartictey have demonstrated a
interest for the delivery of chitosan nanopatrticles to the deep lung (Skam@ha2012). On

the contrary, nebulization is the preferred mode that in most cases is adhiewedn small
animals (rats and mice) with a specific device, as example the Micrd8paayosolizer
(Penn-Century for liquid) which was firstly used to deliver an aerosol of fluorescent
nanoparticles to mice (Bivas-Beniaal, 2005). No mortality was induced by the technique,

and one day after administration, mice showed full recovery (Bivas-Bsraia 2005).

3.2.2 Delivery under solid form: the example of Trojan microparticles

Reproducible doses of solid particles can be delivered using DPI (Newhouse, 1992). A special
veterinary device is available, called Dry Powder Insufffdtd?ulmonary Aerosol Kit (Penn-
Century for solid) forin vivo studies in small animals (Ohagtti al, 2009). However, solid
nanoparticles are never used as such in DPI because they are too small to be delivered directly
in deep lung regionsi.é alveolar ducts), being eliminated mainby the mucociliary
clearance. To overpass this constraint, different methods have been employed to deliver
nanoparticle micro-aggregates that turn into the native nanoparticles once reaching the target
(Figure 4). Tsapiset al. have proposed to spray-dry nanoparticles into controlled micro-
aggregates, called Trojan microparticles (Tsapisal, 2002) that deliver the initial
nanoparticles once in contact with biological fluids. Similarly, insulin was loaded in
chitosan nanoparticles (Grenbtaal, 2005) and rifampicin (Tomodet al, 2008), TAS-103
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(anticancer drug) (Tomodet al, 2009), or dexamethasone (Gomez-Gattal, 2008) were
associated to PVA-coated PLGA nanoparticles. The nanoparticles were spray dried in the
presence of trehalose (Tomoeda al, 2008, Tomodeaet al, 2009) or 1,2-dipalmitoysn
glycero-3-phosphocholine (DPPC) and haluronic acid (Gomez-Gaedé, 2008) forming
microparticles ranging from 2 to 5 um. For such aerodynamic diameter values, the deposition
in deep lung is favored (Grenhet al, 2005). The efficacy of the decomposition of
microparticles into nanoparticles in contact with water is dependent on the spray-dried
optimal temperature and the ratio of primary nanoparticles (Tombda 2008). The size of
microparticles is in addition dependent on the diameter of primary nanoparticles. Conversely,
when the spray-drying process is performed at optimal temperature, the fine particle fraction
is 20 to 30 times higher than those of primary nanoparticles, and is almost not affected by the
ratio and the size of primary nanoparticles (Tometlal, 2009). However, compared to
primary nanoparticles, the drugas released more rapidly. Indeed, during the spray dried
process, samples can become amorphous that accelerate the moisture absorption and thus the
drug release (Zengt al, 2007). Shiet al. have formed PLGA nanoparticle flocs (Sdtial,

2007). In this process, PLGA nanoparticles were pre-formulated by emulsion / solvent
extraction with two oppositely charged polyelectrolytes (PV# poly(ethylene-maleic
anhydride)) and then mixed in water under controlled rate. Following electrostatic
interactions, flocs were formed with a large superstructure which were then freeze-dried to
obtain a dried powder formulation. To be delivered in deep lungs, tobramycin was loaded in
pre-formulated PLGA nanoparticles embedded into microparticles after a bath in lactose
agueous solution (Ungaret al, 2012). Microparticles were finally freeze dried to be
intratracheally delivered to rats. Last, but not least, the use of large porous effervescent
microparticles to deliver ciprofloxacin (Elgt al, 2007) or doxorubicinAl-Hallak et al,

2012, Kim et al, 2012) to the lung was reported. Primary drug-loaded polymeric
nanoparticles (polycyanoacrylate, PLGA) were spray dried with, among other excipients,
lactose (charge), ammonia (to ensure pH to 8) that were mixed to citric acid and sodium
carbonate that cause effervescence in contact with water. Results have shown that the shape,
the size, the density and the fine particle fraction of microparticles are mediated by amounts
of lactose, PEG, leucine (Ebt al, 2007) and bicarbonate (Yamg al, 2009b). Moreover,
thanks to the effervescence of the mixture, the release rate of the ciprofloxacin was
demonstrated higher than with lactose microparticles.
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Figure 4. Modified nanoparticles for an aerosol delivery. To form nano-embedded
microparticles, the main used excipient is lactose, but the use of mannitol, gum Arabic, 1,2-

dipalmitylphosphatidylcholine (DPPC), hyaluronic acid, polyvinyl alcohol or whey protein is
reported (for review see Antaat al, 2012).

Recently, severah vitro studies have proposed to spray powders within cell cultures using as
receptor the cascade impactor, described in the European pharmacopoeia, which is designed

to mimic the respiratory tract. Under pressure, a breath is simulated. Bronchial or epithelial
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cells have been cultivated on TransWelt the air-liquid interface and, once the confluence
was reached, they were incorporated to the impactor system and exposed to dry powder. The
complex system allowed studying the effect of active drugs (ldeial, 2011) or diesel

particles (Cooney and Hickey, 2011) that reached cell cultures by impaction.

Trojan particles have several advantages, such as reduction of the delivered dose, increasing
the drug bioavailability, controlling the release, reducing the toxicity, and as a result

improving the therapeutic index and patient compliance (Aata, 2012).

3.3. Fate of nanomedicine after pulmonary delivery
3.3.1.In vivo biodistribution

Biodistribution studies have been performed after nanoparticle delivery in several animal
species (mainly mice and rats), and tissue distribution has been limited to the pulmonary
regions or extended to peripheral organs. Fluorescent or radio-labeled nanoparticles have been

mostly utilized for this purpose.

Ungaro et al. (Ungaro et al, 2012) have administer to rats, through the Dry Insufflator
devicd™, spray dried / PLGA nano-embedded microparticles (in lactose) containing
rhodamine. After administration, animals were anesthetized, the abdominal cavity incised and
lung infused, firstly with phosphate buffer and then with formaldehyde. Respiratory tissues
were removed, cut into thin slices to be observed and analyzed by fluorescence microscopy
(Ungaroet al, 2010). The results have demonstrated ithaivo nanoparticle distribution vga
mediated by surface recovering (Unga&toal, 2012). Indeed, microparticles were found in
trachea, bronchia and bronchioles when primary nanoparticles were stabilized with PVA,
whereas microparticles were mainly found in alveolar ducts when gyrinag@oparticles were

stabilized by chitosan (Figurg.5

Other biodistribution studies have shown that after lung delivery into healthy or tumor-
bearing mice, nanoparticle fate differs. Indeed, when fluorescent gelatin nanoparticles were
delivered by nebulization, healthy mice rapidly eliminated nanoparticles towards kidneys,
whereas tumor-bearing mice retained them in lungs, until(@4enget al, 2008). Moreover,

30 min after administration, most of the nanoparticles were found in association with
epithelial cells lining the trachea. Gelatin nanoparticles were also indentified in blood vessels,
heart, spleen, brain and liver. After aerosolization of effervescent microparticles (Al-gallak
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al., 2012, Kimet al, 2012) containing radio-labeled nanoparticles loaded with doxorubicin,
the latest were disseminated in the lung whereas the heart, a tissue sensitive to the toxicity of

doxorubicin, remained free of nanoparticles.

Fluorescence microscopy White-light microscopy

(A)
Trachea

®) Left primary

bronchus

(C)
Lobar

bronchus

(D)

Alveolar
ducts

Figure 5. In vivo biodistribution of Rhodamine-PLGA nano-embedded micropartioleat

lungs. Photomicrographs show localization of fluorescent nanoparticles (red) in section of
trachea (A), left primary bronchus (B), lobar bronchus (C) and alveolar ducts (D). (Modified
from Ungaroet al, 2010).

Finally, free or SLN-loaded radio-labeled amikacin (170 nm, spherical) were delivered to rats
by nebulization or intravenousv) administration (Varshosaet al, 2013). While after lung
delivery of SLN, sustained concentrations were obtained in the lungs, with all other
conditions, the rate of amikacin reaches a maximummiBOfollowing the delivery, after
which it started to be cleared. Moreover, 6 h after delivery of SLN by pulmonary eoute,
significant amount of amikacin was found in the stomach, most likely because the animal
swallowed exhaled SLN. As far as the amikacin rate in blood is concerned, the delivery of
SLN, either by pulmonary route or. administration, led to lower drug concentration than

after the administration of free drug.
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3.3.2. Translocation

It is suggested that a small fraction of nanoparticles that are not trapped in alveolar
macrophages or in lung epithelial cells have the potential to cross the lung blood-air barrier to
reach extrapulmonary spaces and blood circulation (Muhéeldl, 2008). Kunzli and co-
coworkers (Kunzli and Tager, 2005) have reviewed the impact of inhaled air nanoparticles on
the cardio-vascular system. Adverse effects, such as heart rate, blood pressure or
inflammatory statewere attributed to nanoparticle translocation from lung to the blood
circulation. A strongin vivo comparative studies including inorganic (silica, quantum
dots) / organic (polystyrene, human serum albumin) hybrid nanoparticles have demonstrated
that translocation is size and surface-dependent, whereas the composition of the core
(organic / inorganic) does not have an influence (@hai, 2010). Regarding the size, it was
shown that below 34 nm, nanoparticles rapidly translocate from the alveolar space to the
lymph nodes, followd by a second translocation towards the bloodstream. Secondly,
zwitterionic, anionic and polar nanoparticles are able to translocate, whereas cationic
nanoparticles are probably trapped by epithelial cells or macrophages which slow down the
translocation. Finally, zwitterionic nanoparticles with an aerodynamic diameter under 6 nm
can be found in lymph nodes within 3 min after exposure. After 30 min they start

accumulating in the kidney before being excreted (€hai, 2010).

3.3.3. Mechanisms of cellular uptaken vitro and in vivo

Cellular uptake results from the ability of nanoparticles to cross cell barriers. Nanomedicines
are generally taken up by cells following endocytosis mechanisms, either phagocytosis or
pinocytosis. Phagocytosis is generally performed by phagocytic cells such as macrophages,
whereas pinocytosis is performed by all kind of cells. Pinocytosis mechanisms can be
clathrin-dependent endocytosis or clathrin-independent endocytosis. This last pathway is
classified as caveolae-dependent endocytosis, clathrin and caveolae-independent endocytosis
and macropinocytosis (Sahay al, 2010, Hillaireau and Couvreur, 2009). To address the
question of uptake by endocytosis, a simple method consists in performing uptake studies
simultaneously at 37 °C and 4 °C (Figure 6). A nanoparticle uptake at 4 °C similar to the one
at 37 °C, characterizes a non-energy dependent mechanism such adsoprtpition whereas
differences of uptake results from endocytosis. Then, to determine the endocytosis pathways,
various chemical (amiloride, chlorpromazine, genestein or filipin) or biological (AP180 or

caveolins) inhibitors can be used to block one or more pathways (Iversén2011). For
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instance, genestein can inhibit several tyrosine kinases that inhibit caveolae pinching, or
caveolin can stabilize receptors in caveolae. Some endocytosis mechanisms are clathrin-

independent and cholesterol-dependent (such as macropynocitosis).

37°C

Figure 6. Confocal microscopy imaging (section showing interior of cells) of primary
pulmonary epithelium cells after exposure to gelatin nanoparticles at 37°C and 4°C. The cell
membrane is bounded with TRITC-concanavalin is coded red and nanoparticle of gelatin
bound with FITC is coded green, at 37 °C and 4 °C. (Modified from Brzetskia 2004).

In order to visualize nanoparticle trafficking within cells and their exact location, two
microscopic modes may be used, which are confocal laser scanning microscopy (CLSM) as
well as transmission electronic microscopy (TEM). In the first case, fluorescent nanoparticles
are required. For that reason, polymeric nanoparticles can be loaded with fluorescent
compounds, such as 6-coumarin (Panyaimal, 2003) or forersuring greater stability
covalently labeled with rhodamine (Muetal, 2011b) or fluorescein derivates (Huaetal,

2002), or near infra-red emitting fluorescent probe (Re¢wall, 2012). For more accuracy and
complete details, each cell compartmené endoplasmic reticulum, endosome, golgi
apparatus, lysosome, mitochondria, nucleous or plasma membrane, can be labeled with
specific commercial fluorophores (Cell Staining SimulationITlate Technologies). In the

case of transmission electronic microscopy, nanoparticles must be electron dense. Otherwise,
it is not possible to discriminate between nanoparticles and cell vesicles. For this purpose, in
one study, polymeric nanoparticles have been loaded with osmium tetraoxide, to be detectable
(Panyamet al, 2003).
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The quantification of thén vitro (Cartieraet al, 2009) cellular uptakes performed by flow
cytometry but some studies use radioactivity sampling or fluorescence intensity
measurements (Yargg al, 2009a, Ohastlet al, 2009).

Nanoparticle cellular fate after pulmonary delivery is a crucial point to be investigated whe
carrying out toxicity analyses. Indeed, the same type of nanoparticle can be taken up by all the
previously described ports of entry. Clearance of radioactive-labeled ultrafine nanoparticles
was followed after rat intratracheal intubation (Semmateal, 2004, Semmler-Behnket al,

2007). The nanoparticles were mostly retained in lungs up to 6 months after exposure, and the
clearance was mainly performed by excretion. The small fraction of free nanoparticles found
in bronchoalveolar lavages is mostly associated with alveolar or epithelial cells. Translocation
into the circulation and accumulation in other organs was also reported, but nanoparticle
levels in the extrapulmonary spaces quickly decreased within 7 days (Semmler-Behhke
2007). According to the size, nanoparticles were either retained by epithelium or sequestered

by alveolar macrophages, beyond the epithelium.

4. Toxicity endpoints

The term toxicity is very large and embraces several parameters (Figure 7). This section
should provide an overview of the differantvitro, in vivo or ex vivotests reported in the

literature to study nanopatrticle-related toxicity.

4.1. Cell integrity

Cell integrity can routinely be restimated by trypan blue, eosin or acridine orande avhic

stains that selectively color damaged cells (Tennant, 1964). MTT (3-(4,5-dimethylthiazol-2-
y)-2,5-diphenytetrazolium bromideassay, or equivalents [MTS (3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-p4-sulfophenyl)-2H-tetrazolium), XTT (2,3-bi&
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide), WSTMWater Soluble
Tetrazolium salts)] (Mosmann, 1983) are widely used to assess i metabolic activity

of cells. In these tests, the tetrazolium dye is reduced to formazan purple crystals in living
cells by Nicotinamide Adenine Dinucleotide Phosphate-Oxidase-(NADPH) dependent oxido-
reductase enzymes. The measurement of the absorbance of the colored solution is directly

related to the cellular metabolic activity.
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Figure 7. Nanotoxicology can be expressed by several endpoints: evaluation of mitochondrial
activity evolution, membrane integrity, inflammatory response, oxidative stress. Tests are
performed in supernatants, or inside lung céiSH / GSSG: glutathione sulfhydryl / oxidized
disulfide forms, ROS: Reactive oxygen species, RNS: Reactive Nitrogen Species, SOD: 8aper Oxi
Dismutase), apoptosis / necrosis detection, analyses of the complement activation, and DNA damage.)

Membrane integrity can also be evaluated by different methods. One of the most commonly
used tests is the lactate dehydrogenase (LDH) assay, suitable fan bdth andin vivo

models (Daileyet al, 2006). When cell membrane gets disrupted, the intracellular LDH is
released in extracellular medium. This release, which is quantified by an indirect enzymatic
assay, correlates to an enhancement of membrane permeability. The LDH released reduces
NAD™ into NADH which catalyzes the reduction of a tetrazolium salt to form a formazan
crystal with an absorbance wavelength of 540 nm. By the use of a different principle, the
Live/dead test— or equivalent also allows investigating membrane integrity. To achieve
these tests, cells are collected and put in contact with two fluorescent probes able to link

37



Travaux antérieurs

nucleic acids, i) one red-orange, generally propidium iodide (or 7-Aminoactinomycin D (7-
AAD)), an interalaing agent, able to penetrate cells with damaged membrane, and ii) one
green, such as the acetomethoxy derivate of calcein of S#taable to penetrate all cells.
Cells can then be observed by microscopy, or the intracellular fluorescent level can be

determined by flow cytometry.

4.2. Apoptosis detection

Apoptosis corresponding to programmed cell death is generally opposed to necrosis that is
“accidentdl cell death (Kerret al, 1972). In apoptotic cells, membrane phospholipids
undergo a“flip-flop” event in which phosphatidylserine molecules are translocated to the
outer leaflet, to be recognized by macrophages, without disruption of the membrane in the
early stages (Fadolet al, 1992), whereas the necrotic cell membrane is disrupted.
Quantification of apoptotic cells can be performed by detecting caspase-3, an activated
protease in apoptotic cells (Janicke al, 1998), or by flow cytometry after staining of
phosphatidylserines with annexin V, an anticoagulant (Koopreanal, 1994). To
discriminate apoptotic cells from necrotic and intact cells, annexin V, coupled with FITC
(green fluorescence) is combined with propidium iodide (or 7-AAD) (red fluorescence)
(VanEngelandet al, 1996). Annexin V is added in cell culture medium for a short time.
Detached cells are pooled with harvested cells (in case of adherent cells), and propidium
iodide (or 7-AAD) is added. Intact, early apoptotic, necrotic and late apoptotic cells are
respectively untagged, fluorescent in green chanriklorescent in red channel,
simultaneously fluorescent in both green and red channels. Quantification of each cell
population is performed by flow cytometry. Fluorescent microscopy can give supplementary
morphology-based information concerning the cellular viability of epithelial or bronchial

cells. Indeed, apoptotic cells are characterized by membrane blebbing.

4.3. DNA damage - Genotoxicity

Nanoparticles can penetrate inside cells, causing damage to DNA by single or double strands
breaking. The single cell gel assays (SCG) also called “comet assay” are able to detect DNA

single strand breaks, alkali labile sites or incomplete excision repair sites with a strong
sensitivity to determine the lower DNA damage (Sirgghal, 1988). However these test
require the extraction of single-strand DNA, obtained after different steps including: i) cells
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loading into an agarose gel slice, ii) treatment with a lysis solution and iii) DNA unwinding
with an alkaline buffer (Ticeet al, 2000). The staining is generally achieved after a
neutralization step with fluorescent compound such as ethidium bromide, propidium iodide or
4'.6'-diamidino-2-phénylindole (DAPI), or non fluorescent dye such as the silver nitrate.
Quantitative analysis can be performed by determining the proportion of cells with altered
migration onto the agarose gel, or by classifying them according to the length of migration.
The ability of lung cancer cells to form colonies is another relevant endpoint of cytotoxicity
and genotoxicity (Shoemaket al, 1985). A very small amount of treated cells were seeded
on plates in order to perform single cell forming colonies. After a long incubation period (few
days), cells were fixed to finally count colonies after trypan blue staining (Jaetzal)
2012).

4.4. Oxidative stress assay

Oxygen is required for all aerobic organisms, but it is also a strong oxidant molecule that can
be responsible for undesirable oxidations in cells. This hazardous phenomenon is called
oxidative stress (Sies, 1997) and can be caused by free radicals, reactive oxygen species
(ROS) or reactive nitrogen species (RNS), that are superoxide anio)) (@droxyl radical

(OH)), nitric oxide (NO), peroxyl radical (ROQ, hydrogen peroxide (#D,), ozone (Q),
hypochlorite anion (CIQ, peroxynitrite (NQ), and also copper and iron ions (GuFe™)

that catalyze Haber-Weil3 and Fenton reactions (Sorg, 2004) (Figure 8). In phyalologic
conditions, reactive species are neutralized by antioxidants, such as super oxide dismutase
(SOD), catalase, glutathione peroxidase (GPX), reductase (GPR) and S-transferase (GST),
ascorbic acid (vitamin C), retinoids (vitamin A), caroteinoids, tocopherols (vitamin E), and
selenium. However, when the organism is exposed to hazardous compounds like pollutants,
ultraviolet, tobacco smoke or nanopatrticles, the oxidant / antioxidant balance is destabilized,
and ROS and RNS are formed.

As it was widely shown in the literature, lungs are the site of several oxidative stress reactions
(MacNee, 2001, Liet al, 2008, Repineet al, 1997). For instance, one of the causes of
emphysemia or acute respiratory distress syndrome is related to oxidant release in alveolar
tissues or pulmonary endothelium (Babior, 2000), and SOD plays an antioxidant key role in
asthma and in chronic obstructive pulmonary disease (Tsukagjcalhi2000).
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4.4.1. Reactive Oxygen Species

To quantify intracellular located ROS, before exposure to nanoparticles, cells are shortly
incubated with 2',7'-dichlorodihydrofluorescein diacetateDEFDA) that penetrates inside
cells (LeBelet al, 1992) and which upon cleavage of the acetate group by intracellular
esterase is conwted into 2°,7’-dichlorofluorescein (DCF) that expresses a high fluorescent

intensity after ROS oxidation. Quantification is achieved by flow cytometry.
0,
H,0+°0,°

Oxidative
conditions

*0,° catalase /’—\\

u GSH GSSG

SOD N4

2-¢
ONOO- ﬁ 0 H,0, H,0

NO °
Metal-ion catalysed
Haber-Weiss reaction
Fe(ll1)/Cu(l)
Oxidants (ROS / RNS) Fenton

Antioxidants Fe*+H,0, ———> Fe¥+OH-+HO"

OH- + OH" + O,

Figure 8. Oxidants (in red) and anti-oxidants (in green) species involved in oxidative stress
reactions. ROS = Reactive Oxygen Species, RNS, Reactive Nitrogen Species; SOD, Super
Oxide Dismutase; GSH/GSSH, reduced sulfydryl / oxidezed disulfide gluthathione (Modified
from Sorg, 2004).

4.4.2. Reactive Nitrogen Species

Contrary to ROS, cells release RNS in the extracellular medium. The most common method
to quantify them is the Griess reagent (Greeral, 1982, Hensleet al, 2003) containing
sulfanilic acid and a-naphtylamine in acetic acid. In presence of RNS, a pink compound that

absorbed at a awvelength of 560 nm will be formed. However, this method has a poor
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sensitivity, the nitrite concentration being detectable in the range of 1 to 5 uM. The 2,3-
diaminonaphtalene is also able to react with nitrites forming a fluorescent compound
(excitation at 355 nm and emission at 460 nm) allowing the detection of lower nitrite
concentrations (from 0.02 to 10 uM) (Nusskdr al, 2006). Moreover, this method can
guantify the nitrates, by pre-converting them into nitrites with NADPH.

4.4.3. Superoxide Dismutase

The SOD catalyzes the dismutation of super oxide radicals 4@, + 2H 2> O, + H,0,)
(McCord and Fridovich, 1969). Its increase in the extracellular medium characterizes the
presence of superoxide radical that is immediately neutralized by the enzyme. To quantify
SOD, superoxide radical anions are formeditu. They are either neutralized by the SOD, if

it is present in the extracellular medium, or they react with nitroblue tetrazolium forming
colored nitroblue tetrazolium-formazan (NBT-formazan) (absorbance at a wavelength of
540 nm) (Beauchamp and Fridovich, 1971, 8tal, 1988). In presence of SOD, production

of NBT-formazan is inhibited and the quantity of SOD is accessible by a colorimetric assay.

4.4 .4. Glutathione

Physiologically, glutathione exists within the cell under, both, the reduced sulfhydryl form
(GSH) and the oxidized disulfide form (GSSG). In healthy cells, GSSG is quickly reduced by
glutathione reductase into GSH, but in presence of hith number of free radicals, GSSG cannot
be reduced. GSH can react with the 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) to form the
5-thio-2-nitrobenzoic acid (TNB) (absorbance at a wavelength of 412 nm) and a glutathione
derivate (GS-TNB) (Rahmaet al, 2007). The addition of glutathione reductase allows the
reduction of GS-TNB into GSH, and the reduction of GSSG into two molecules of GSH. The
total quantity of glutathione is [GDR} = [GSH] + 2[GSSG]. To determine the exact amount

of each glutathione form, a second assay can be performed: the excess of 2-vinylpiridine
reacting with GSH is neutralized by triethanolamine. GSSG assay is then performed as

previously described.
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4.5. Inflammatory response

4.5.1. Cytokine assay

The immune system is composed of the innate system that is non-specific and the acquired
system that is antibody mediated. After even a slight perturbation in lungs, the immune
response is activated and regulated (amplitude and duration) thanks to low molecular weight
proteins, called cytokines, released in response to cellular signals (Kelley, 1990). Cytokine
denomination includes chemokine, interleukine (IL), growth factor and interferon (IFN).
Every cytokine- that can be secreted in cascadean cause multiple effects on growth and
differentiation (mitosis, chemotaxis, angiogenesis, cytoskeleton arrangement, immuno-
modulation and extracellular production) in a large variety of cells, even at low coticentra
(Kelley, 1990, Galley and Webster, 1996). Pro-inflammatory chemotactic chemokines (IL-8,
Monocyte Chemoattractant Protein (MCP)-1) are able to attract primarily neutrophils and
cells of the innate immune system, regulate cell trafficking (Deshmaak 2009), anccan

be produced by macrophages or alveolar type-Il epithelial-like cells (Saétisih 2000,
Cromwell et al, 1992). By regulating the migration and infiltration of monocytes, MCP-1 is
also involved in various diseases (Polito and Proud, 1998). The tumor necrosis. fadtidr-

a), IL-1, IL-6, mostly secreted by alveolar macrophages, are involved in pulmonary diseases;
TNF-a increase transitory, with high levels in a short time, but will cause important injuries in

lung and fever or tachycardia (Kelley, 199

The inflammatory response can be quantified by assaying released cytokines in extracellular
medium. Cytokines have been historically quantified by ELISA (Enzyme Linked
Immunosorbent Assay) based on cytokine recognition with specific antibodies linked to an
enzyme detected by a colorimetric reaction. However by ELISA, only one cytokine per
sample can be quantified. More recently new methods have been developed to quantify
several cytokines (until 30) simultaneously (duPeinal, 2005). Among them, BB CBA
(Cytometric Beads Array- BD Biosciences) (Tarnolet al, 2003, Morganet al, 2004),
Luminex®system (Invitrogen), BioPlex cytokine assays (Bio Rad) were successfully used.
Such systems use calibrated beads of different sizes and fluorescence wavelengths that
specifically recognize cytokines. The final addition of antibodies that also recognize each
cytokine allows quantifying the amount of each cytokine. These methods lead to important
improvement and a higher sensitivity compared to ELISA tests (duRait 2005, Djoba
Siawayaet al, 2008).
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4.5.2. Complement activation

The complement system is a multiple-component triggered enzyme cascade which attracts
phagocytes to micro-organisms increasing capillarity, permeability and neutrophil chemotaxis
and adhesion (Galley and Webster, 1996). As previously shown, epithelial lining fluid
contains the complement system proteins (Robertstoal, 1976). In one example of
complement activation determination, bovine heat-inactivated serum exposed to nanoparticles
was loaded into the bottom of 96-well neuroprobe chemotaxis chamber, equipped with
polycarbonate filter with fim pores. Murine macrophages were placed at the top of the
insert, in serum free media. The positive control employed was rich in chemotaxis
complement proteins C3a (recognized by phagocytes that will process to engulfment of
nanoparticles) and C5a (chemotaxis for polymorphonuclear). After incubation, the insert was
removed and cells were stained with Romanowsky reagent (mixture of eosin and methylene
blue). Absorbance measurement allows the assessment of the amount of macrophages passed

through the filter, which number was function of complement activation.

4.5.3. Polymorphonuclear counting in bronchoalveolar lavages

Polymorphonuclear (PMN) are locally recruited in lungs and an increased number
characterizes a disorder. By collecting the bronchoalveolar lavages (BAL) on animals, cells
can be characterized and counted on a hematocytometer. After nanoparticle lung,delivery
BAL are withdrawn from anesthetized animals. Bronchoalveolar lavage fluids (BALF) are

then stained with Romanowsky reagent to estimate the number of PMN present.

4.6. Mucus interactions

As the mucus is a strong defense bairinethe pulmonary tract, interactions with inhalable
nanoparticles are important, and different parameters can be investigated to characterize
mucus alterations. To begin with, an overproduction of mucus is synonym of airway
inflammation. Four mucins are generally quantified: MUC2, MUC5AC, MUC5B and
MUC19. The quantification of these proteins or their respective mRNA expression can give
essential information about the mucus state. The quantity of mucin in BALF can be obtained
by ELISA (Lin et al, 1989, Phillipset al, 2006) or electrophoresis (Spurr-Michaetlal,

2007). Both methods use multipletiamucin antibodies, specific of each mucin proteins. To

investigate the passage of insoluble fluorescent particles across the mucus layer, artificial
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mucus composed of water, DNA, egg yolk emulsion, mucin, pentetic acid (DTPA), NacCl,
KCI and cell culture medium (RPMI) (Yarg al, 2011) can be prepared and then coated on

a gelatin layer (Ungaret al, 2012). The measurement of the turbidity of the gelatin layer is
related to the quantity of particles able to cross the mucus layer. On the other hand, the muco-
adhesion of particles can be estimated by mixing them with a known mucin solutiore{Zaru

al., 2007). The suspension is then centrifuged, and supernatant isolated to quantify the free
mucin by a Bradford assay. Finally, mucus layer can be labeled with fluorescent wheat germ
agglutinin, to be observed in confocal microscopy, after incubation with fluorescent particles
(Muraet al, 2011a).

Taken this into account, it is obvious that complete studies are required to deeply understand
nanoparticle effects, firstly because all toxicity endpoints are linked, and secondly because
eventual interferences of nanoparticles with the assay can lead to false results (Worle-Knirsch
et al, 2006). All tests have shown their interest to evaluate the toxicity of non-biodegradable
nanoparticles (Hoett al, 2004) and are subsequently relevant for investigating the safety of
biodegradable nanopatrticles. For example, titanium dioxide nanoparticles were fyoved
induce DNA damage (Trouillezt al, 2009), oxidative stress (Bhattachastaal, 2009) and
inflammatory response (Padt al, 2009), and apoptosis (Set al, 2010). However, these

tests have to be taken with caution. For instance artifacts MTT test were reported (Simon-
Deckerset al, 2008).

5. Models for lung nanotoxicology:n vitro, ex vivo, in vivo

The complexity of the respiratory tract explains the high numben eftro/in vivdlexvivo

models available to mimic all physiological or histological conditions present in lungs
(Table 1). Several reviews draw a complete lishofitro (primary cultured cells; human and
animal cell lines isolated from human cancer or transformed from normal cells; cell co-
cultures),exvivo (isolated perfused lungIPL) andin vivo (rodents such as rats, guinea pigs

or mice; larger animals such as rabbits, dogs, monkeys and sheep) models that camobe used
assess pulmonary toxicity (Sakagami, 2006, Fisher and Placke, 1987). Most of these models
were used to study the impact of non-biodegradable nanopatrtiales called manufactured

or engineered nanoparticlesand only some of them were applied to study effect of

nanoparticles used as drug carriers in lung drug delivery.
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Tabe 1. In vitro, exvivo andin vivo models used for nanotoxicity studies

Models Organ / Origin
Invitro cells
Epithelial
Bronchial Primary Isolated from bronchial spaceHuman or
NHBE (primary cells) rodents
Beas2B Transformed from normal human lung
16HBE140- Transformed from normal human lung
Calu-3 Human lung adenocarcinoma; derivieoim
metastatic site: pleural effusion
Alveolar type Il A549 Human lung adenocarcinoma
RLE-6 TN Rat lung
Primary AT Il Isolated from alveolar spacedHuman or
rodents
Lymph node H2009 Human lung
Endothelial NCI H441 Human lung adenocarcima
Primary Isolated from human or murine BAL
NR8383 Rat lung
Ex-vivo
Isolated perfused lung Rat
Rabbit
Invivo
Small rodent Rat Winstar, Dawley-Sprague
Mice Balb/c
Guinea pig
Mammal Sheep
Dogs Beagle

AT I/1l, Alveolar type I/l epithelial cells; BAL, Bronchoalveolar lavages.

5.1.1n vitro cell culture for nanoparticle toxicity studies

A lot of cell lines used to investigate potential effects after particle exposure are commercially

available (Phelp®t al, 1996). The majority of these cell lines are established from cancer

tissues and others are immortalized with Epstein-Barr ggahfection. In most cases, cell

lines are well characterized and present the advantage to be not expensive dodisasy

However, to stayasclose as possible to the physiological response, the use of primary cells
can be performed as a second approach. Handling these cells is however more complicated
than the use of cell lines since they have to be well characterized after sampling and before
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their use. Moreover, their stability is generally limited to a small number of passages. To
mimic the lung, human or murine epithelial cells (bronchial, alveolar, lymph nodes),
endothelial cell lines and murine macrophages are available. Human primary macrophages

can be obtained from BAL or by monocyte differentiation.

The delivery to the bronchus can be studied on bronchial epithelial cell lines, such as
16HBE14-0 cells, human bronchus cells (Donetbal, 2012, Brzoskat al, 2004) or Calu-3

cells (Bivas-Benitaet al, 2004a), isolated from a human lung carcinoma (Feigid, 1977)

These both cell lines can be cultured at the air-liquid interface, to form a confluent monolayer
with good trans-epithelial electrical resistance (TEER) values, due to polarized tight junctions
(Fosteret al, 2000) and a dense mucus layer (Fiegedl, 2003). Using these models, good
correlations within vivo results were shown (Mathias al, 2002). Gelatin and human serum
albumin nanoparticles were prepared and stabilized with glutaraldehyde to deliver drug or
gene into primary lung cells (isolated from lobectomies) or 16HBE140- cells (Breoska

2004). Previous confocal microscopy observations have evidenced that nanoparticles were
taken up according to an endocytic mechanism. Then, toxicity studies on both cell types, have
shown that membrane integrity was not affected (LDH), even after the highest tested
concentration (50 ug/mL), and no IL-8 secretions were detected. Another study has
investigated the potential gene delivery polyethylenimine (PEI) coated PLGA nanoparticles
(Bivas-Benitaet al, 2004a). Nanoparticle uptake was observed within Calu-3 cellsawith
lysosomal co-localization. The uptake level was shown to be PLGA / PEI ratio-dependent, as
demonstrated by the levels of gene expression.

Beas-2 B cells, isolated and modified from normal human bronchial cells éReddl,

1988), were widely used to study the effect of non-biodegradable nanoparticles such as the
inflammatory response after particulate matter exposure (Steererbealj 1998), the
oxidative stress after exposure to silica nanoparticles (Eom and Choi, 2009) and complete
toxicity studies (oxidative stress, apoptosis, gene expression, DAPI staining) after exposure to
titanium dioxide nanoparticles (Pasgt al, 2008). In most of these studies the model was

relevant to demonstrate toxicity properties of the tested particles.

Major studies that focused on alveolar conditions used the A549 cell line. These cells are
isolated from a human carcinoma (Liele¢ral, 1976) and constitutes a good model of type Il
pneumocytes (Rothen-Rutishausgral, 2012, Fosteet al, 1998), giving the possibility to

test, after exposure to biodegradable nanoparticles, several previously detailed toxicity
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endpoints. As an example, the uptake of fluorescent chitosan nanoparticles was shown to be
an endocytosis-mechanism initiated by adsorptive steps (Hetaalg 2002), while the SLN
(loaded with paclitaxel) endocytosis was PEG or folate coating-mediated €Y a&n2008).

The low cytotoxicity of SLN based on 6-lauroxyhexyl lysinate and complexed to DNA
allowed to induce a similar rate of gene transfection comparable with those obtained with
Lipofectamine (commercial reagent) (let al, 2011). Finally, liposomes loaded with
ciprofloxacin have shown a good antibacterial effect without leading to LDH release (Chono
et al, 2006). Moreover, after exposure of A549 cells to inorganic nanoparticles, apoptosis
detection, cell proliferation assay, ROS quantification and inflammatory response were
observed (Choet al, 2009).

To expand alveolar condition studies, human primary alveolar type Il cells were isolated after
lung resection of carcinoma (Witherdenal, 2004). Such cells express an alveolar cell-type
phenotype and can be immortalized (O'Hetral, 2001) showing an increased internalization

of latex beads (Kemet al, 2008).

5.2.Co-culture of lung cells in nanotoxicology

Co-culture systems have provided significant advances in cell biology. Indeed, by mixing
different cell types (2 or more), interactions occur and culture conditions are closer to
physiology than classim vitro cell line models. Co-culture models can be established with
direct or indirect contact between the cells (Figure 9). Models with indirect contact require the
use ofa device such as TranswRllinserts equipped with porous membranes allowing
communication between different cell types placed in wells. Each cell type is then seeded on
each side of the insert. To mimic pulmonary tract, a large variety of cells have been
used: bronchial, alveolar, epithelial, fibroblast, dendritic and macrophages. However, in each
case the relevance of co-cultures needs to be validated by deep comparisons betwaen cells

mono- and in co-culture.

Bronchial conditions were reproduced by a co-culture of 16HBE140- cells or human primary
bronchial cells (apical compartment) with lung fibroblast cellé-38 (basolateral
compartment) at the air liquid interface (Padtlal, 2009). The use of primary cells has
shown interest. Indeed, in co-culture with fibroblastes, primary bronchial cells (which are

continuously differentiated) mimic the structure ahative polarized bronchial epithelium
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showing mucus-producing, basal and ciliated cells. Such model was used from 3 weeks to
3 months (Pohét al, 2009).

Epiairvay'™ (MatTek Corporation) and MucilAiM (Epthelix), two commercial differentiated
pulmonary epithelium, are available to perform toxicity tests after exposure to chemical
compounds (Constargt al, 2011a) or manufactured nanoparticles (Constaral, 2011b,
Haydenet al, 2011). Composed of human primary cells isolated from trachea, bronchus and
nose, MucilAif™ device is cultivated at the air-liquid interface and presents characteristics of
airway tissues (available for healthy or damaged conditions). Indeed, the device contains
basal, ciliated and mucosal cells and displays a regular cilliary beating, tight junctions, ion
transport and metabolic activity. The epithelium remains in homeostasis state for more than
one year, thus, long term studies after single or repeated exposure can be performed. After 28
days repeated exposure to chemical compounds, cytochrome expression was modulated
(Constantet al, 2011a). After delivery of nanoparticles on apical surface, trans-epithelial
resistance, LDH and cytokine released were quantified (Corettaht 2011b). It was shown

that the epithelium has the potential to recover after low nanoparticle concentration exposure.
Epiairway™ and MucilAir™ present an interesting potential to drive environmental studies,

as the ones responding to EU regulations in the REACH programme (BsraB&010).

Alveolar conditions were simulated by differart-culture models. For example, the indirect
co-culture of A549 cells or NC H441 with primary human pulmonary microvascular
endothelial cells allowed developing a model of an alveolo-capillary barrier (Herrebahs
2004). This model has been used to study environmental cadmium exposure side-effects and
has shown that whereas viability of epithelial cells largely decreases, the viability of
endothelial cells remains unaffected (Papeital, 2010). To investigate the predominant role

of resident macrophages following air particulate exposure, lung alveolar epithelial cells,
[A549 (Wottrichet al, 2004, Jantzeat al, 2012), L132 (Abbast al, 2009), RLE-6N (Wang

et al, 2002)], were co-cultured with macrophages [differentiated from THP-1 monocytes
(Sttiz et al, 2001, Wottrichet al, 2004), Mono Mac 6 (Wottrictet al, 2004) or human
(Abbaset al, 2009) / murine (Wangt al, 2002) alveolar macrophages isolated from BAL] in
direct or indirect contact. In co-culture with A549, macrophages differentiated fromLTHP-
monocytes acquire alveolar macrophage phenotypic characte(itiset al, 1993), and

after exposure to ultrafine nanoparticles, co-culture synergistic effects were observed
concerning the release of IL-6 and IL-8 (Wottrethal, 2004), while no modification of ROS

and DNA damage levels were noticed (Janteeal, 2012). The defensive role of alveolar
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macrophages against particulate matter was proved in co-culture with L132 cells é\bbas
al., 2009). In co-culture, the levels of particulate matter metabolizing enzymes produced were
higher than in mono-culture. The significant attenuation ofliLand IL-6 cytokines
secretions after exposure to jet fuel on a co-culture of rat alveolar cells and macrophages
compared to mono-culture of each cells condidthat interactions between cells exist (Wang

et al, 2002).

Direct Indirect Direct/indirect
contact contact contact

== Epithelial cell

$r Macrophage
Mast cell

~== Fibroblast
Dendritic cell

@ Bronchial cell

«» Endotothelial cell

Figure 9. Representation of co-culture models used to mimic the pulmonary tract using
Transwelf device, to established co-culture in indirect contact.

Rothen-Rutishauseat al. (Rothen-Rutishauseat al, 2005) have established a tri-culture of i)
A549 cells seeded on the apical compartment of Trangwidldifferentiated dendritic cells

seeded on the basal side of the turned insert and iii) differentiated macrophages added on the
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apical surface of the epithelial cell monolayer. This tri-culture was used to investigate effects
of non biodegradable nanoparticles in alveolar conditions (M@élieal, 2010). Following

TEM observations, Ti@nanoparticles were found in all cell types, whereas carbon nanotubes

were present in epithelial cells. After exposure to carbon nanotubes, ROS production was
observed in majority of cells, with higher level than in mono-culture of epithelial cells,

whereas IL-8 and TNk-quantification (ELISA) did not show any synergistic effect.

In order to deeply understand toxicity mechanisms, and more particularly the inflammatory
response after exposure to particulate matter, Alfaro-Moreno and co-workers have deeply
investigated mono and co-cultures of epithelial cells (A549), macrophages (differentiated
THP-1 monocytes), mast cells (HMC-1) and endothelial cells (EAHY926) (Alfaro-Maeno

al., 2008). Different co-culture combinations were performed: mast cells or macrophages with
epithelial cells in direct contact; mast and epithelial cells and macrophages in direct contact,
with or without endothelial cells in indirect contact. Cytokine release profile was modified
according to the combination and the key role of mast cells and macrophages was
demonstrated (large increase of several cytokines in co-culture), as well as the activation of
endothelial cells by the co-culture. The cytokine release profile of the system composed of the
four cell types was in accordance withvivo profile and correlated to asthmatic patients who

were exposed to such particulate matter.

5.3.Ex-vivo models
5.3.1. Isolated perfused lungs

The isolated perfused lung (IPL) system represents an interesting alternative when
considering all cell-cell interactions that occurred within the isolated organ (Mehenddle

1981). This technique consists in extracting the respiratory system (lungs and/or trachea) from
rats, guinea pigs or rabbits and keep it as close as possible to the physiological conditions
(Byron et al, 1986). The pulmonary circulation (air flow rate, temperature, blood circulation)

is maintained in a complex track of pumps to provide isolation, perfusion and ventilation of
isolated lungs. IPL are not much used in nanotoxicology even though the radioactive tracking
of iridium patrticles to an isolated perfused rat lung has shown a similar particle distribution to

the one occurrin@n vivo, confirming the pertinence of such mosi@eiring et al, 2005).

PLGA or branched polyester-based nanoparticles were loaded with a fluorescent compound
(Beck-Broichsitteret al, 2009) or salbutamol (Beck-Broichsittetral, 2010), for the delivery
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to the isolated perfused rat lung. Kinetic spectroscopic studies on the IPL have confemed th
presence of nanoparticles in deep lungs up to 2 hours after administration, and the release of
active compounds in two phases, the first corresponding to a constant increasing of
compounds in the IPL, and the second being the phase of absorption. Similar studies were
performed with polystyrene nanoparticles, and confocal laser scanning microscopy imaging of
lung slices has shown the presence of such nanoparticles in the deep lung, principally in
alveolar macrophages and in free alveolar spaces (Hahait, 2003) (Figure 9), but no
evidence of translocation from alveolar to the blood circulation was shown (Neetragr

2005).

IPL studies have certain advantages such as the possibility to achieve complete qualitative and
guantitative studies of drug release, by frequent sample collection, but, unfortunately, in a
short time duration, because structural and functional integrity of organs will quickly decline
(Beck-Broichsitteret al, 2011). Moreover, physiological conditions are not strictly respected,
since lymph flow is altered, bronchial perfusion is suppressed, autonomic innervations are
disconnected and blood cells are not present (Meetraj, 2005). In addition, the technique

of isolation is hard to control and the perfusion system is expensive.

Figure 10. Particle distribution in lungs after intratracheal administration in isolated perfused
organs. (A) Microspheres in red were homogeneously distributed into the lungs. (B) Particles
were located in macrophages (M) but free particles (Fp) were also observed. No particles
were detected in pulmonary vessels (Ve). Bars indicatgrtb@Hamoiret al, 2003).
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5.3.2.Ex vitro mucus models

Because of the rigidity of the mucin and the pore size distribution, mucus penetration is
different for each nanoparticles. Indeed, interactions are surface coating-mediatese{Kirch
al., 2012). It was, for instance shown that PEG coating decreases mucus-nanoparticles
interactions (Schustest al, 2013), while chitosan coating leads to a strong muco-adhesion
(Zaru et al, 2007). Indeed, chitosan-coated nanoparticles displayed more interactions with
mucins (confirmed by an increaof zeta potential values), and a more important passage
through the mucus than equivalent PVA-coated PLGA nanoparticles (Uagaio 2012,
Muraet al, 2011a).

5.4.1n vivo models

Compared to other model& vivo models present the large advantage to be a whole
organism. Moreover, as previously describiedyitro lung delivery can be easily performed
with specific veterinary devices. However experiments are limited by ethical concerns, and

moreover expensive to carry out.

In most cases, small rodents have been employed to follow particle biodistribution and to
performe assays on BAL after lung nanoparticle exposure. For example, insulin loaded into
liposomes based on hydrogenated soybean phosphatidylcholireh@esterol (Huang and
Wang, 2006) or into SLN (Bet al, 2009) were administered to diabetic mice or rats by
inhalation. In addition of the expected sustained effect, analyses of BAL have sloown
immunoreaction nor inflammation (no leukocyte increase). Similarly, liposomes loaded with
ciprofloxacin dd not induce toxicity after intratracheal delivery to rats (Chehal, 2006).

SLN stabilized with PVA and loaded with several antibiotics were also demonstrated to be
interesting for the treatment of tuberculosis in guinea pigs (Pandey and Khuller, 2005). In
addition to the sustained effect observed in peripheral organs (until 7 days after delivery), the
absence of alteration in serum bilirubin assays has confirmed the safety of the formulations.
PVA-coated PLGA nanoparticles loaded with elcatonin have stelew lung retention in
guinea pigs whereas chitosan coated-PLGA nanoparticles were more largely retained. The
presence of chitosan causes of high muco-adhesion properties that may open intracellular
tight junctions (Yamamotet al, 2005) and increase the cellular uptake (Yangl, 2009a)

Indeed, positive surface of these nanoparticles induce strong electrostatic interactions with the

exacerbated negative charge of cancer cells.
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Very few studies relate experiments with non-rodents for lung drug delivery of nanoparticles.
Beagle dogs were used to follow X-ray contrast agent nanoparticles, stabyiZddronic

F68 or F108 (poloxamers#) lung draining lymph nodes, thus detectable with contrast agent
radiographs (Mclntireet al, 1998). After administration, dogs were in good clinical
conditions (good appetite, normal breathing and active/alert behavior) despite the presence of
lung lesions detected during the autopsyeghlesions were described mfiltrations of
macrophages signing an inflammatory response, more prevalent with Pluronic F108 than F68.
Sheep have shown a good lung dynamic compliance after intratracheal administration of
liposomes loaded with amikacin (Scheeet al, 1992) and the therapeutic effect of the

liposomal form was higher than the free drug without causing any irritation.

5.5. Comparedin vitro / ex vivo / in vivo nanotoxicity studies

Unfortunately, althe models cited previously rapidly reach some limits. Indeed, despite their
human origin,in vitro cell models are more often immortalized by genetic modifications or
originate from tumaal cancer which means they are quite far from the reality. Co-culture
models improve traditionah vitro cell culture by mimicking cell-cell interactionEx vivo

and in vivo models represent an interesting alternative, thanks to the presence of cell
interactions or fluid circulation. Yet, the animal physiology is different from the human
physiology. In order to improve our understanding of the behavior and interactions of
nanoparticles towards human organism, compiling together results obtained on different

models may represent a strong interest.

For example, Daileyet al. (Dailey et al, 2006) have firstly proved that polymeric
nanoparticles (PLGA and branched PLGA) do not induce a significant LDH release dfter 24
exposurgo A549 cells, whereas after instillation in Balb/c mice, LDH levels in BAL 24 h and

14 days were slightly higher than for non treated animals. In addition, nanoparticles did not
provoke PMN recruitment, neither macrophage inflammatory protein secretion. Nassimi
(Nassimiet al, 2009) have used the same method to investigate the toxicity of SLN: firstly
towards A549 cells, theaxvivo on isolated lung slices and finally on Balb/c mikevitro
cytotoxicity results have given a higher IC50 thareanivo experimentsthat was explained

by the more basic model, and the cell-cell interactions that definitely play a relevivo

models. The three models have shown the absence of LDH release as well as inflammatory

response.
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The effect of nanoparticle stabilizers (PVA, chitosan, Pluronic F68) coating PLGA
nanoparticles were investigated towards bronchial and alveolar cells @¥lata 2011a,b,
Grabowskiet al, 2013). Pluronic F68-covered PLGA nanopatrticles penetrate more deeply the
mucus layer on the top of Calu-3 cells than PVA or chitosan-covered nanoparticlese(Mura
al., 2011a), without causing more cytotoxicity or inflammatory response (btuah 2011b)
However, the same particles induce an increasing inflammatory response on A549 cells with a
decrease of the mitochondrial activity, correlated with a higher internalization (Grabetwski

al., 2013). Chitosan-coated PLGA nanoparticles are also more cytotoxic than PVA-coated
nanoparticles on A549 cells, without inducing other side effects (full membrane integrity, no
inflammatory response) (Ungaret al, 2012). The toxicity of these nanoparticles was
explained by the own cytotoxicity of chitosan in aqueous solution. In addition, chitosan-
coated nanoparticles caused a decrease which was reversible of TEER, without increasing
MUC5AC mRNA expression as well as the other tested nanoparticles @laita 2011a)
Additionally, an increase in cell marker membrane and in theylpfdduction from dendritic

cells after delivery of chitosan nanoparticles to rats was reported (Bivas-Beaiie2004b).

In vitro andin vivo comparisons were performed in order to evaluate the radiodiagnostic tool
potential of hematoporphyrin liekl to albumin under nanoparticle form (Yaagal, 2010)

Accumulation was shown on A549 cells and correlated to a photodynamic activity after UV
exposure, without any toxicity. The accumulation was confirmed in mice-bearing lung tumors

and nanoparticles have shown a better half-life in rabbits than the free drug.

As there are in first line to face inhaled nanoparticles, alveolar macrophages should be widely
studied, and patrticularly fgpphagocytosis (uptake) studies. Rifampicin was encapsulated into
PLGA nanoparticles or microparticles (Ohasghial, 2009). Nanoparticles, or free drag
control, were spray-dried with mannitol to form microparticles. High aerosol performances of
rifampicin / PLGA / mannitol microparticles were confirmed with the cascade impactor. In
addition, thanks to the immediate mannitol dissolution, rifampicin / PLGA nanopatrticles were
immediately released. Applied on rat alveolar macrophages (NR8383), PLGA nanoparticles
were taken up in significant quantity but less than PLGA microparticles. When rats were
intratracheally administered with the three different formulations, the uptake of rifampicin
associated to PLGA / mannitol microparticles was higher than from the other preparations.
Microscopy observations of rat lungs evidenced that PLGA microparticées rapidly
excreted by the mucocillary clearance, whereas after mannitol dissolution, PLGA

nanoparticlesvere retained in lungs. In comparison, rifampicin was loaded in SLN of 850 nm
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and evaluatedn vitro on alveolar macrophages, primary epithelial cells (isolated from rats)
and cell lines (NR8383 and A549), and delivenedvivo to rats (Chuaret al, 2013). As
expected, according to the size criteria, alveolar macrophages specifically targeted

(in vitro andin vivo results), with a sustained effect up to 12 h, and without decreasing the
mitochondrial activity. It is also important to highlight that no differences were observed on
primary cells and cell lines in terms of uptake and cytotoxicty. Moreover, delivery of PVA-
coated PLGA and PLA nanoparticles on rats have shown that the uptake is predominantly
achieved by alveolar macrophages compared to epithelial cells, without increasing the

immune response (Thomasal, 2010).

Conclusion

Because of their small size, nanoparticles present a specific potential toxicity towards
biological systems. Face to the need to consolidate all toxicity results obtained after
nanoparticle exposure, toxicologists have created a new sub-discipline: the nanotoxicology.
As shown above, nanoparticle toxicity encompasses several endpoints, and in order to suggest
a safe nanomedicine, complete toxicity studies should be performed. For this purpose, to
deeply understand interactions between nanomedicine and living organisms, several toxicity

endpoints and diverse vitro, in vivo andexvivo models should be compared.

The use of nanoparticles in biopharmaceutical applications is constantly increasing.
Nanomedicines, obtained through the use of large variety of drugs and nanopatrticles, have a
promising future in diagnostic and therapeutic (see Tables 2, 3, 4 for summary). Two major
types of nanoparticles are currently investigated for the lung drug delivery: lipid and
polymeric nanoparticles. Liposomes or SLN have the main advantages to be prepared with
natural compounds, and loaded with insulin they have been shown as an interesting
alternative toiv. administration (Table 2), without causing important toxicity. As far as
polymeric nanoparticles are concerned, the stabilizer has a key role in interactions with
biological systems (Table 3). According to the present report, lipid and polymeric
nanoparticles are good candidates as nanocarriers. Further experimental and clinical studies
are expected to understand human organism/nanoparticle interactions, and thus confirm, or

not, the therapeutic and diagnostic potential of such nanomedicine.
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Finally, a little number of other nanoparticles (Table 4) are proposed for lung delivery. For
example, the preparation of contrast agent nanoparticles, stabilized with poloxamers, has

revealed a low toxicity and can shown a strong interest in imaging.
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Table 2 In vitro andin vivo pulmonary toxicity endpoints after exposurdipad-based nanoparticles

Lipid-based nanomedicines

Nanoparticle Drug Model Nanopatrticle toxicity endpoints References
(administration way)

Liposomes
HPC Insulin Normal / diabetic mice No cell morphology modification, no inflammation (Huang and Wan(
Chol Amikacin (aerosolization) 2006, Schreieet

Sheep (nebulization) No toxicity, no irritation, good dynamic compliance and lung resistance al., 1992)
HSPC Ciprofloxacin Rat No toxicity (Chonoet al,
DCP 2006)
PC Rifampicin A549 cells No cytotoxicity (Zaruet al, 2007)
DPPC
6-laurylhexyl DNA A549 cells Low toxicity (Li etal, 2011)
lysiniate Rat
PEG Manganese A549 cells Cytoplasmic uptake, No cytotoxicity (Howell et al,
Phosphatidyl- DNA LLC1 cells High lung retention after 48 h 2013)
ethanolamine C57B1/6 mice
Chol
DOPE
Solid-lipid nanoparticles
Lipids Insulin rat (diabetic) No toxicity (Bi et al, 2009)
Triglycerides A549 IC 50 (mg/mL) = 3090 (MTT})- 2090 (neutral red)} 500 €x vivg (Nassimiet al,
Phospholipids Balb/c mice No increasing of chem. KC, LDH, IL-6, IL-8, TN&-total proteins, total cells 2010)

Toxic effects at 500 pg/animal (No effect until 200 pg).
Lipids Rifampicin+ Isoniazid +  Dunkin Hartley guinea pig No alteration in serum bilirubin (Pandey and
Pyrazinamide Drug release, with sustained effect, after 45 min Khuller, 2005)

Lipids Paclitaxel A549 PEG and folate enhance cellular uptake without cytotoxicity (Yuanet d., 2008)
Soy bean Rifampicin N8383 Low mitochondrial activity decreasing (Chuanet al,
lecithin Primary rat AM Better pharmacologic effects than the free drug 2013)

A549 Sustained effect until 12 h in AM/N8383

Primary rat ATI SLN fluorescence intensities higher in macrophages than in AEC

Sprague-Dawleys rats Macrophage targeting

Chem., Chemokine AM, Alveolar Macrophages; AT I, Alveolar Type Il Epithelial cells; Chol, Choleste@CP, dicetylphosphate
PC, Phosphatidylcholine; HSPC, hydrogenated soy phosphatidylcholin; DPPC, 1,2-dipabnighytero-3-phosphocholine ;
PEG, poly(ethyleneglycol) ; DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine ; DNA, deoxyribonucleic acid.
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Polymer-based nanomedicine

Nanoparticle

Travaux antérieurs

Core Stabilizer Drug . .MOd.E| Nanoparticle toxicity endpoints References
(administration mode)
Guinea pig (Yamamotoet al, 2005, Thomast al, 2010,
Low lung retention Yanget al, 2009a)
. Mice Taken up by alveolar macrophages
Elcatonin :
PLGA PVA Paclitaxel Rat | Basal immune response
HBsAg Sprague-dawley rat
A549 cells (Ungaroet al, 2012, Grabowsket al, 2013,
Calu-3 cells Low cytotoxicity and Golgi colocalization Yanget al, 2009a, Thomast al, 2010, Mura
HBE cells et al, 2011apb, Cartieraet al, 2009)
i i . Yamamotoet al, 2005, Yanget al, 2009a
Guinea pig Long lung retention ( ¢ )
. May opening intracellular tight junctions
Elcatonin Mice Strong muco-
PLGA  CS Paclitaxel Rat
Uptake increase with CS concentratierenergy dependent (Yanget al, 2009a, Grabowslet al, 2013,
A549 cells .
Calu3 cells mechanlsr_n N Muraet al, 2011a, b)
Medium/high toxicity
AB49 High uptake- energy dependent mechanism (Muraet al, 2011a, bGrabowskiet al, 2013)
PLGA PF68 Calu3 Medium/high toxicity, significant inflammatory response, full
membrane integrity
HBsAg (Thomaset al, 2010)
PLA PVA (Thomaset al, Sprague-dawley rat Taken up by alveolar macrophages
Calu-3 No immune response
2010)
cs DNA Mice - Dendritic cells Increasing of CD80, CD86, CD83 expression (LPS levels) anc (Bivas-Benitaet al, 2004b)

INF-y production

PLGA, poly(lactidezo-glycolique) acid ; PLA, polylactic acidBVA polyvinylique alcoho ;, CS, Chitosan ; PF68, Pluronic F68 ; DNA,

deoxyribonucleic acid.
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Table 4. In vitro andin vivo pulmonary toxicity endpoints after exposure to other nanoparticles relevant for biomedical applications.

Nanomedicine

Nanoparticle

Core Shell Drug (I\ggdmeilnistration way) Nanomedicine toxicity endpoints References
Slow clearance
. S.odium tribasic Mice Biodistribution: heart > thymus > spleen (Hussainet al, 2013)
old dihydrate LPS Fast clearance
Biodistribution: spleen > thymus> heart
Human serum Nanoparticle internalized ingide cells
albumin Glutaraldehyde |136'HBE130_ cer:!sl ' (energy de.p.enden:I mechgnlsm) . (Brzoskaet al, 2004)
Porcine gelatin rimary bronchial cells No cytotoxicity, Full membrane integrity,
No inflammatory response
PE6S Contrast Good clinical c_:onditions_ _
Contrast agent PE108 agent Beagle dog Lung lesions, inflammation (Mclntire et al, 1998)
Macrophage infiltrations prevalent with PF 108P than F
A549 cells No cell morphology modification
Fe0, PLGA Quercitin Balb/c mice No cytotoxicity (100 pg/mL) (Vermaet al, 2013)
(nebulization) No IL-6 secretion, High GSH levels (transitory)
Antisense Mannose receptor Rat alveolar macrophages Full membrane integrity (Liang et al, 1996)

oligonucleotide Alveolar macrophages targeting

LPS = Lipopolysaccharides, PF68 / PF 108 = Pluronic F68 / F108, PLGA = poly(lactdgycolide).
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Introduction aux travaux expérimentaux

Ce projet de thése se propose d’évaluer la toxicité in vitro de nanoparticules biodégradables

de PLGA, stabilisées ou non par des polymeres de surface, vis-a-vis du systéme pulmonaire.

Commel’ont démontré les travaux antérieurs, les études de nanotoxicité doivent aborder
différents paramétres, afin de comprendre les mécanismes d’interaction entre les
nanoparticules et les cellules. Au cours des travaux expérimentaux, les parametres relatifs a la

nanotoxicologie étudiés seront :

e [ ’activité mitochondriale,

e Laviabilité par le test au bleu trypan,

e [L’évaluation de la perméabilité de la membrane cellulaire par le dosage de la LDH
libéréeetle marquage pal’iodure de propidium,

e Le type de mort cellulaire par le marquage a I’ Annexine V et le 7-AAD,

e La réponse inflammatoire par le dosage de cytokines sécrétées dans le milieu
extracellulaire,

e Le stress oxydant par le dosage des ROS intracellulaires.

Les poumons étant un tissu complexe du point de vue histologique et physiologique, nous
avons décidé d’étudier différents modeles in vitro: les cellules A549 en mono-culture
(Chapitre 1), ou en co-culture avec les macrophages différenciés de monocytes THP-1
(Chapitre 3). Au cours du chapitre 2, le comportement des nanoparticules a été évalué vis-a-
vis de macrophages différenciés de monocytes THP-1, qui présentent les caractéristiques des

macrophages humains.

Enfin, les résultats seront discutés a la lumiére de ceux obtenus précédemment au sein de
I’équipe de recherche, d’une part, in vitro sur un modéle d’épithélium bronchique, etd’autre
part,in vivo sur un modele de souris, afin de dresser un profil de toxicité des nanoparticules

selon leurs propriétés physico-chimiques.
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Chapitre 1

Toxicité de nanoparticules de PLGA de
charge de surface variée vis-a-vis de
cellules épithéliales alveolaires
pulmonaires humaines
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Chapitre 1

Résumé

Au cours de ce premier chapitre, des nanoparticules biodégradables de polyméres ainsi que
des nanoparticules non-biodégradables utilisées tout au long des travaux de thése sont
présentées. Ces nanoparticules ont été incubées en présence de cellules A549, lignée de
cellulesd’épithéliumalvéolaire pulmonaire dérivée d’un adénocarcinome humain, afin d’en
évaluerl’éventuelle toxicité. Les résultats sont présentés sous tbtmerticle scientifique

publié.

Au cours de ce travail, des nanoparticules biodégradables a base de (polyetactide-
glycolide) (PLGA) ont été formulées par émulsion-évaporation de solvant, ou par
nanoprécipationgn présence d’un agent stabilisant capable de s’associer a la surface des
nanoparticules. Les agents qui ont été utilisés Isaliabol polyvinylique (PVA), le chitosane

(CS) ou le Pluronic F68 (PF68) qui aboutissent respectivement a la formation de
nanoparticules neutres (PLGA/PVA NPs), positives (PLGA/CS NPs) ou négatives
(PLGA/PF68 NPs), ayant toutes une taille moyenne de I’ordre de 230 nm. Les nanoparticules
préparées sans agent stabilisant possedent un potentiel zéta négatif et une taille moyenne de
170 nm.

Parallélement, des nanoparticules non-biodégradables de polystyrene (PS NPs) ainsi que des
nanoparticules de dioxyde de titane (J)iQle forme cristalline anatase (anatase, NPs) et

rutile (rutile TiO, NPs) ont été obtenues commercialement. Elles ont été choisies comme
contrble positif car il est décrit dans la littérataréelles induisent une certaine toxicité, et

particulierement une réponse inflammatoire (Dadégl, 2006, Inoueet al, 2008).

Dans un premier temg&nternalisation des nanoparticules par les cellules a été évaluée. Ces
expériences menées apres exposition aux différents types de nanoparticules de PLGA
montrent que les nanoparticules chargées négativement, c'est-a-dire les nanoparticules de
PLGA/PF68, sont internalisées plus rapidement et en plus grande quantité que les autres. La
microscopie confocale permet de conclure que les nanoparticules sont bien prasentes
I’intérieur des cellules, de mani¢re homogéne pour les nanoparticules de PLGA/PVA, tandis

gue les nanoparticules de PLGA/CS et PLGA/PF68 semblent étre localisées dans des

vacuoles d’endocytose.

La cytotoxicité des nanoparticules a ensuité évaluée par la mesure de I1’activité

mitochondriale (tests MTT) ainsi que par I’étude de I’intégrit¢é membranaire (mesure de
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I’enzyme lactate deshydrogénase (LDH) libérée dans le milieu extracellulaire, le test au bleu

trypan et le marquage a 1’iodure de propidium (PI pour Propidium Iodide)) apres exposition

aux nanoparticules. Les cytotoxicités des nanoparticules de PLGA et de polystyrene sont
généralement plus faibles ou équivalentes a celles induites par les nanoparticules, de TiO
guelque soit la forme cristalline. La toxicité observée apres exposition aux nanoparticules de
PLGA/CS peut étre expliquée par la cytotoxicité propre du chitosane seul en solution
aqueuse. Quant a la toxicité des nanoparticules de PLGA/PF68 elle peut étre expliquée par

I’internalisation en plus grande quantité de ce type de nanoparticules.

La réponse inflammatoire a été quantifiée aprés exposition aux nanoparticules par le dosage
de plusieurs cytokines, notamment I’IL-6, I’'IL-8, le MCP-1 et le TNF:. Exceptées les
nanoparticules de PLGA/PF68, les nanoparticules testées induisent une réponse inflammatoire
trés faible, qui est toujours inférieure a celle induite aprés exposition au lipopolysaccharides
(LPS). En revanche, aprés exposition aux nanoparticules de PLGA/PF68, les sécrétions des
cytokines sont plus importantes que celles obtenues aprés exposition au LPS, en particulier
pour MCPA. Cette différence dans la réponse inflammatoire peut s’expliquer a nouveau par

une internalisation plus importante des nanoparticules PLGA/PF68.

Le stress oxydant causé par les nanoparticules de PLGA et de polystyréne a été paantifié

le dosage des especes réactives de 1’oxygene (ROS pour Reactive Oxygen Species
intracellulaires. Aprés 1 h, 4 h et R4l’exposition, aucune des nanoparticules testées, ni les
polymeres de surface associés, n’induisent la production de ROS. La combinaison des ces
résultats permet de conclure que de maniere générale les nanoparticules de PLGA entrainent
une faible toxicité vis-a-vis des cellules A549. De plus, nous avons montré que la nature des
nanoparticules, ainsi que leur recouvrement de surface, jouent un rbéle des plus importants
dans la réponse cellulaire, en impactant ’internalisation, la cytotoxicité ou la réponse

inflammatoire.
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Toxicity of surface-modified PLGA nanoparticles towards lung alveolar epithelial cells
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Abstract

In vitro cytotoxicity and inflammatory response following exposure to nanoparticles (NPs)
made of poly(lactideso-glycolide) (PLGA) have been investigated on A549 human lung
epithelial cells. Three different PLGA NPs (230 nm) were obtained using different stabilizers
(polyvinyl alcohol, chitosan, or PlurorficF68) to form respectively neutral, positively or
negatively charged NPs. Polystyrene NPs were used as polymeric but non-biodegradable NPs,
and titanium dioxide (anatase and rutile) as inorganic NPs, for comparison. Cytotoxicity was
evaluated through mitochondrial activity as well as membrane integrity (lactate
dehydrogenase release, trypan blue exclusion, propidium iodide staining). The cytotoxicity of
PLGA-based and polystyrene NPs was lower or equivalent to the one observed after exposure
to titanium dioxide NPs. The inflammatory response, evaluated through the release of the IL-
6, IL-8, MCP-1, TNFea cytokines, was low for all NPs. However, some differences were
observed, especially for negative PLGA NPs that led to a higher inflammatory response,
which can be correlated to a higher uptake of these NPs. Taken together, these results show

that both coating of PLGA NPs and the nature of the core play a key role in cell response.

Keywords: Nanoparticles, PLGA, lung cells, cytotoxicity, inflammatory response

Graphical abstract
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Nanoparticles

200-400 nm
Biodegradable Non-biodegradable  Toxicological
PLGA/Chitosan o, TiO, evaluation
o Rutile)
TRV )
TiO
’{ /v Anatage) »Uptake
PLGA/PVA 4 » Cytotoxicity
P » Inflammatory A549 lung cells
response

PLGA/Pluronic - Polystyrene

1. Introduction

The pulmonary route offers several advantages for drug delivery: it is a non-invasive route
that can be used not only for local but also systemic treatments, due to a high absorption
surface, a high blood flow and a weak enzymatic activity (Pattah, 2004). Administration

of drug-loaded nanopatrticles (NPs) into the lungs represents several advantages. NPs can not
only transport and protect the drug into the targeted lung cells, but also allow a sustained
effect, a decrease of the administering frequency and a diminution of the side effectst(Sung

al., 2007).

However, the safety of these NPs should be proved before being used as drug carriers. The
poly(lactideeo-glycolide) (PLGA), thanks to its biodegradability and biocompatibility, is
already approved for use in medicine and has a promising future in nanomedicine, including
through lung delivery (Cartierat al, 2009). PLGA NPs are popular drug nanocarriers,
generally designed as a matrix-like core for drug encapsulation and protection, surrounded by
a stabilizer that determines the NP surface charge. Depending on the stabilizer used, uptake
and cytotoxicity profiles can change (Win and Feng, 2005, Mestoal, 2012). Since
polyvinyl alcohol (PVA) is one of the most used stabilizers, seviergitro and in vivo

studies of PLGA/PVA NP safety have been reported (Da&tet, 2006, Semetet al, 2010)
However, poloxamers, polyacrylic acid or polysaccharides are also good candidates for the
formulation of PLGA NPs and the modulation of their properties (Vandervoort and Ludwig,
2002, Nafeeet al, 2009)

Many studies have investigated the toxicity of environmental NPs such as particulate matter

or inorganic NPs like layered metal hydroxide (Chkoial, 2009), silica (Linet al, 2006)

81



Chapitre 1

titanium dioxide (TiQ) (Johnstoret al, 2009), gold or silver (Bachared al, 2012) NPs. The
pulmonary exposure to these NPs is often unintentional, and could constitute a significant
source of toxicity (Nekt al, 2006), inflammation and oxidative stress (Bhattachatyal,

2009, Limbactet al, 2007).

The aim of this study was to investigate the cytotoxicity and inflammatory response following
exposure of A549 alveolar epithelial lung cells to a family of PLGA NPs covered with
different polymeric stabilizers, to correlate these effects to the NP uptake kinetics, and to
understand the potential own effect of the stabilizers. The cytotoxicity and inflammatory
response were compared to those induced by several non biodegradable NPs, either polymeric

(polystyrene) or inorganic (Ti)in the anatase or rutile form) NPs.

2. Material and methods

2.1. Nanoparticle preparation

PLGA NPs were prepared according to an emulsion/evaporation method. Neutral
(PLGA/PVA) and positive (PLGA/CS) NPs were prepared as described before by our group
(Muraet al, 2011b). Briefly, PLGA (75:25 Resomer® RG756, Ingelheim) was dissolved in a
dichloromethane/acetone (1/1 v/v) mixture and pre-emulsified by vortexing for 1 min, with,
respectively, an aqueous solution containing 2.5 mg/mL PVA (87-89 % hydrolyzed, 30-
70 kDa, Sigma Aldrich), or an aqueous solution containing 0.6 mg/mL of chitosan (CS)
(Protasan® UP CL113, 75-90% deacetylation, 50-150 kDa) and 5 mg/mL PVA (Mowiol®4-
88, Kuraray Specialities Europe GmbH). The pre-emulsion was kept on ice and immediately
sonicated (Branson Digital Sonifier) at 40 % for, respectively, 1 or 2 min. The purification of
NPs (removal of free PVA and CS) was achieved by ultracentrifugation (4 °C, 37g900 x

1 h). Pellet resuspension was performed by vortexing.

Negative NPs (PLGA/PF68 NPs) were prepared by dissolving 50 mg PLGA in 5 mL ethyl
acetate. The organic phase was added dropwise to 10 mL of a 10 mg/mL poloxamer 188
(Pluroni® F68 (PF68), BASF) aqueous solution under magnetic stirring. After 1 min
vortexing, the emulsion was kept on ice and homogenized using an Ultra-Turrax® (IKA
works, Inc), equipped with a 18G-stainless steel dispersing tool (10 000 rpm, 2 min). The

organic solvent was then evaporated at room temperature under magnetic stirring for 2 h. The
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purification of NPs (removal of free PF68) was performed by dialysis during 24 h against 1

of MilliQ water, using a cellulose ester membrane with a 50 kDa cut off (SpectrumLabs).

All PLGA NPs could be fluorescently labeled, by replacing the total quantity of PLGA by a
90/10 (w/w) mixture of PLGA and Rhodamine B-PLGA conjugate (AV11, Akina, Inc, USA,
MW ~30 kDa). The further steps were performed similarly as for unlabeled NPs, but
protected from light.

TiO, NP suspensions were obtained by thorough dispersion of anatase (spheres, <25 nm) or
rutile (rods, 10 x 40 nm) Ti© nanopowders (Sigma-Aldrich) in water. After powders
incorporation into water at 1 mg/mL and 1 min vortexing, pH was adjusted to 11 With 1
sodium hydroxide (previous studies have shown that as soon as sonication, ¥PEQs
stopped, re-agglomeration is immediate (Anderssbral, 2011); by adjusting the pH at
eleven at the beginning of the process, re-agglomeration was avoided and suspensions are
homogenous and stable for few ddayte et al, 2007)). Suspensions were then sonicated
(40%) on ice during 1.5 h, with 60 s pulsations and 30 s intervals, and subsequently stirred at
24000 rpm for 5min on ice using an Ultra-Turrax® equipped with a plastic
(polycarbonate/PEEK) dispersing tool (S25D-14G-KS, IKA). Suspensions could be kept at 4

°C, for few days. NP suspensions were vortexed just before use.

Polystyrene (PS) NP aqueous suspensions (0.20 um, Polysciences Europe GmbH) were
briefly vortexed before use.

2.2. Nanoparticle characterization

All NPs were characterized by their size and their zeta potential using a Nano ZS (Malvern
instruments, UK). Average hydrodynamic diameters were measured by dynamic light

scattering (25 °C, 173° scattering angle) after appropriate dilutions in water. Zeta potential
measurements were performed after appropriate dilutions in 1 mM sodium chloride, at 25 °C.
NP stability was studied in cell culture medium at the final concentration of 0.1 mg/mL, after

48 h incubation (37 °C). The amount of stabilizers associated to NPs after their purification
was assessed through the formation of colored complexes of PVA and CSHNMR in

the case of PF68, as previously described (Jetsai, 1979, Muraet al, 2011a, Mureet al,

2011b, Trimailleet al, 2003, Muzzarelli, 1998).
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The fluorescence emission spectra of PLGA-Rhodamine NP suspensions were recorded using
an excitation wavelength of 540 nm. The fluorescence intensities of PLGA/PVA and
PLGA/PF68 NPs were compared to that of PLGA/CS NPs and expressed as the ratio of the
fluorescence intensities collected at the 570 nm maximum emission wavelength (the ratio was
set at 1 for PLGA/CS NPs which were the most fluorescent NPs).

Bacterial contaminations of all NPs suspensions were investigated by overnight incubation of
100 pL of a 0.1 mg/mL suspension at on Luria-Bertani (LB) medium, overnight, at 37 °C.

The NP suspensions do not induced any bacterial development,

2.3. Cell culture

The A549 cell line was obtained from ATCC (catalog number CCL-185) and cultured in
RPMI-1640 growth medium (Lonza), supplemented with 50 U/mL penicillin, 50 U/mL
streptomycin, and 10% fetal bovine serum (Lonza). Cells were maintained at 37 °C in a 5%
CO, humidified atmosphere. Twice a week, cells were divided at 1/15 ratio, after one rinsing
step with PBS, and 4-5 min of trypsine-EDTA 1 X (Lonza). Cells were used from passage 3
to 12 after thawing.

2.4. Nanoparticle uptake kinetics
2.4.1. Flow cytometry

100 000 cells were seeded on 6-well plates, with 2.5 mL of medium. Two days after plating,
supernatants were discarded and replaced by a fresh suspension of fluorescent PLGA NPs
diluted in medium, at 0.1 mg/mL (final concentration), and incubated at 37 °C or 4 °C. After

2, 6, 24 or 48 h incubation at 37 °C (2 or 6 h at 4 °C), supernatants were discarded, cells
rinsed twice with PBS and harvested by 1X trypsine. Cell suspensions were analyzed by flow
cytometry (Accuri C6, BD Biosciences), and mean fluorescence intensities were collected on
channel FL-2. Results were expressed as the ratio of the mean fluorescence intensiity of ea
sample to the mean fluorescence intensity of non-treated cells. This value was then corrected
by the fluorescence factor of each NP suspension. All measurements were performed in

triplicate or more.
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2.4.2. Confocal microscopy

100 000 cells were seeded on glass coverslips, placed in 6-well plates, with 2.5 mL of
medium. Two days after plating, supernatants were discarded and replaced by a fresh
suspension of fluorescent PLGA NPs diluted in medium, at 0.1 mg/mL (final concentration),
and incubated at 37 °C or 4 °C. After 2, 24 or 48 h supernatants were discarded, cells rinsed
twice with serum free-RPMI and once with PBS, and incubated with a 1 % PKH67 (Sigma-
Aldrich) solution in PBS, at room temperature for 5 min, protected from light. The membrane
labeling was stopped by rinsing twice with complete medium. Cells were fixed with 100 pL
of 4% paraformaldehyde (4 °C, 10 min) after one rinse with PBS. 100 pL of a 500 y®™ NH
solution was then added (4 °C, 10 min) followed by 3 rinsing steps with PBS. Coverslips were
mounted on glass slides with Vectashield (Vector Laboratories, H-100), and sealed with nail
polish. Observations were done with a LSM 510 (Zeisteta) confocal microscope
equipped with Argon (488 nm, 300 mW) and Helium-Neon (543 nm, 5 mW) lasers, and a

plan-apochromat 63X objective. Data were analyzed with the LSM 510 version 3.2 software.

2.5. In vitro cytotoxicity
2.5.1. Mitochondrial activity

The in vitro mitochondrial activity was evaluated using the 3-[4,5-dimethylthiazol-2-yl]-
3,5 diphenyl tetrazolium bromide (MTT) test, adapted from the protocol previously described
(Mosmann, 1983). 7 000 cells (in 100 pL of growth medium) were seeded on 96-well plates
(TTP, Zurich, Switzerland) and pre-incubated for 24 h. The medium was then discarded, and
200 uL of freshly NP preparations dispersed in growth medium were added on cells at various
concentrations (0.005 to 3.5 mg/mL). After 48 h of incubation with NPs, 20 uL of a 5 mg/mL
MTT solution was added to each well and incubated for 2 h. Medium was then discarded, and
200 pL dimethyl sulfoxide (DMSO) was added to dissolve formazan crystals. The absorbance
was measured with a micro-plate reader at 540 nm. The fraction of viable cells was calculated
as the absorbance ratio between NP-treated cells and untreated cells (control). According to
the same protocol, cells were exposed to aqueous solutions of the stabilizing polymers (PVA,
CS and PF68) used for the stabilization of NPs, diluted in complete medium, in concentration
ranges corresponding to the quantity of stabilizers associated to NPs. In the caseN®g,iO

the sedimentation and opaqueness of the NPs interfere with MTT interpretation. To overcome

this obstacle, plates were centrifuged (180 x g, 5 min, 25 °C) after dissolution of the formazan

85



Chapitre 1

crystals by DMSO, and 100 pL of supernatants transferred in new plate (Simon-Deickers

al., 2008). All measurements were performed in triplicate or more.

2.5.2. LDH release test

Lactate dehydrogenase (LDH) released in extracellular medium was quantified usingpthe Cy
Tox 96, Nonradioactive Cytotoxicity Assay (Promega), according to the manufacturer’s
instructions. 96-well plates seeding and exposure conditions were the same as those described
in section 0. Absorbance was measured at 492 m. The LDH release (%) was calculated as the
ratio between the LDH release after NP exposure minus the LDH spontaneously released by
non-treated cells, and the intracellular LDH, expressed as the difference of the total LDH
measured after cell lysis (Triton X-100, 171dlluted in PBS, 1 h, 37° C) minus the LDH

spontaneously released. All measurements were performed in triplicate.

2.5.3. Trypan blue test

Cell viability was also evaluated by trypan blue test. 100 000 cells were seeded in 6-well
plates, in 2.5 mL of medium. After 24 hours, supernatants were discarded and replaced by
fresh NP dilutions in cell culture medium in range concentration of 0.01 to 2 mg/mL. After
48 hours exposure, supernatants were discarded and cells rinsed twice with PBS. Cells
exposed to polymeric NPs (PLGA and polystyrene NPs) were harvested with 1X trypsine, and
cells exposed to TiONPs were scrapped. Cells were mixed with an aqueous solution of
trypan blue 0.4%, in 50/50 (v/v) (Eurobio) according to a method previously described
(Strober, 2001). Cell counting was performed using Kova counting chambers (Kova Glasstic
Slide, Hycor Biomedical) by microscopy. The cell viability was calculated as the ratio
between uncolored cells and total cells. All measurements were performed in triplicate.

2.5.4. Propidum iodide/Syt& 24 test

Viability was also evaluated with two fluorophores, propidium iodide (Sigma-Aldrich) which
binds to nucleic acids of cells with a damaged membrane, and th® Bt@nvitrogen),

which binds to nucleic acids of all cells. 6-well plates seeding, exposure, and harvesting
conditions were the same as those described in part 0. Propidium iodide was first added on
cell suspension at final concentration of 1puM, and mixing by gentle pipetting

homogenization. After 5 min incubation, was added to the cell suspension, at 1 uM
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final concentration, and mixing by gentle pipetting homogenization. After 5 min incubation,
cell counting was performed using Kova counting chambers, by fluorescent microscopy,
using the range excitation wavelengths of 515-560 nm (band pass filter) for the propidium
iodide, and 440-480 nm (band pass filter) for the 4. The cell viability was calculated

as the ratio between green cells and total cells. All measurements were performed in triplicate.

2.6. Cytokine quantification after exposure to nanoparticles

Cytokine secretions after exposure to NPs were investigated in supernatants using the
multiplexing Cytometric Beads Array (CBA) method proposed by BD Biosciences (Morgan

et al, 2004, Tarnolet al, 2003), and performed with the human Ig-1L-6, IL-8, IL-10, IL-

12p70, MCP-1 and TNF flex sets and the Human Soluble Protein Master Buffer Kit (BD
Biosciences). 40 000 cells were seeded in 12-well plates for 48 hours. Supernatants were then
discarded, and replaced by 2 mL of fresh growth medium (non treated cells), with either
increasing lipopolysaccharide (LPS) concentrations (0.1, 1, 10 pug/mL) or NPs at 0.1 mg/mL.
After 24 h exposure, supernatants were sampled and cells were rinsed once with PBS and
harvested with 1X trypsine, to be counted by flow cytometry. Cytokine results, analyzed with
the FACP Array™ Software, were obtained as pg/mL concentrations. All measurements were

performed in triplicate, or more.

3. Results
3.1. Nanoparticle characterization

A family of PLGA NPs displaying various surface properties was prepared using a selection
of hydrophilic polymers as stabilizers (PVA, CS, PF68), as similarly described by our group
(Mura et al, 2011b) with some modifications for PLGA/PF68 NPs, the size of which was
adjusted to around 230 nm. All PLGA NPs have a similar size in the 210-270 nm range, but
differ by their surface charge as shown through zeta potential measurements (around
neutrality for PLGA/PVA NPs, around + 40 mV for PLGA/CS NPs and0 mV for
PLGA/PF68 NPs). The amount of stabilizers associated to NPs after preparation and
purification was found in the range of 10 - 45 mg per 100 mg PLGA. Noteworthy, covalently-
labeled, fluorescent counterparts of all these NPs could be obtained without significant

alteration of their size and surface charge. Commercially available polystyrene NPs
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displaying a similar size were characterized similarly and used as non-biodegradable,

polymeric sample NPs (Table 1).

Colloidal suspensions of rutile and anatase ,TMere obtained through a controlled
dispersion procedure of nanopowders after careful selection of dispersing tools and pH
adjustment, without use of any stabilizing agent. The discrepancy between the size of the

primary particles (< 50 nm) and the particles in suspension can be due to the aggregation of

primary NPs as submicron aggregates (Table 1).

Table. 1L Physicochemical properties of NPs. na = not applicable, nd = not determined

Diameter

. . Zeta -
Diameter  after 48 hin Polydispersity Potential Core Stabilizer Crystal
NPs (nm) cell culture . . (mg/100mg
. . index (mV) material form
(mean = SD medium (nm (mean + SD) core)
(mean + SD! -
PLGA/PVA 234 +28 212+4 0.099+0.04 -142+1.75 PLGA PVA (11.5)
Rhod-PLGA/PVA 247 +11 216 £ 11 0.15+0.05 +3.7+0.2 PLGA nd
PLGA/CS 233 +18 269+12 0.210+0.020 +39.9+7.2 PLGA g\?p\(%:‘:’oa)/
Rhod-PLGA/CS 195+11 20027 0.16+0.03 +243+18 PLGA nd na
PLGA/PF68 229 +19 316 +16 0.136+0.036 -32.2+35 PLGA PF68 (15.5)
Rhod-PLGA/PF6! 227 +9 238+9 0.12+0.01 -315+26 PLGA nd
Polystyrene 250+11 259+21 0.02+0.02 -48.8+1.5 Polystyren¢ Sulfate ester
Anatase TiQ 421 + 49 625 + 46 0.42 +0.07 -35+2 TiO, none Anatase
Rutile TiG, 479 +184 795+ 80 0.77 £0.25 -37.2+6 TiO, none Rutile
300 -
—PLGA/PF68 NPs
:E —PLGA/CS NPs
E PLGA/PVA NPs
F
i
£
§ 150 |
]
]
5
[T
A max= 540 nm
0

560 590 620

Wavelength (nm)

Figure S 1 Fluorescence emission spectra of PLGA-Rhod/PVA (green), PLGA-Rhod/CS
(red) and PLGA-Rhod/PF68 (blue) NP suspensions at 540 nm (maximal excitation
wavelength).

This NP selection, displaying a variety of core material (polymeric/inorganic, biodegradable

or not) and surface coating was then evaluated on the A549 human lung cells.
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3.2. Uptake of PLGA nanopatrticles

All fluorescent PLGA NPs were taken up according to a similar profile (Figure 1). At 37 °C,
NP uptake increased from to 2 to 24 h, and then plateaued. At 4 °C, the extent of NP uptake
was much lower than at 37 °C, which is characteristic of an energy-dependent uptake
mechanism (Figure 2). Confocal microscopy images confirm the progressive uptake from 2 to
24 h at 37 °C, and the differences between 4 °C and 37 °C (Figure 3). Pictures additionally
show that PLGA NPs are internalized down to the cytoplasm rather than merely associated to
the cell surface. Significant differences are however observed depending on the stabilizer. The
negatively-charged PLGA/PF68 NPs display a lower association to cells at 4 °C compared to
other NPs (Figure 2). In contrast, some colocalization of NPs (red) and cell membrane (green)
is observed in the case of PLGA/CS NPs, showing an adhesion of these positively-charged
NPs onto the cell surface (Figure 3).

PLGA/PVA NPs PLGA/CS NPs PLGA/PF68 NPs

NT

NT NT

ZOOJ\ j\ * )
NT
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y\ /\ y\ j )
10° 10* 10° 10° 10* 10°
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Count
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Count
[y}
o
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Figure 1. Uptake kinetics of PLGA-Rhod/PVA (green), PLGA-Rhod/CS (red) and PLGA-
Rhod/PF68 (blue) NPs by A549 cells after 2, 24 and 48 h incubation at 37 °C, compared to
non-treated cells, evaluated by flow cytometry. NT =non treated cells, MFI = mean
fluorescence intensity (FL-2 channel).
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By measuring the fluorescence intensity of NP suspensions, it appears that the fluorescence
ratios, as defined in the material and methods, of PLGA/PVA NPs and PLGA/PF68 NPs are
respectively 0.77 and 0.37 (Figure S 2). To truly compare the extent of PLGA NP uptake, the

MFI increase (NP-treated cells versus non treated cells) was corrected by the fluorescence
intensity ratios accordingly. Results reveal that at 37 °C, after 48 h exposure, PLGA/PF68
NPs are taken up almost twice as much than the PLGA/CS and PLGA/PVA NPs (Figure 4).

PLGA/PVA NPs PLGA/CS NPs PLGA/PF68 NPs
T 37°C 37°C
S 4°C 4°c a°c
g 400 o
U ) ) Jm U%{;

102

104

MFI

10°

102

104

MFI

10°

102

104
MFI

10°

Figure 2. Uptake of PLGA-Rhod/PVA (green), PLGA-Rhod/CS (red) and PLGA-Rhod/PF68
(blue) NPs by A549 cells after 6 h incubation at 4 °C and 37 °C, compared to non-treated
(NT) cells, as evaluated by the mean fluorescence intensity (MFI) in flow cytometry.
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PLGA/PVANPs PLGA/CS NPs PLGA/PF68

2h
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2h
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Figure 3. Uptake of PLGA-Rhod/PVA, PLGA-Rhod/CS and PLGA-Rhod/PF68 NPs (red) by
A549 cells labeled with PKh67 (green) observed in confocal laser scanning microscopy after
2 h (4 hand 37 °C) and 24 h (37 °C) incubation. Scale bars = 20 um.

The cell granularity was also investigated, using the side scattered (SSC) signal in flow
cytometry. While PLGA/PVA and PLGA/CS NPs did not entail significant modifications
compared to untreated cells, exposure to PLGA/PF68 NPs did increase cell granularity

(Figure 5), which can be correlated to the higher uptake of these NPs.
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Figure 4. Uptake kinetics of PLGA NPs by A549 cells at 37 °C (full bars) and 4 °C (hatched
bars), as evaluated by the mean fluorescence intensity (MFI) in flow cytometry, after
correction by relative fluorescence intensity of each NP suspension.
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Figure 5. Side-scatter light curves (SSC) of A549 cells after 48 h exposure to PLGA/PVA
NPs (green), PLGA/CS NPs (red) and PLGA/PF68 NPs (blue), compared to non treated (NT)
cells.

3.3. Cytotoxicity

The cytotoxicity of various NPs was evaluated after exposure of cells to NP concentrations
ranging from 0.01 to 4 mg/mL by addressing several reference toxicity endpoints (Eisenbrand
et al, 2002): reduced mitochondrial function through MTT test, and alteration of membrane
permeability through dye exclusion tests and measurement of released intracellular enzymes.
Detailed results are shown in supplementary data (Figure S 1) and summarized in Table 2.
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Figure 6. Mitochondrial activity of A549 cells after 48 h exposure to PLGA NPs (plain line)
compared to solutions of free stabilizers (dotted line) in equivalent concentrations:
PLGA/PVA NPs vs PVA (A), PLGA/CS NPs vs CS/PVA (B) and PLGA/PF68 NPs vs PF68

(©).

The mitochondrial activity measured after 48 h exposure to low concentrations (< 0.1 mg/mL)
of PLGA/PVA NPs is higher than after exposure to PLGA/CS and PLGA/PF68 NPs (> 90%

vs. > 70 %), whereas at high concentrations (> 0.1 mg/mL), they are similar for all PLGA NPs
(around 6Q%). Polystyrene NPs induce a similar effect to that of PLGA/PVA NPs. The
exposure to Ti@ nanoparticles reduces mitochondrial activity down to 45 % at high NP
concentration (with a slight decrease when concentration increases). At the midpoint
concentration of 0.1 mg/mL, all NPs maintain cellular viability around 60 % or above
(Figures S 1.A, S 1.E). This concentration was chosen for the study of the inflammatory

response.
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Figure S 2 A549 cell viability estimated with MTT test (A, E), trypan Blue test (B, F), LDH
release (C, G) and propidium iodide/Sy@ staining (D, H) after 48 h exposure to PLGA
NPs (A, B, C and D) or polystyrene and Fi0Ps (E, F, G and H).
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Cell viability estimated by the trypan blue exclusion test shows homogeneous results for all
PLGA NPs: a low toxicity at low NP concentration, increasing with the concentration.
Cellular viability profile is similar after exposure to H®Ps, although these particles induce

a higher toxicity at high concentrations. Compared to mitochondrial activity, the effect of
PLGA and TiQ NPs on trypan blue exclusion is more progressive but also more pronounced.

In contrast, the effect of polystyrene NPs seems negligible (Figures S 1.B, S 1.F).

The assessment of membrane integrity through the release of LDH, and the staining of nucleic
acids with propidium iodide and Syt®4, shows a weak NP effect. High concentrations of
TiO, NPs are the only conditions leading to a substantial effect, more pronounced for the
anatase than rutile form (Figures S 1.C, S1.D, S 1.G, S 1.H).

Taken together, these results show that low concentrations of PLGA/PVA and polystyrene
NPs induce no or mild reduction of cell mitochondrial activity, whereas the impact of
PLGA/CS and PLGA/PF68 NPs is more pronounced. The effect on cell membrane integrity is
more pronounced for Ti#D NPs compared to polymeric NPs, especially at high

concentrations.

In order to evaluate the potential contribution to cytotoxicity from the hydrophilic polymers
used as stabilizers to formulate PLGA NPs, cells were exposed to solutions of the
corresponding polymers (PVA, CS and PF68, in the absence of PLGA) in the same range of
concentrations as those corresponding to the PLGA NP suspensions (Figure 6). Cell viability
was evaluated with the MTT test since it was the most discriminant test to compare the
toxicity of PLGA NPs. Results show that solutions of PVA and PF68 do not induce cell
mortality, event at high concentration, and thus may not contribute by themselves to the
toxicity of PLGA/PVA and PLGA/PF68 NPs. In contrast, solutions containing CS induce a
similar toxicity to that of the corresponding PLGA/CS NP suspensions, indicating that the

sole presence of CS can induce cytotoxicity as evaluated by mitochondrial activity.
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Table 2 Cellular toxicity estimated with various tests (MTT, trypan blue staining, LDH
release, Propidium iodide/Syto®24 staining) following exposure (48 h) to low (<1 mg/mL) or
high (> 1 mg/mL) concentrations of NPs.

Propidium lodide

Test MTT Trypan Blue LDH release / Syto®24
NP concentration Low High Low High Low High Low High

PLGA/PVA - + - + - - - -
PLGA/CS + + - + - - - -
PLGA/PF68 + + - + - - - -
PS - + - - - - - -
Anatase TiQ + + - ++ - - - +
Rutile TiG, + + - ++ - - - +

Toxicity levels (-, +, ++) were assigned according to the following viability intervals: above
75 % (-); between 75 % and 35 % (+); below 35 % (++). Low concentration corresponds to
NP concentration under 0.1 mg/mL; high concentration corresponds to concentration above
0.1 mg/mL. Detailed viability results are shown in figure S 1.

3.4. Inflammatory response following exposure to nanoparticles

Cytokines were quantified in the cell supernatants following exposure to various NPs using
the CBA method that allows the dosage of numerous compounds in one sample. We have
investigated several cytokines known to be involved in the inflammatory respongg:IL--1

6, IL-8, IL-10, IL-12p70, TNFe. and MCP-1. LPS, a well known Toll-like agonist, was
chosen as positive control to induce cytokine secretions from A549 cells. Preliminary results
allowed us to select three relevant cytokines: IL6-, IL8 and MCP-1. These cytokines were
found to be secreted according to a dose-response profile and reached a maximum in response
to 1 pg/mL LPS (Figure S 3). Other tested cytokines were under the limit detection, even after
exposure to 1 pg/mL LPS. In accordance with the MTT test performed after exposure to
PLGA NPs, the NP concentration selected was 0.1 mg/mL. IL-6, IL-8 and MCP-1 secretions
following TiO, NPs exposure are found to be equivalent or above the basal levels (non-treated
cells). PLGA/PVA, PLGA/CS and polystyrene NPs induced cytokine levels between non-
treated and LPS-treated cells, or slightly above. In contrast, PLGA/PF68 NPs induced higher
cytokine secretions than other polymeric NPs, reaching values equivalent or above LPS-

treated cells.
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Figure S 3 Secretions of MCP-1 (A), IL-8 (B) and IL-6 (C) cytokines by A549 cells after
24 h exposure to various concentration of LPS. nd = not determimne®, * p <0.05
compared to non-treated cells.
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Figure 7. Secretions of MCP-1 (A), IL-8 (B) and IL-6 (C) cytokines after 24 h exposure to
0.1 mg/mL NPs or 1 pg/mL LPS, quantified with CBA method. NT = non-treated cell3, n
* p < 0.05 compared to non-treated cells, 8 p < 0.05 for each stabilizer compared to
corresponding NP concentration.

4. Discussion

The goal of the present study was to compare the cytotoxicity and inflammatory response
following exposure to different types of NPs on A549 cells. The self-designed biodegradable
polymeric NPs are comparable in terms of size and size distribution displaying a mean
diameter around 230 nm (regardless of the coating agent) that is compatible with cell
internalization, with a low polydispersity index. In order to compare the role of the core
material and the surface coating of NPs on their toxicity, we have checked in a previous study
that the PLGA NPs are not degraded during the short time cytotoxicity studies ¢Maita
2011b). We have also used polystyrene NPs with an equivalent mean size. OnNNPEO
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displayed a larger mean size but still under 500 nm without the use of any additive that would

have changed the behavior of the native NPs.

In this study, the A459 cell line, isolated from a human lung carcinoma (Létlztr 1976)

was chosen because these cells constitute an appropriate epithelial alveolar model (Rothen-
Rutishauseet al, 2012). This model allows an evaluation of the impact of NPs able to reach
alveoli, and is complementary to previous studies focused am\atro Calu-3 model of the
bronchial region ((Murat al, 2011ap). Among the family of PLGA-based NPs tested in this
model, some similarities were observed, such as the uptake mechanism or cytotoxicity at low
concentration, but also multiple divergences. Differences observed in NP uptake between 4
and 37 °C characterize an energy-dependent mechanism of internalization consistent with
previous studies showing that PLGA NPs are taken up by epithelial cells through an
endocytosis pathway in most cases (Cartetraal, 2009). However, as it was previously
shown on Calu-3 cells (Murat al, 2011a), PLGA/PF68 NPs are internalized in higher
amount compared to the two other PLGA NPs. This result confirms that on the one hand the
coating plays a role in the uptake (Alexasal, 2008), and on the other hand explains the
granularity increase. Due to the impossibility to use the same labeling technique, we did not

explore the internalization of the non-biodegradable PS NPs or the manufactusé&tPEiO

Cell toxicity encompasses various mechanisms, which have been addressed in this study using
several toxicity endpoints: modification of cell appearance (size, morphology or granular
modifications), reduction of metabolic capacity (mitochondrial activity) and alteration of
membrane integrity. Contrary to Calu-3 cells, for which no significant difference in
cytotoxicity was observed among the three PLGA NPs, some differences were observed on
A549 cells, especially in terms of mitochondrial activity. While at high concentration, all
PLGA NPs have a similar impact on mitochondrial activity, at low concentration PLGA/CS
NPs have a stronger effect over this activity, which can be correlated to the stronger
association to cell membrane as observed by confocal microscopy. Interestingly, the
cytotoxicity of PLGA/CS NPs observed was the same as the one induced by CS only,
indicating an important contribution in this case of the coating agent to the cytotoxicity, which
was not observed for PVA or PF68 (Huagtgal, 2004). In the case of PLGA/PF68 NPs, the
higher toxicity compared to PLGA/PVA may result from the significantly higher quantity of
PLGA/PF68 NPs internalized. Besides these differences, all PLGA NPs were found to induce
a low LDH release by the cells, which moslty remained negative to propidium iodide. Taken
together, these results suggest that cell exposure to PLGA NPs results in a significant
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internalization, which impacts the cell metabolic activity rather than membrane integrity. The
cytotoxicity due to polystyrene NPs using all the different assays are similar or lowereo thos
observed with PLGA/PVA NPs. On the contrary, the anatase and rutileNR® tested are
more cytotoxic than the polymeric NPs; furthermore the anatase form appears slightly more

toxic than the rutile one, as it was previously described (Braydich-$taddlle 2009).

The study of the cell inflammatory response constitutes an important indication of what can
be expected at the level of the entire living organism when inhaling NPs. Indeed,
inflammation is a type of nonspecific immune response and a basic way in which the body
reacts to infection or physical and chemical irritation. One indication is the release of
inflammatory mediators like the cytokines IL-8 and MCP-1, produced by macrophages or
alveolar type-Il epithelial-like cells such as A549 cells (Sallestal, 2000, Cromwelkt al,

1992). MCP-1 and IL-8 are pro-inflammatory chemotactic chemokines that were shown to be
involved in the attraction of primarily neutrophils and cells of the innate immune system, to
regulate the cell trafficking (Deshmam al, 2009). In particular, MCP-1 is involved in
various diseases, regulating migration and infiltration of monocytes, memory T lymphocytes,
and natural killer cells (Polito and Proud, 1998). In our study, the secretion of MCF&1, IL-
and IL-8 was monitored. PLGA/PVA and PLGA/CS NPs induce cytokine secretions close or
lower than those following exposure to 1 pg/mL LPS whereas PLGA/PF68 NPs induce
significantly higher secretions of MCP-1, IL-6, and even twice more IL-8. This phenomenon
could be explained by the larger amount of NPs taken up by cells compared to the two others,
rather than to the sole presence of PF68. Indeed, solutions of any of the three stabilizers did
not induce significantly higher cytokine secretions. In comparison, all PLGA NPs induced
low cytokine secretions in Calu-3 cells (Mwetal, 2011D).

Inflammatory response and cytotoxicity due to polystyrene NPs are similar to those observed
with PLGA/PVA NPs as reported by Dailey et al (Dailely al, 2006) in vitro on LDH

guantification.

By contrast, none of thei®, NPs induced higher secretions of cytokines compared to
untreated cells. A recent study (Anderssinal, 2011) has obtained corroborating results

concerning MCP-1 secretions.

100



Chapitre 1

Conclusion

In this study we have observed several differences in the cytotoxicity and inflammatory
response between inorganic and polymeric NPs, N®s are slightly more cytotoxic than
polymeric NPs but do not induce more inflammation. However, important differences among
PLGA NPs depending on the surface coating were observed particularly in the cell uptake and
induction of inflammatory response. According to those different behaviors, each PLGA NPs
could be used for different applications in drug delivery to the lung. PLGA/PF68 NPs display
an important potential for intracellular delivery, due to their high internalization into cells.
However, a particular attention should be paid to the inflammatory response to these NPs.
PLGA/CS NPs could be used when there is a need of adhesion of the nanocarrier to the cell
membrane. Finally, PLGA/PVA NPs may provide an interesting compromise between

significant cell uptake with limited cytotoxicity and inflammatory response.

These results also show the importance of detailed characterization of the PLGA NPs together
with their stabilizing agents, and their potential involvement in the inflammatory response. To
gain a deeper understanding, complementary studies are worth being investigated, including

complex cell models, and vivo studies.
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Dans cette partie expérimentale de la these, des macrophages THP-1 ont été exposés aux
differentes nanoparticules de PLGA (PLGA sans stabilisant, PLGA/PVA, PLGA/CS,
PLGA/PF68) précédemment détaillées (chapitre 1), afin d’en étudier la toxicité.

La lignée THP-1, est une lignée de monocytes humains dérivés de cellules leucémiques
(Tsuchiyaet al, 1980). Ces monocytes possedent les caractéristiques des monocytes humains,
de par leur capacité d’internalisation ou encore de par leur capacité a sécréter des composés
biologiques impliqués dans la croissance, la communication ou la mort cellulaire. La
différentiation en macrophages est généralement réalisée griagién du phorbol-12-
myristate-13-acetate (PMA) (Tsuchigh al, 1982). Bien qu’il ne soit pas naturel, le PMA

conduit a une différentiation complete des monocytes en macrophages (Auwerx, 1991), en
augmentant 1’expression des marqueurs membranaires CD11b (Macxl adhérence des
cellules immunitaires) et CD14 (antigene des monocytes) (Schwendé 1996). Nos
résultats ont montré que B4d’exposition a 10 nM sont suffisantes pour induire la

différentiation (Figure S1).

Lors desétudes d’internalisation, nous avons montré que les macrophages THP-1 capturaient

les nanoparticules de charge de surface négates®I(GA sans stabilisant et PLGA/PF68)

plus rapidement et en plus grande quantité que les nanoparticules de charge de surface neutre
(PLGA/PVA) ou positive (PLGA/CS) (Figurb). Afin d’étudier la toxicité induite par ces
nanoparticules, les macrophages THBnaL été exposés aux nanoparticules ainsi qu’aux
polyméres de surface utilisés en tant que stabilisants. Différents parametres de toxicité ont été

évalles:
e La viabilité cellulaire estimée par I’activité mitochondriale (Figure 2)
e Le type de mort cellulaire (apoptose/nécrose) (Figure 3)

e La sécrétion des cytokines dans le milieu extracellulaire (Figure 4)

e Le stress oxydant par la quantification des ROS et des RNS (especes réactives de
I’oxygene et de 1’azote) (Figure 5)

Au cours de cette étude noasns montré qu’apres exposition a de faibles concentrations en
nanoparticules (jusqu’a 0,1 mg/mL), aucun signe de toxicité n’a été détecté. Seules les
nanoparticules de PLGA/CS se montrent légerement plus toxiques que les autres, et cette
toxicité peut étre attribuée a la toxicité propre du chitosane. Les nanoparticules de PLGA ne
provoquent ni la libération des cytokines (IL-6, IL-8, MCP-1 et TdyFdans le milieu
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extracellulaire, ni la production de ROS intracellulaires ou la libération de RNS. Enfin, la

mort cellulaire observée est unigueméhtrigine nécrotique et non apoptotique.

En revanche, aprés exposition a des fortes concentrations, les résultats obtenus notamment par
des tests MTT, montrent des profils de toxicité différents pour les nanoparticules stabilisées et
les nanoparticules sans stabilisant. En effet, au dessus de 1 mg/mL, les nanoparticules de
PLGA sans stabilisant n’induisent pas de réduction de I’activité¢ mitochondriale, tandis que les
nanoparticules stabilisées induisent une cytotoxicité Iégerement plus élevée et cela en dépit
d’une pénétration cellulaire équivalente. La toxicité des nanoparticules de PLGA/CS peut a
nouveau étre attribuée a la toxicité propre du chitosane mais dans le cas du PVA et du PF68,
le polymere contribue a la toxicité lorsguecouvre les nanoparticules et jamais de maniére

isolée. Nous avons conclu que les nanoparticules en étant internalisées vont contribuer a
augmenter la toxicité de 1’agent de surface qui leur est associé. Il faut cependant noter que

d’une maniere généraleuaun effet n’a été observé sur le stress oxydant et qu’a une dose
thérapeutique pertinente de 0,1 mg/mL, les nanoparticules n’induisent qu’une tres faible

toxicité vis-a-vis des macrophages.
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Abstract

The toxicity of a series of poly(lactidm-glycolic) (PLGA) nanoparticles was investigated on

human-like macrophages THP-1. Positively-, negatively-charged and neutral nanoparticles
(200 nm) were prepared using chitosan (CS), poloxamer 188 (PF68) and poly(vinyl alcohol)
(PVA) respectively as stabilizers, and compared to nude (stabilizer-free) PLGA nanoparticles

as well as solutions of stabilizers only.

When used at therapeutically relevant concentrations (up to 0.1 mg/witro), all tested
nanoparticles show no or scarce signs of toxicity, as assessed by cell mitochondrial activity,
induction of apoptosis and necrosis, production of intracellular ROS and secretion of pro-

inflammatory cytokines.

At high concentrations (above 1 mg/mL), toxicity is found to be induced by the presence of
stabilizers, whatever the toxicological pattern of the stabilizer itself. While nude PLGA
nanoparticles exert no toxicity, the slightly cytotoxic CS polymer confers PLGA nanopatrticles
significant cytotoxicity when used as nanoparticle stabilizer; more surprisingly, the otherwis

innocuous PVA and PF68 also confer a significant cytotoxicity to PLGA nanoparticles.
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These results unveil the critical toxicological contribution played by stabilizers used for the
formulation of PLGA nanoparticles when used at high concentrations, which may have
implications for local toxicities of PLGA-based nanomedicine, and provide additional insight

in cytotoxic effects of internalized nanoparticles.
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1. Introduction

Poly(lactideeo-glycolide) (PLGA) is a biodegradable and biocompatible polymer used for
multiple applications in drug delivery, and particularly for the formation of nanocarriers (Jain,
2000). To do so, PLGA nanoparticles are generally prepared using a hydrophilic polymer
such as poly(vinyl alcohol) (PVA), chitosan (CS) or poloxamers (e.g. Pluronic F68 (PF68)) as
stabilizers (Yamamotet al, 2005), while drug molecules may be incorporated into the

nanoparticle matrix or adsorbed onto their surface.

While PLGA is widely considered as safe and FDA-approved, a detailed understanding of the
potentially deleterious interactions of PLGA nanopatrticles with cellular processes, especially
at high doses, is still missing. Macrophages are key candidates for such studies, as they stand

in frontline in the physiological response to therapeutically relevant nanoparticles. After
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intravenous administration, nanoparticles are taken up by macrophages of the mononuclear
phagocyte system in most cases; after drug delivery by inhalation, macrophages located in the
pulmonary alveolar region also play a key role in the response to nanoparticles (Oberdorster
et al, 1992). The potential nanoparticle toxicity can be investigated using a variety of
endpoints, such as cytotoxicity, oxidative stress or inflammatory response, which can be
correlated. For example, production of cytokines (Td\N&ad IL-6) is correlated with an acute
toxicity (Arning et al, 1995) while the production of Reactive Oxygen Species (ROS) is
involved in apoptosis and cell proliferation (Forman and Torres, 2002¢etCit, 2007).

Finally, it was shown that after ATP stimulation, macrophage response is mediated by ROS
production and cytokine secretions (IL-1 and IL-18) (Geual, 2007).

The objective of the present study is to investigate the toxicological pattern of PLGA-based
nanoparticles towards macrophages over a wide range of concentrations, and to “pell” such
nanoparticles in order to understand the role of the nanoparticle PLGA core as well as the
stabilizer shell. To this aim, a series of PLGA-based nanopatrticles stabilized with the well-
established hydrophilic polymers PVA, CS and PF68 was prepared and characterized, as well
as stabilizerfree (‘nude’) PLGA nanoparticles. The effect of nanoparticles was compared to
equivalent concentrations of the PVA, CS and PF68 polymers used separately, towards
human THP-1 monocyte-derived macrophages, using various toxicity endpoints: impact on
mitochondrial activity, induction of oxidative stress (production of ROS), induction of

apotosis/necrosis and inflammatory response (secretion of pro-inflammatory cytokines).

2. Materials and methods
2.1. Materials

Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich. All solvents were
of analytical grade. In the following, water refers to purified Milfi-QMillipore) water

(resistivity > 18 MQ-cm).

2.2. Nanoparticle preparation

Stabilized PLGA nanoparticles were prepared according to an emulsion/evaporation method
as previously described by our group (Metaal, 2011a, Mureaet al, 2011b, Grabowsket
al., 2013).
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PLGA (75:25 Resomer® RG756, Ingelheim) was dissolved in a dichloromethane/acetone
(1/1 viv) mixture and pre-emulsified by vortexing for 1 min, with either an aqueous solution
containing 2.5 mg/mL PVA (87-89 % hydrolyzed, 30-70 kDa) to prepare PLGA/PVA
nanoparticles, or an aqueous solution containing 0.6 mg/mL CS (PfdtdaglL113, 75-

90% deacetylation, 50-150 kDa, FMC Biopolymers) and 5 mg/mL PVA (M&wi8B,
Kuraray Specialities Europe GmbH) to prepare PLGA/CS nanoparticles. The pre-emulsion
was kept on ice and immediately sonicated (Branson Digital Sonifier) at 40 % for,
respectively, 1 or 2 min. The purification of nanoparticles (removal of free PVA and CS) was
achieved by ultracentrifugation (4 °C, 37 000 x g, 1 h) and pellet resuspension was performed

by vortexing.

PLGA/PF68 nanoparticles were prepared by dissolving 50 mg PLGA in 5 mL ethyl acetate.
The organic phase was added dropwise to 10 mL of a 10 mg/mL PF68 (BASF) aqueous
solution under magnetic stirring. After 1 min vortexing, the emulsion was kept on ice and
homogenized using an Ultra-TurfayiKA works, Inc), equipped with a 18G-stainless steel
dispersing tool (10 000 rpm, 2 min). The organic solvent was then evaporated at room
temperature under magnetic stirring for 2 h. The purification of nanoparticles (removal of free
PF68) was performed by dialysis during 24 h against 1 L of MilliQ water, using a cellulose

ester membrane with a 50 kDa cutoff (SpectrumLabs).

Stabilizer-free PLGA nanoparticles were prepared by nanoprecipitation using a modified
method previously described (Govendral, 1999). 50 mg PLGA were dissolved in 5 mL

acetonitrile. The organic solution was added dropwise under magnetic stirring to 15 mL
water. After 5 min magnetic stirring, acetonitriie was removed and the suspension
concentrated by evaporation under reduced pressure at 40°C, until a nanoparticle

concentration close to 25 mg/mL.

All PLGA nanoparticles were fluorescently labeled, by replacing the total quantity of PLGA
by a 99/1 (w/w) mixture of PLGA and a custom-made DY700-PLGA conjugate, obtained by
coupling 75:25 PLGA with a NIR (Near Infra Red)-emitting fluorescent dye (DY700,
Dyomics) as previously described (Reetl al, 2012). The further steps were performed

similarly to unlabeled nanopatrticles, protected from light.

The absence of bacterial contaminations of all nanoparticle suspensions was investigated after
overnight incubation of 100 pL of a 0.1 mg/mL suspension on #&-Bartani gelose at

37 °C. Any bacterial development was observed.
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2.3. Nanoparticle characterization

All PLGA nanoparticles were characterized by their size and their zeta potential using a Nano
ZS (Malvern instruments, UK). Average hydrodynamic diameters were measured by dynamic
light scattering (25 °C, 173° scattering angle) after appropriate dilutions in water. Zeta
potential measurements were performed after appropriate dilutions in 1 mM sodium chloride,
at 25 °C. Nanoparticle stability was studied in cell culture medium at the final concentration
of 0.1 mg/mL, after 48 h incubation (37 °C). The amount of stabilizers associated to
nanoparticles after their purification was assessed through the formation of colored complexes
with PVA and CS, or byH NMR in the case of PF68, as previously described (Grabaatski

al., 2013).

The fluorescence emission spectra of fluorescent nanoparticle suspensions were recorded
using an excitation wavelength of 700 nm. The fluorescence intensities of stabilizer free-
PLGA, PLGA/PVA and PLGA/PF68 nanoparticles were compared to that of PLGA/CS
nanoparticles and expressed as the ratio of the fluorescence intensities collected at the 722 nm
emission wavelength (the ratio was set at 1 for PLGA/CS nanoparticles which were the most

fluorescent).

2.4. Cell culture

The THP-1 cell line was obtained from ATCC (catalog number TIB-202) and cultured in
RPMI-1640 growth medium (Lonza), supplemented with 50 U/mL penicillin, 50 U/mL
streptomycin, and 10 % fetal bovine serum (Lonza). Cells were maintained at 37 °C in a
5 % CO, humidified atmosphere. Twice a week, cells were passaged at a 1/5 ratio. Cells were

used from passage 3 to 12 after thawing.

2.5. Immunocytochemistry

Differentiation of THP-1 monocytes into macrophages was performed using 12-o-
tetradecanoylphorbol-13-acetate (PMA).” Tlls were seeded on petri dishes with 10 nM
PMA for 24, 48 or 72 h. The supernatant was discarded and replaced by fresh growth medium
for 24 h. Cells were then harvested by trypsine, resuspended into PBS and counted on a
Malassez counting chamber. 250 000 cells were seeded into eppendorf, and superaatant wa
discarded after centrifugation (3 min, 1000 x g). Cells were resuspended into PBS containing
0.5% Bovine Serum Albumine (BSA), refered to as ‘PBS/BSA’ in the following, and
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supernatant was discarded after centrifugation (3 min, 1000 x g). Cells were incubated in
PBS/BSA for 20 min at 4 °C with the following monoclonal antibodies: Phycoerythrin (PE)-
conjugated anti-CD14, anti-CD11b, anti-CD54, (Bd Biosciences respectively 555398,
555388, 555511, 555665), AlexaFluor (AF)-647-CD68 (Bd Biosciences) or fluorescein-
conjugated anti-HLADR (BdBiosciences, 555560). After incubation cells were washed once
with PBS/BSA and once with PBS and finally resuspended into PBS to be immediately
analyzed by flow cytometry (Accuri C6, BD Biosciences). For each sample, 10 000 events
were acquired from a gated homogenous cell population selected from a side- versus forward-
scatter plot, fluorescence intensities were collected in the FL-2 channel, and the mean
fluorescence intensity (MFI) determined. The MFI fold increase of each sample was
determined as the ratio of the sample MFI to the MFI of non labeled cells. In addition, to
determine positive cells, histograms with FL-2 parameter against the number of events were
used. The marker was placed to the right of the peak to non-treated cells. All experiments

were performed in triplicate or more.

2.6. Nanoparticle uptake

The phagocytosis capacity of differentiated THP-1 cells was assessed using fluorescent
(fluorescein derivative) latex beads of 200 nm (Invitrogen). 84 000 THP-1 cells were seeded
on glass-bottom 35 mm petri dishes (MatTek Corporation) with 10 nM PMA for 24 h.
Medium was discarded and replaced by fresh growth medium for 24 h. Fresh medium
containing latex beads (0.01 mg/mL) was added. Cells were placed at 37 °C for 2 h and then
observed by microscopy (Videomicroscope Axio-Observer Zblibri— TIRF 3).

For PLGA nanopatrticle uptake studies, 84 000 THP-1cells were seeded on 6-well plates and
exposed to 10 nM PMA for 24 h. After medium renewal and 24 h incubation, supernatant was
discarded and replaced by a fresh suspension of fluorescent nanoparticles diluted in medium
at 0.1 mg/mL (final concentration). After 5 min to 48 h incubation at 37 °C, supernatant was
discarded, cells were rinsed twice with PBS and harvested by trypsine. Cell suspensions were
analyzed by flow cytometry and MFIs were collected using a NIR-filter. Results were
expressed as the ratio of the MFI of each sample to the MFI of non-treated cells. This value
was then corrected by the fluorescence factor of each nanoparticle suspension. All

experiments were performed in triplicate or more.
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2.7. Mitochondrial activity

The mitochondrial activity was evaluated using the 3-[4,5-dimethylthiazol-2-yl]-3,5 diphenyl
tetrazolium bromide (MTT) test, as shown previously (Mosmann, 1983). 50 000 cells were
seeded on 96-well plates (TTP, Zurich, Switzerland) and incubated with 10 nM PMA for
24 h. After medium renewal and 24 h incubation, supernatants were discarded and 200 pL of
freshly-prepared nanoparticle suspensions dispersed in medium was added on cells at various
concentrations (0.005 to 3.5 mg/mL). After 48 h incubation, 20 uL of a 5 mg/mL MTT
solution was added to each well and incubated for 2 h. Supernatants were discarded and
200 pL dimethyl sulfoxide (DMSO) was added to dissolve formazan crystals. The absorbance
at 540 nm was measured with a micro-plate reader. The fraction of viable cells was calculated
as the absorbance ratio between nanoparticle-treated and untreated cells. Using the same
protocol, cells were exposed to aqueous solutions of the stabilizing polymers (PVA, CS and
PF68) used for the stabilization of nanoparticles, diluted in complete medium, in
concentration ranges corresponding to the quantity of stabilizers associated to nanoparticles

(determined in section 2.3.). All experiments were performed in triplicate or more.

2.8. Apoptosis/necrosis detection

Apoptosis/necrosis detection following exposure to nanoparticles were performed using the
annexin-AlexaFluor (AF) 488 (A13201, Life Technologies) / 7-AAD (7-Aminoactinomycin
D) (A9400). 84 000 cells were seeded in 12-well plates for 24 h. Supernatants were then
discarded, and replaced by 2 mL of fresh growth medium (non treated), with either increasing
H,0, (216763) concentrations (250, 750, 1000 uM), or nanoparticle at 0.1 mg/mL for 24 to
48 h. The cell layer and the supernatants were analyzed separately. In a first step, supernatants
were collected in eppendorf, centrifugated (3 min, 1000 x g) and resuspended into 20 pL
binding buffer that containing 2 pL of annexi# 488 (Life Technologies) and 2 pL of 7-
AAD (Sigma-Aldrich) (10 min, room temperature, darkness). Cells were rinsed once with
PBS/BSA, after centrifugation (3 min, 1000 x g) and kept on ice. In a second step, adherent
cell layer were rinsed with cold PBS following by the addition of 200 puL binding buffer
containing 5 uL annexin-AF488 and 5 pL of 7-AAD (10 min, room temperature, darkness).
Cells were rinsed with PBS and harvested by trypsin, to polled them with pellets obtained in
the first step. Cells were immediately analyzed by flow cytometry, and mean fluorescence
intensities were collected on FL-1 (AF488) and FL-3 (7-AAD). To perform fluorescence
compensations each fluorescent probe was used separately on non treated cells. Cells were
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distinguished as: living cells are unlabelled, necrotic cells are 7-AAD positive, early apoptotic
cells are annexin V positive and late apoptotic cells are 7-AAD and annexin V positive. All

experiments were performed in triplicate or more.

2.9. Cytokine secretions

Cytokine secretions following exposure to nanoparticles were monitored in supernatants using
the multiplexed Cytometric Bead Array (CBA) method (BD Biosciences) (Moggaal,

2004, Tarnolet al, 2003), and performed with the human I-1L-6, IL-8, IL-10, IL-12p70,

MCP-1 and TNF flex sets. 42 000 cells were seeded in 12-well plates for 48 h. Supernatants
were then discarded, and replaced by 2 mL of fresh growth medium (non treated cells), with
either increasing lipopolysaccharide (LPS) concentrations (0.1, 1, 10 pug/mL) or nanoparticles
at 0.1 mg/mL. After 24 h exposure, supernatants were sampled and cells were rinsed once
with PBS and harvested with trypsin, to be counted by flow cytometry. Cytokines were
simultaneously quantified in supernatants according to the manufacturer protocol. To quantify
MCP-1 and IL-8, 1/50 dilutions were required. Cytokine results, analyzed with the
FACP Array™ Software, were obtained as pg/mL concentrations and then expressed as
pg/1@ cell. All experiments were performed in triplicate or more.

2.10. Oxidative stress

84 000 THP-1 cells were seeded on 6-well plates and exposed to 10 nM PMA for 24 h. After
medium renewal and 24 h incubation, supernatant were discarded and cells were incubated
with H,DCFDA (Life Technologies) at the final concentration of 5 uM in PBS, during 4 min.
Supernatant were discarded, 2 mL of fresh medium was added, and plates were placed in the
incubator for at least 30 min before use. Fresh PLGA nanoparticle suspensions were then
added at the final concentration of 0.1 mg/mL or 1 mg/mL. After 5 min to 48 h incubation at
37 °C, supernatant were discarded, cells were rinsed twice with PBS and harvested by trypsin.
Treatment with HO, (750 uM, 30 min) was used as a positive control at each time point, in
order to confirm that EDCFDA was still active. Cell suspensions were immediately analyzed

by flow cytometry (Accuri C6, BD Biosciences), and MFIs were collected on th@ FL-
channel. Results were expressed as the ratio of the MFI of each sample to the MFIs of non-

treated cells. All experiments were performed in triplicate or more.
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Statistical analyses

Analyses of variance were performed, using the Dunnett test with a significant value of 0.05.

3. Results
3.1. Nanoparticle characterization

PLGA was used to form biodegradable nanoparticles by the addition or not of hydrophilic
polymers as stabilizers. As previously described by our group, PLGA/PVA, PLGA/CS and
PLGA/PF68 nanoparticles in the range of 200-230 nm can be obtained with respectively,
neutral, positive and negative surface charge, with a precise control of the amount of
stabilizers associated to nanoparticles (10-45 mg per 100 mg PLGA) @¥lala 2011b,
Grabowskiet al, 2013). In addition, in this study, stabdizfree PLGA nanoparticles were
prepared with a size of 170 nm and a negative zeta potential. All nanoparticle sizes were
stable after 48 h incubation in cell culture medium. The addition of DY700-PLGA to form
fluorescent nanoparticles lead to similar sizes and zeta potentials. The fluorescence ratios of
DY700 PLGA-based nanoparticles were in the range of 0.68-1 (Table 1).

Table 1.Physicochemical properties of PLGA-based nanoparticles.

Mean diameters (nm) Polydipersity Zeta Stabilizer Fluorescenc
Nanoparticles W Cell index Potential (mg/100mg intensity
& \iture medium (mV) PLGA) ratio
PLGA 171+5 nd 0.044£0.021 -448+5.1 None na
DY700-PLGA 172+15 nd 0.052 £ 0.016 -40.0+7.0 None 0.91
PLGA/PVA 233+28 212+ 6 0.099 £0.050 -1.42+2.19 PVA(11.5) na
DY700-PLGA/PVA 221+9 nd 0.084 £0.018 -4.10+0.75 nd 0.78
CS (15.3),
PLGA/ICS  233+18  269+12 021040020 +399:7.2 5 A((so.i) na
DY700-PLGA/CS 234+1 nd 0.182+£0.004 +45.3+0.6 nd 1
PLGA/PF68  228+22 316+ 16 0.133+0.044 -31.3+4.9 PF68(15.5) na
A /Z/%OF'% 205+ 27 nd 015240070 -27.4+70  nd 0.68

na: non applicable, nd: not determined

3.2. Cell characterization

Before contact with PMA, THP-1 monocytes are round shaped and in suspension (Tsuchiya
al., 1980). After 24 h PMA exposure, cells are found flattened and adherent, and maintain this

phenotype after 48-72 h PMA exposure. Immunocytochemical characterization shows an
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increase in the expression of CD11b, CD14 and CD54 from 24 h, which is characteristic of
differentiation into macrophages (Ster al, 1993, Schwendet al, 1996, Daigneaulét al,

2010). These changes remain stable after 48 and 72 h (Figure S1, Table S1). The 24 h
incubation time was thus chosen for further experiments. CD68 and HLA-DR do not show

significant difference compared to untreated THP-1.

The phagocytosis ability of differentiated THP-1 cells was confirmed by microscopy. After
2 h exposure to 200 nm fluorescent latex beads, and several washing steps with cold PBS i
order to eliminate the potential nanoparticles adsorbed at the cell surface, cells were found

highly loaded with fluorescent nanopatrticles (Figure S2).
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Figure S1.Immunocytochemical characterization of THP-1 cells before and after 24, 48 and
72 h incubation with 10 nM PMA. Evolution of size/structure ratio, CD14, CD11b and CD54
were followed by flow cytometry. To obtain CD14, CD11b, CD54 histograms, cell population
was gated on THP-1 undifferentiated cells or THP-1 differentiated cells, according to the
corresponding experiment.
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Table S1 Fraction of positive cells after 10 nM PMA exposure of THP-1 cells and incubation
with antibodies against CD14, CD11b and CD54 followed by flow cytometry. The threshold
was defined on non-labeled cells.

Fraction of positive cells (%)

Cell marker — fore treatment PMA (24h) PMA (48 h) PMA (721)
CD14 86+ 2 89+ 5 63+ 1 51+4
CD11b 64+ 1 95+ 1 96+ 1 95+ 1
CD54 1742 97+ 1 96+ 1 92+ 1

Figure S2. Uptake of fluorescent latex beads (0.01 mg/mL) by human like-macrophages
observed in microscopy, after 24 h PMA exposure. Contrast image before exposure (A),
contrast image (B) and fluorescent image (C) after 2 h exposure (after two cold PBS washes
(B). Scale bars correspond to 20 um.

3.3. Uptake of PLGA nanoparticles

All nanopatrticles are gradually taken up by THP-1 macrophages until 24 h (Figure 1). Among
stabilizer-associated PLGA, the extent of uptake is ranked as: PLGA/PF68 > PLGA/CS >
PLGA/PVA, which remains after 48 h although with slight differences. Stabilizer-freAPLG
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nanoparticles show a more rapid uptalesusPLGA/PF68 nanoparticles after 24 h. The
subsequent decrease from 24 h to 48 h could be due to nanoparticle degradation, nanoparticle
exocytosis, or on the contrary to nanoparticle accumulation in the cell and fluorescence
guenching. On the whole, after 24 h, all nanoparticles are taken up to a significant extent in

the same order of magnitude by cells.

157
PLGA NPs

PLGA/PVA NPs
PLGA/CS NPs
PLGA/PF68 NPs

-
o
1

MFI fold increase
o
L

5" 10' 15° 30° 45’ 1h 2h 4h 24h 48h

Time

Figure 1. Uptake of DY700-labeled, PLGA-based nanoparticles (NPs) by THP-
macrophages at 37 °C, as assessed by cell mean fluorescence intensity increase in flow
cytometry (mean £ S.Dn > 3).

3.4. Impact on mitochondrial activity

The impact of exposure to PLGA-based nanoparticles, nude or associated to stabilizers, on
mitochondrial activity was monitored as an evaluation of cell viability (Figure 2 A). Fbr eac

stabilized nanopatrticle, this effect was also compared to the corresponding stabilizer used
alone as a solution, at a concentration corresponding to the equivalent amount of stabilizer

associated to nanoparticles (Figure 2 B-D).

When exposed to cells at low concentrations (< 0.1 mg/mL), all nanoparticles induce a
moderate decrease of cell mitochondrial activity, the effect of PLGA/CS nanoparticles being
more pronounced (Figure 2 A). At high concentrations (> 1 mg/mL), sharp differences appear
between nude nanoparticles, which do not decrease mitochondrial activity whatever the
concentration, and all stabilized nanoparticles, which decrease it by around 50 % at the

highest concentration.

The comparison between stabilized nanoparticles and the corresponding stabilizers follows
two different trends. In the case of PVA (Figure 2 B) and PF68 (Figure 2 D), the stabilizer

alone has no impact on mitochondrial activity, even at the highest concentration, in contrast to
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the corresponding stabilized nanoparticles. In the case of CS (Figure 2 C), the stabilizer itself
significantly impacts mitochondrial activity (regardless of the small amount of PVA which is
also used in the PLGA/CS nanoparticle formulation). This effect is identical to the one of

PLGA/CS nanoparticles at all concentrations.

A —o— PLGA NPs C —— PLGA/CS NPs
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Figure 2. Cell mitochondrial activity after 48 h exposure to PLGA nanoparticles (NPs), nude
or stabilized (A), and comparison of stabilized PLGA nanoparticles to their corresponding
stabilizer in equivalent nanopatrticle concentration: PLGA/PMAPVA (B), PLGA/CSvs

CS (xPVA) (C), PLGA/PF68s PF68 (D) (mean = S.Dn> 3).

3.5. Apoptosis/necrosis

The combined use of 7-AAD and annexin V allows to identify living cells (7-AAD and
annexin V negative), necrotic cells (7-AAD positive cells), early apoptotic cells (annexin V
positive cells) and late apoptotic cells (7-AAD and annexin V positive). Increasing

concentrations of $D, were used as positive controls (Figure S3).
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Figure S3. Identification of cell early/late apoptosis and necrosis after 24 h exposure to
increasing HO, concentrations.

Results show that compared to non-treated cells, there is no significant increase of apoptosis
after exposure to all nanoparticles, whatever the time and the concentration exposure (Fig. 3).
However, significant differences are observed for necrosis. PLGA/CS nanoparticles induce
significant necrosis, after 48 h exposure at high concentration (1 mg/mL). This effect can be
compared to the CS (+PVA) stabilizer, which also induce significant cell necrosis to a higher
extent, this effect occurring earlier (24 h) or at a lower concentration (0.1 mg/mL nanopatrticle

equivalent).
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Figure 3. (A-D) Identification of apoptotic and necrotic cells after exposure to PLGA
nanoparticles (NPs) and stabilizers at 0.1 mg/mL (A and B) or 1 mg/mL (C and D)
(nanoparticle-equivalent concentration) for 24 h (IA-IC) or 48 h (IB-ID) (mean = 8:83).
NPs=Nanoparticles ** p<0.01 and ***p<0.001 compared to non treated cells and
888p < 0.001 for each stabilizer compared to corresponding nanoparticle concentration.
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Figure 3. (G-H) Dot-plot representation of necrotic (7-AAD positive cells), early apoptotic
(annexin V positive cells) or late apoptotic (7-AAD and annexin V positive cells) cells,
without treatment or after 24 and 48 h exposure to PLGA/CS nanoparticked, (
representative of 3 independent experiments).

3.6. Inflammatory response

The cytokine secretion was investigated, using the toll-like receptor agonist LPS, known to
induce production of pro-inflammatory cytokines, as a positive control. Among all cytokines

investigated (IL-8, IL-6, IL-8, IL-10, IL-12p70, TNFe. and MCP-1), only IL-6, IL-8, TNFe:

and MCP-1 reached significative levels. The effect of LPS was tested in a 0.1-10 pg/mL

concentrations ranging (Figure S4); 1 pg/mL was chosen in the following.

All PLGA nanopatrticles do not induce significantly higher cytokine secretions compare to

non-treated cells. Although nanoparticles, in particular PLGA/PF68 nanoparticles, tend to
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induce slightly higher levels than the stabilizers themselves, no difference hit statistical

significance.
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Figure S4 Cytokines secretions (IL-8, MCP-1, IL-6 and ThJevaluated by CBA method
after 24 h exposure to increasing LPS concentrations.
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Figure 4. Secretions of IL-8 (A), MCP-1 (B), IL-6 (C) and TNF(D) cytokines after 24
exposure to PLGA nanoparticles (NPs) or the corresponding stabilizers (0.1 mg/mL
nanoparticle-equivalent concentration) and comparison to non treated (NT) cells or LPS-
treated cells (positive control), quantified with CBA method (mean + §.B3).

3.7. ROS production

The intracellular production of ROS was investigated using #$i2CHDA probe, which
becomes fluorescent after cellular internalization and oxidatig®, iWas chosen as positive
control in such conditions (750 uM, 30 min preincubation) that cells retain a healthy
phenotype using microscope observations. Preincubation witBCHFDA allowed

satisfactory ROS detection until 4 h exposure to treatment (data not shown).
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At 0.1 mg/mL none of the PLGA nanopatrticles induce significant ROS production, neither
did their stabilizing polymers in equivalent concentrations. At 1 mg/mL, an increase signal
occurs for nanoparticles, but this effect is transient. After 15 min, ROS production levels turn

back to basal levels.
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Figure 5. Intracellular ROS production after exposure to PLGA nanopatrticles (NPs) or the
corresponding stabilizers, at nanoparticle-equivalent concentrations of 0.1 mg/mL (A) or
1 mg/mL (B), quantified with the #DCFDA probe (mean £ S.Dnp> 3). * p<0.05, ***

p < 0.001 compared to non treated cells.
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4. Discussion

It was previously shown that the cytotoxicity of solid lipid nanoparticles of similar sizes,
towards mouse macrophages, can be mediated by surfacthatshell- (Scholeret al,

2001) or by the lipid matrix the core- (Scholeret al, 2002), whereas no influence were
detected concerning the inflammatory response neither the oxidative stress. The objective of
the present study was to investigate the toxicological profile of a family of PLGA-based
nanoparticles towards human-like macrophages, using various cellular toxicity endpoints, in
order to understand the role played by the stabilizers most commonly used in their
preparation. To do so, PLGA nanoparticles were prepared using the hydrophilic polymers
PVA, CS or PF68 as stabilizers, with a homogeneous size (around 200 nm), as previsously
described by our group (Murt al, 2011a,b, Grabowslet al, 2013). These nanoparticles

are monodisperse (polydispersity index below 0.15) and remain stable after 48 h in cell
culture medium. In addition, these PLGA nanoparticles can undergo covalent fluorescent
labeling without modifying their physicochemical properties (Ret@l, 2012). In the present

study, stabilizetfree (‘nude’) PLGA nanoparticles have been added to this panel. While such
nanoparticles are challenging to prepare (and thus seldom used in the literature), the method
previously described leads to a nanoparticle suspension in the same size range with the same

stability profile, and can be fluorescently labeled similarly.

Human-like macrophages were obtained by differentiation of a THP-1 monocytes cell line,
which has been described as a relevantitro macrophage model (Tsuchiy al, 1980,
Tsuchiyaet al, 1982). This model has been used successfully to investigate the toxicity of
nanoparticles, especially in terms of cytotoxicity and cytokine expression (Chael&t

2005, Chenet al, 2006). In order to precisely investigate the toxicological profile of
nanoparticles, we selected key toxicity endpoints: mitochondrial activity, inflammatory

response, oxidative stress, and cell death mechanisms (necrosis, apoptosis).

When exposed to all nanopatrticles, human-like macrophages show important differences
depending on the nanoparticle concentrations used. On the one hand, few signs of toxicity
appear for nanoparticle concentrations below 0.1 mg/mL, either in mitochondrial activity,
induction of apoptosis/necrosis, production of intracellular ROS and secretions of pro-
inflammatory cytokines. Such concentrations can be considered in the range (or at the higher
end) of therapeutically relevant doses the case of drug delivery, amvitro concentration

0.1 mg/mL can be correlated to a dose of 370 mg of polymer reaching the total alveoli surface
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(70 nf) of adult human lung. These results confirm the safe toxicological pattern shown with
the same nanopatrticles on other cell models such as3GMura et al, 2011a,b) and A549
(Grabowskiet al, 2013).

In contrast, the exposure of macrophages to high concentrations of nanoparticles (above
1 mg/mL) leads to different cellular responses among the nanoparticles. Surprisingly,
stabilizer-free PLGA nanoparticles do not decrease cell mitochondrial activity (nor affect
other toxicity endpoints), in sharp contrast to all stabilized PLGA nanoparticles. This
important result highlight the innocuity of PLG&one in nanoparticle form towards cell
viability, even though high concentrations are used and significant cellular uptake occurs. In
the case of stabilized PLGA nanoparticles, while PLGA/CS are found to induce a similar
toxicity to the CS stabilizer only, the toxicity of PLGA/PVA and PLGA/PF68 nanoparticles
contrasts with the innocuity of the PVA and PF68 stabilizers only.

Taken together, these results suggest that the cytotoxic effects of commonly-used stabilized
PLGA nanoparticles towards macrophages can be attributed to the stabilizers (PVA, CS or
PF68) when they are covering nanopatrticles. A slightly toxic polymer like CS would retain its
toxicity when carried with nanoparticles, this toxicity occurring through necrosis with limited
production of ROS and pro-inflammatory cytokines. Moreover, even if a stabilizer has no
effect alone (like PVA, PF68), it may confer toxicity to the nanoparticles. The toxicity
mechanism does not seem to involve apoptosis/necrosis nor important ROS and pro-
inflammatory cytokines. It could be due to the cellular internalization of the stabilizers when
carried by nanoparticles, while these hydrophilic polymers do not interact with cell

membranes when used in the free form.

Conclusion

The comparison of routinely-used stabilized PLGA nanoparticles to stabilizer-free
nanoparticles and to the corresponding stabilizers used separately shows the importance of
precise knowledge of nanoparticule composition, but also that the toxicological profile of
stabilized PLGA nanoparticles is very different from the sum of their components studied
separately. Although these effects are observed at high concentrations exposed to cells, they
can provide an additional understanding of cellular toxicity of such nanoparticles and also

have implications for local/cellular toxic effects of PLGA-based nanomedicine.
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Co-culture de cellules épithéliales
alvéolaires pulmonaires humaines et de
macrophages : Un outn vitro

pertinent et efficace en nanotoxicologie
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La co-culture de cellules épithéliales pulmonaires (A549) en présence de macrophages
(différenciés de monocytes THP-1, et notés THP-1-D) a été établie avec un contact direct
entre les deux types cellulaires. Caractérisée par l'identification des récepteloramages

CD11b, CD14 et CD54 ainsi qu'en microscopie confocalepdaxistence de 2 populations
cellulaires a été confirmée, dont 10 % de macrophages. De plus, le marquage avec CD14 a été
utilisé afin d’identifier chaque sous-population cellulaire de daculture. Enfin, des
interactions entre les deux populations cellulaires ont été mises en évidence, par 1’évolution

d’une partic du phénotype des cellules A549. Enfin, il est a noter qu'en présence de
lipopolysaccharide, des effets synergiques ont été observés concernant la sécrétion des
cytokines dans les surnageants de culture, les niveaux de sécrétions des cytokines en co-
culture étant supérieurs aux niveaux attendus, c'est-a-dire ceux isdisldigon des

sécrétions obtenues pour chaque type cellulaire en mono-culture.

La co-culture a par la suite été utilisée comme un outiltro afin d'étudier la toxicité des
nanoparticules présentées au cours des précédents chapitres. La concentration en
nanoparticules choisie pour cette étude a été de 0,1 mg/mL, concentration a laquelle
correspondent 60 a 80 % de viabilité mitochondriale (données MTT) pour chaque type
cellulaire en mono-culture (Chapitres 1 et 2). Les différents paramétres de toxicité étudiés ont
étél’internalisation des nanoparticules, leur cytotoxicité ainsi que la réponse inflammatoire

qu’elles peuvent causer ou augmenter.

L’internalisation des nanoparticules de PLGA a été suivie en cytométrie en flux,
spécifiqguement par chaque sous-population cellulaire. Les résultats montrent que les
nanoparticules de PLGA de potentiel zéta négatifs (dépourvues de stabilisant ou stabilisées
par le PF68) sont internalisées en plus grande quantité que les nanoparticules neutres
(PLGA/PVA) et positives (PLGA/CS), et ce, quelque soit la population cellulaire. De plus, les
macrophages THP-1-D captent plus de nanoparticules que les cellules A549 ce qui démontre

leur réle important dans I'élimination des nanoparticules.

La cytotoxicité des nanoparticules de PLGA a été évaluée par un tri-marquage
annexine V/7TAAD/CD14, permettant de différencier les différents types de mort cellulaire
(apoptose précoce ou avancée et nécrose) et ce, au sein de chaque lignée cdldaire. L
culture étant un mélange de plusieurs types cellulaires, il ne nous a pas semblé judicieux d
réaliser un test MTT classique, qui n’aurait pas fait la distinction entre les deux types de

cellules. Les résultats montrent qu’a la concentration de 0.1 mg/mL, les nanoparticules de

135



Chapitre 3

PLGA induisent exclusivement la mort par nécrose, et ce, pour chacune des populations

cellulaires.

La réponse inflammatoire a été évaluée par les cytokines MCP-1, IL-6, IL-8 etx TNF-
(Figure 8). Dans une premiere étape, les nanoparticules, ainsi que les polymeres de surface en
solution, ont été appligués sur la co-culture pendant 24 h, afin de mesurer [effet
inflammatoire des nanoparticules proprement dites. Les nanoparticules de PLGA, en
particulier celles préparées sans agent stabilisant, induisent de faibles secrétions de cytokines.
De la méme facon, les stabilisants esluSon aqueuse n’induisent pas de réponse
inflammatoire. Dans une seconde approche, les nanoparticules ont été incubées en présence
de LPS, pour déterminer si les nanoparticules peuvent augmenter la réponse inflammatoire,
ou encore concentrer les effets du LPS qui, en se fixant sur les nanoparticules, pénétrerait
facilement a I’intérieur de la cellule. La réponse inflammatoire aprés exposition aux

nanoparticules de PLGA est a nouveau faible.

L’évaluation du stress oxydant a été entreprise par le dosage des ROS a I’intérieur de chaque
population cellulaire, par 1’ajout de la sonde HoDCFDA et un co-marquage avec le CD14, en
cytométrieen flux. Malheureusement, la sonde@CDFA émet trop dans le canal du CD14
(PE), et les compensations n’ont pas permis d’obtenir un résultat convenable. Des anticorps
CD14 couplés a d’autres sondes fluorescentes ont été testés, mais sans donner de résultats

probants.

En conclusion, lors de cette étude, nous avons montré que la co-culture de cellules épithéliales
alvéolaires pulmonaires et de macrophages THP-1-D constitue un nrog&te simple et
pertinent pour les études de nanotoxicologie. De plus, une nouvelle fois, nous avons pu
démontrer que les nanoparticules de PLGA représentent un intérét particulier dans la
formulation de nanovecteurs pour une application pulmonaire, car elles induisent une faible

toxicité ainsi qu'une faible réponse inflammatoire.
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Abstract

A co-culture of lung alveolar epithelial cells (A459) and macrophages (differentiatieell T
monocytes) was established by putting in direct contact both cell populations. Using
immunocytochemistry and confocal laser scanning microscopy, both cell subpopulations were
evidenced. The synergistic effects observed in the co-culture for cytokine secretions confirm
cdl-cell interactions. The co-culture was thus used as a relevaitto tool to evaluate the
toxicity of polymeric as well as non-biodegradable nanopatrticles. Poly(laxtigbcolide)
(PLGA)-based nanoparticles of 200 nm were prepared, with the addition, or not, of
hydrophilic polymers (as stabilizers). Selective uptake kinetics of PLGA nanoparticles by cell
subpopulations, as well as apoptosis/necrosis detection, was achieved by using a selective
label of each cell type, while cytokine secretions were quantified in culture supernatants. Both
cell subpopulations took up PLGA nanoparticles with similar profiles, and induced only
necrotic cells. Mild inflammatory response to stabilized nanoparticles was detected
(compared to well-known inflammatory compounds), slightly higher than the PLGA and
stabilizer components taken individually demonstrating that although biodegradable
nanoparticles are safe they can internalize compounds such as the stabilizing agents used here

and slightly enhance their toxicity.

Keywords Co-culture, A549, THP-1 macrophages, nanoparticles, toxicology
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1. Introduction

In vitro nanotoxicology to the lung must take into account of a large variety of toxicity
endpoints as well as the nature of the nanoparticles tested. Indeed, on the one hand, several
reviews have detailed the toxicity of inhalable manufactured nanoparticles towards the
pulmonary tract, as they could be involved in the induction of inflammation and oxidative
stress (Oberdorsteat al, 2005, Horieet al, 2012). On the other hand, the pulmonary route
offers interesting potentialities for drug delivery. Indeed, it is a non invasive route, that can be
used for local or systemic treatments thanks to the high absorption surface, weak enzymatic
activity and a high blood supply of the pulmonary region (Pagtaxd, 2004). A wide range

of biodegradable nanocarriers, from liposomes to polymeric nanopatrticles, can be considered
for lung delivery (Sunget al, 2007, Mansouet al, 2009). Regarding the latter, poly(lactide-
co-glycolide) (PLGA)-based nanoparticles present a high interest for drug delivery since this
copolymer was approved in many countries for controlled drug delivery implants. In addition,
nanoparticles made of such co-polymer can easily be surface-modified for an efficient
targeting and several different drugs have been loaded into these particles from small

molecules to macromolecules (Danke¢al, 2012).

The majority ofin vitro studies are driven on mono-culture. Yet, human organism is multi-
cellular, and cannot be reduced to a unique cell line. However, for a first approach, the use of
a single cell line provides several advantages in terms of cost, convenience, and stability upon
splitting. On account of these benefits, the mixture of several cell types (at least tveaaité¢o

a co-culture represents an important step in the cell culture area. Hence, co-cultudes consi
cell-cell interactions and are thus @nvitro model closer to the physiology than single cell
culture. This is reason why co-cultures have been used to mimic different organs or body

parts, including the lungs.

From the trachea, to the bronchus and the alveoli, the pulmonary epithelium is composed of
multiple cell types (Patton and Byron, 2007, Crapal, 1982). The bronchial space was for
instance mimicked by a co-culture of bronchial cells (primary or cell lines) arabl@sts

(Pohl et al, 2009). Several co-cultures were used as model of aveoli by co-cultivating
alveolar epithelial cells with macrophag®&®ottrich et al, 2004, Jantzeert al, 2012, Strizet

al., 2011, Strizet al, 2001, Alfaro-Morencet al, 2008, Hjortet al, 2003). More complex
models were reported as the co-culture of alveolar epithelial and dendritic cells as well

macrophages (Ro#imRutishauseet al, 2005), or the co-culture of macrophages, epithelial,
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endothelial and mast cells (Alfaro-Morenet al, 2008). Co-cultures with alveolar
macrophages are particularly interesting, since in lung injury episodes, resident alveolar
macrophages release large amounts of biological substances (oxygen radicals, growth-
regulating proteins or protease). As a result, alveolar macrophages have shown a dual role by
both preventing and contributing to lung injury (Oberdorsteal, 1992) while a defensive

role towards epithelial cells has been shown in co-culture (Véarad, 2002). Up to now,

these models, that have been used to investigate the potential harmful effects of non-
biodegradable (Mulleret al, 2010) or atmospheric nanoparticles (Adfdoreno et al,

2008), have highlighted cooperation effects particularly in the case of inflammatory response

and oxidative stress (Jantzenal, 2012).

In the present study, the co-culture of A549 epithelial cells with human-like macrophages
(differentiated from THP-1 monocytes) in direct contact was established, characterized and
used to assess the toxicity of PLGA-based nanoparticles, polystyrene and titanium dioxide
nanoparticles. Each cell population was distinguished thanks to a specific labeling, in order to
determine specific uptake kinetics and specific cytotoxicity of PLGA-based nanoparticles.
Furthermore, the secretion of several cytokines upon exposure to different nanoparticles was

guantified.

2. Material and methods
2.1. Cell culture & differentiation

The A549 cell line (catalog number CCL-185) and the THP-1 cell line (catalog number TIB
202) were obtained from ATCC and cultured in RPMI-1640 growth medium (Lonza),
supplemented with 50 U/mL penicillin, 50 U/mL streptomycin, and 10 % fetal bovine serum
(Lonza). Cells were maintained at 37 °C in a 5 % G@midified atmosphere. Twice a week,

A549 cells were passaged at 1:15 ratio and THP-1 at 1:5 ratio. Cells were used from passage

3 to 12 after thawing.

Differentiation of monocytes into macrophages (THP-1 to THP-1-D) was performed using the
12-o-tetradecanoylphorbol-13-acetate (PMA) as previously described (Chapter 2). Briefly,
10° cells were seeded on petri dishes with 10 nM PMA for 24 h. The supernatant was then

discarded and replaced by fresh medium for 24 h before further use.
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2.2. Co-culture
2.2.1. Co-culture establishment

The co-culture was established by direct contact between both cell populations (Figufe 1). 10
THP-1 monocytes were firstly differentiated into THP-1 macrophages in petri dishes (t = 0)
as described in section 2.1. The medium was renewed after 24 h. Secondly, 42 000 A549 cells
were plated in 12-well plates (t = 24 h). Thirdly, THP-1-D macrophages were harvested and
centrifuged down (200 g, 4 min, 4 °C). After pellet resuspension in growth medium, 42 000
THP-1-D macrophages were added in direct contact onto the A549 cells in 12-well plates,
resulting approximately in a 1:2 ratio (THP-1-D : A549) (t = 48 h). The resulting co-culture
was incubated for 24 h to allow cell recovery and potential contact establishment between cell
types. The co-culture was then characterized, or ready to use (12-well plates) for further
studies (t = 72 h).

10° THP-1 Medium renewal
monocytes seeded : for THP-1 : :
(petri dishes) | macrophages | 42 000 :;HP'1 1
| (THP-1.D) | Macrophages |
[ I added in 1
— : — | direct contact :
- H | onA549cells |  Co-culture
P ¥ : : : - characterization
10 M : : - ready to use
PMA 1 i
I 1
10°THP-1 1 42 000 A549 cells :
macrophages seeded I
(THP-1-D) 1 (12-well plates) :
[
i i
I 1
[ I
! !

Time (h)

o
N
1S
S
(o]
~J
N

THP1 monocytes
THP1 macrophages (THP-1-D)

o A549

Figure 1. Experimental setup of the establishment of the co-culture of lung epithelial cells
(A549) and human-like macrophages (differentiated from THP-1 monocytes) in direct
contact.
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2.2.2. Immunocytochemistry characterization

After 24 h of direct contact between the two cell populations, the cell layer was rinsed with
PBS and harvested with trypsine. 250 000 cells were seeded in 96-well plates with conical
bottom. Supernatants were discarded after centrifugation (4 min, g0@ %C), and cells

were resuspended in PBS containing 0.5 % Bovine Serum Albumin (BSA) (refered to as
‘PBS/BSA’ in the following). Supernatants were discarded after centrifugation (4 min,

200 xg, 4 °C) and cells were incubated in PBS/BSA for 20 min at 4 °C (protected from light),
with the following monoclonal antibodies: PE (PhycoErythrin)-conjugated anti-CD14, anti-
CD11b and anti-CD54 (BD Biosciences respectively 555398, 555388, 555511). After
incubation, cells were washed once with PBS/BSA, once with PBS and finally resuspended in
PBS, to be immediately analyzed by flow cytometry (FACScalibur, Beckton Dickinson). For
each sample 10 000 events were acquired from a gated homogeneous cell population from a
side- versus forward-scatter plot. Fluorescence intensities were then collected on2he FL-
channel and mean fluorescence intensities (MFI) determined. The MFI fold increase of each
sample was determined as the ratio of the sample MFI to the MFI of non-labeled cells. To
determine positive cells, histograms with FL-2 parameter against the number of events were
used. The marker was placed to the right of the peak to non-treated cells, to designate positive

cells. All experiments were performed in triplicate or more.

2.2.3. Co-culture characterization by confocal laser scanning microscopy

A549 cells were pre-labeled with 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester
(CFSE) (Biolegend) according to the protocol provided. Briefly, 10 to 100 edls were
collected, centrifuged (4 min, 200gx 37 °C), and incubated with pre-warmed PBS (37 °C)
containing CFSE (5 uM) for 10 min at 37 °C in a 5 %,@0midified atmosphere. Ice-cold
culture medium was added, and cells were centrifuged (4 min, 8087%°C). Supernatants
were then discarded and 100 000 of such pre-labeled A549 cells were plated in 6-well plates
containing glass coverslips and incubated for 24 h. The day after, pre-differentiatedD’HP-1-
macrophages were harvested, centrifuged (2004xmin, 37 °C) and resuspended in medium
containing 0.5 uM Orange Lysotracker (Invitrogen) (5 min, 37 °C). Cells were rinsed once
with culture medium and 100 000 THP-1-D were added in direct contact with pre-labeled
A549 cells. The resulting co-culture was incubated for 24 h. All the protocol was performed
in the absence of light. Observations were done with a LSM confocal microscope (Zeiss-
Meta) equipped with Argon (488 nm, 300 mV) and Helium-Neon (543 nm, 5 mV) lasers, and
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a plan-apochromat 63X objective. During the observation, glass coverslips were kept at
37 °C, using an adapted warming plate, to keep cells alive. Data were analyzed with the LSM
510 software (version 3.2).

2.3. Nanoparticle preparation and characterization

Stabilized PLGA nanoparticles were prepared according to an emulsion/evaporation method
as previously described by our group (chapters 1). PLGA (75:25 RESOR®BT56,
Ingelheim) was dissolved in a dichloromethane/acetone (1/1 v/v) mixture and pre-emulsified
by vortexing for 1 min, with either an agueous solution containing 2.5 mg/mL PVA (87-89
hydrolyzed, 30-70 kDa) to prepare PLGA/PVA nanoparticles, or an aqueous solution
containing 0.6 mg/mL CS (Protasa/P CL113, 75-90% deacetylation, 50-150 kDa, FMC
Biopolymers) and 5 mg/mL PVA (MowiB4-88, Kuraray Specialities Europe GmbH) to
prepare PLGA/CS nanoparticles. The pre-emulsion was kept on ice and immediately
sonicated (Branson Digital Sonifier) at 40 % for, respectively, 1 or 2 min. The purification of
nanoparticles (removal of free PVA and CS) was achieved by ultracentrifugation (4 °C,

37 000 xg, 1 h) and pellet resuspension was performed by vortexing.

PLGA/PF68 nanoparticles were prepared by dissolving 50 mg PLGA in 5 mL ethyl acetate.
The organic phase was added dropwise to 10 mL of a 10 mg/mL PF68 (BASF) aqueous
solution under magnetic stirring. After 1 min vortexing, the emulsion was kept on ice and
homogenized using an Ultra-TurfayiKA works, Inc), equipped with a 18G-stainless steel
dispersing tool (10 000 rpm, 2 min). The organic solvent was then evaporated at room
temperature under magnetic stirring for 2 h. The purification of nanoparticles (removal of free
PF68) was performed by dialysis during 24 h against 1 L of MilliQ water, using a cellulose

ester membrane with a 50 kDa cutoff (SpectrumLabs).

Stabilizer-free  PLGA nanoparticles were prepared by nanoprecipitation as previously
described (Chapter 2). 50 mg PLGA 75:25 were dissolved in 5 mL acetonitrile. The organic
solution was added dropwise under magnetic stirring to 15 mL water. After 5 min magnetic
stirring, acetonitrile was removed and the suspension concentrated by evaporation under

reduced pressure at 40 °C, until a nanoparticle concentration close to 25 mg/mL.

All PLGA nanoparticles were fluorescently labeled, by replacing the total quantity of PLGA
by a 99/1 (w/w) mixture of PLGA and a custom-made DY700-PLGA conjugate, obtained by
coupling 75:25 PLGA with a Near Infra Red (NIR)-emitting fluorescent dye (DY700,
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Dyomics) as previously described (Reatl al, 2012). The further steps were performed
similarly to unlabeled nanopatrticles, protected from light. Particle suspensions were not
contaminated by any bacteria.

As previously described (Chapter 1) Tianoparticle suspensions were obtained by
thorough dispersion of anatase (spheres <25 nm) or rutile (rods 10 x 40 nm) TiO
nanopowders (Sigma-Aldrich) in water. Briefly, powders were incorporated into water at
1 mg/mL and 1 min vortexing, after which pH was adjusted to 11 with 1 M sodium
hydroxide. Suspensions were then sonicated (40 %) on ice during 1.5 h, with 60 s pulsations
and 30 s intervals, and subsequently stirred at 24 000 rpm for 5 min on ice using an Ultra-
Turrax® equipped with a plastic (polycarbonate/PEEK) dispersing tool (S25D-14G-KS,
IKA). Nanoparticle suspensions were vortexed just before use. Polystyrene (PS) nanoparticle
agueous suspensions (0.20 um, Polysciences Europe GmbH) were briefly vortexed before

use.

All nanoparticles were characterized by their size and their zeta potential using a Nano ZS
(Malvern instruments, UK). Average hydrodynamic diameters were measured by dynamic
light scattering (25 °C, 173° scattering angle) after appropriate dilutions in water. Zeta
potential measurements were performed after appropriate dilutions in 1 mM sodium chloride,
at 25 °C. Nanoparticle stability was studied in cell culture medium at the final concentration
of 0.1 mg/mL, after 48 h incubation (37°C). The amount of stabilizers associated to
nanoparticles after their purification was assessed through the formation of colored complexes
with PVA and CS, or byH NMR in the case of PF68, as previously described (Chapter 1).

The fluorescence emission spectra of fluorescent nanoparticle suspensions were recorded
using an excitation wavelength of 700 nm. The fluorescence intensities of stabilizer free-
PLGA, PLGA/PVA and PLGA/PF68 nanoparticles were compared to that of PLGA/CS
nanoparticles and expressed as the ratio of the fluorescence intensities collected at the 722 nm
emission wavelength (the ratio was set at 1 for PLGA/CS nanoparticles which were the most
fluorescent). Physicochemical characteristics of PLGA-based nanoparticles and of non-

biodegradable nanoparticles are presented on Table 1 and Table 2.
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Table 1 Physicochemical properties of PLGA-based nanopatrticles.

Average diameter (nm)

Nanoparticles Polydipersity  Zeta potential Shell Fluorescence
Water  48hcell culture index (mV) (Mmg/100mg PLGA) intensity ratio
medium 37°C
PLGA 1715 nd 0.044£0.021 -448+51 None na
DY700-PLGA 172 +15 nd 0.052+0.016 -40.0%7.0 None 0.91
PLGA/PVA 233 £28 212+6 0.099+0.050 -142+22 PVA (11.5) na
DY700-PLGA/PVA 221+9 nd 0.084+0.018 -4.10+0.8 nd 0.78
PLGA/CS 233 +18 269 +12 0.210+0.020 +39.9+7.2 CS (15.3)/PVA (30.4) na
DY700-PLGAICS 234+1 nd 0.182+0.004 +453+0.6 nd 1
PLGA/PF68 228 +22 316 +16 0.133+0.044 -31.3%49 PF68 (15.5) na
DY700-PLGA/PF68 205 +27 nd 0.152+0.070 -27.4+7.0 nd 0.68

na: non applicable, nd: not determined.

Table 2 Physicochemical properties of non-biodegradable nanoparticles.

Average diameter (nm)

Nanoparticles Polydipersity Zeta Shell
Core . 48 h cell culture index potential (mV)
Cristal form Water medium 37°C
TiO, Anatase 421 +49 625 +46 0.42 £0.07 -35+2 None
TiO, Rutile 479 +£184 795 +£80 0.77 £0.25 -37.2+6 None
Polystyrene na 250 +11 259 +21 0.02 +0.02 -48.8+15 Sulfate ester

na: non applicable

2.4. Selective uptake of nanoparticles
2.4.1. Flow cytometry

After establishment of the co-culture (Figure 1, t =72 h), supernatants were discarded and
replaced by a fresh suspension of fluorescent DY700-PLGA nanopatrticles diluted in the
medium at 0.1 mg/mL (final concentration). After 5 min to 48 h incubation at 37 °C,
supernatants were discarded, cells were rinsed twice with PBS and harvested by trypsine.
Trypsine was neutralized by PBS/BSA, and cells were labeled with anti-CD14-PE as
described above (section 2.2.2). Cell suspensions were immediately analyzed by flow
cytometry and MFI was collected on FL-2 (corresponding to PE probe) and FL-3ausiRy

filter (corresponding to DY700 probe). For each sample 10 000 events were acquired from a
gated homogenous cell population selected from a side-versus forward-scatter plot. Cell
populations were distinguished by gating CD-14 positive cell population and CD-14 negative
cell population (Figure 2). For each sample, results were expressed as the ratio of3the FL-
MFI of each gated population to the MFI of corresponding non-treated cells. This value was
then corrected by the fluorescence factor of each nanoparticle suspension. All experiments

were performed in triplicate or more.
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2.4.2. Confocal laser scanning microscopy

After establishment of the co-culture as described in the section 2.2.3 (and Figure 1, t =72 h),
supernatants were discarded and replaced by 2 mL of DY700-PLGA nanopatrticle suspensions
diluted in medium at 0.1 mg/mL (final concentration). After 1 h incubation at 37 °C,
coverslips were rinsed with PBS, and fresh medium was added to perform confocal
microscopy observations in real time on living cells, using similar setup as described in

section 2.2.3, with a supplementary Helium-Neon (633 nm, 5 mV) laser.

2.5. Apotosis/necrosis detection coupled to CD14 identification

After establishment of the co-culture (Figure 1, t =72 h), supernatants were discarded and
replaced by 2 mL of fresh growth medium containing PLGA nanoparticles at 0.1 mg/mL, and
incubated for 24 to 48 h. The cell layer and the supernatants were analyzed separately. In a
first step, supernatants were collected in eppendorf, centrifugated (3 min, @PGhd
resuspended into 20 pL binding buffer that containing 2 pL of annexin-AlexaFluor (AF) 488
(Life Technologies) and 2 pL of 7-Aminoactinomycin(B-AAD) (Sigma-Aldrich) (10 min,

room temperature, darkness). Cells were resuspended in with PBS/BSA after centrifugation
(3 min, 1000 xg) and kept on ice. In a second step, the adherent cell layer was rinsed with
ice-cold PBS followed by the addition of 200 puL binding buffer containing 5 pL annexin-
AF488 and 5 pL of 7-AAD (10 min, room temperature, darkness). Cells were rinsed with
PBS and harvested by trypsin, and polled them with pellets obtained in the first step.
250 000 cells were then indentified with anti-CD14-PE as described in the section 2.2.2. Cells
were immediately analyzed by flow cytometry, and mean fluorescence intensities were
collected on FL-1 (AF488 probe), FL-2 (PE probe) and FL-3 (7-AAD) channels (Figure 2).
To perform fluorescence compensations each fluorescent probe was used separately on non

treated cells.
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Figure 2. Flow cytometry method employed to identify cell types for uptake and
apoptosis/necrosis studies. The total cell population was labeled with CD14-PE (FL-2), A549
cells being CD14-negative and THP-1-D CD14-positive. Then, in the case of uptake kinetics,
the MFI of each gated population was followed in FL-3 channel equipped with an NIR-filter,

and in the case of apoptosis/necrosis detection, the cellular state was followedlin FL-
(annexin V) and FL-3 (7-AAD) channels.
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2.6. Quantification of secreted cytokines

Cytokine secretions following nanoparticle exposure were investigated in supernatants using
the multiplexed Cytometric Beads Array (CBA) method (BD Biosciences) (Moegjaal,

2004, Tarnolet al, 2003), and performed with the human Ig-1L-6, IL-8, IL-10, IL-12p70,

MCP-1 and TNF flex sets with the Human Soluble Protein Master Buffer Kit (BD
Biosciences). After establishment of the co-culture (Figure 1, t =72 h), supernatant were
discarded and replaced by 2 mL of fresh growth medium (non-treated cells), with either
increasing lipopolysaccharide (LPS) concentrations (0.1, 1, 10 pg/mL) or nanoparticles at
0.1 mg/mL. After 24 h exposure, supernatants were sampled and cells were rinsed once with
PBS and harvested with trypsine, to be counted by flow cytometry. To asses a large range of
concentrations, each supernatant sample was analyzed without dilution and after a 1:50
dilution in medium. Cytokine results, analyzed with the FACP Affagoftware, were

obtained as pg/mL. All experiments were performed in triplicate, or more.

3. Results and discussion
3.1. Co-culture establishment and characterization

In order to investigaten vitro the pulmonary toxicity of a series of nanopatrticles, co-culture
models are attractive tools to take into account the diversity of cell populations in the lung
tissue and their interactions. In the alveoli, a region expected to interact significantly with
deposited nanoparticles after inhalation, pneumocytes and macrophages play an important
role, respectively in the maintenance of the epithelial integrity and the inflammatory response.
However, the interaction between these cell types should also be taken into account to stay the
closest to the physiological response, such as in the case of inflammatory response. In this
study, we selected as a model of pneumocytes, A549 cells because they have already been
reported as an appropriate epithelial alveolar model (Rothen-Rutishausdr 2012)
Macrophages have been obtained by controlled differentiation of human THP-1 monocytes,
as described previously (chapter 2). They present a phenotype close to alveolar macrophages
(Striz et al, 1993). These two cell types were co-cultured in direct contact in order to mimic
physiological conditions. While such co-culture conditions have already been described
(Wottrich et al, 2004, Jantzeret al, 2012), our goal was (i) to characterize the cell
subpopulations and investigate their common interaction, and (ii) to explore the potential of

this co-culture for nanotoxicology studies, in particular for the investigation of selective
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uptake of nanoparticles, induction of apoptosis and/or necrosis on each subpopulation, and

possible synergistic secretion of cytokines.

3.1.1. Phenotype characterization

The phenotype of cell subpopulations in co-culture was investigated and compared to the
corresponding cell monocultures, by CLSM and immunocytochemistry. CLSM images on
pre-labeled cells show that both cell types exhibit a similar morphology compared to the
corresponding mono-cultures (Figure 3). In particular, macrophages retain their surface
adhesion capacity despite the transfer step when put into contact with A549 cells.
Immunocytochemistry results show that in mono-culture, THP-1-D macrophages are CD11b
and CD14 positive, whereas A549 cells are CD11b and CD14 negative (Figure 4). The
analysis of the co-culture cell layer shows two populations for the CD11b and CD14 markers:
one being CD11band CD14 (accounting for approximately 90% of total cells), the other
one being CD11band CD14 (approximately 10%). This 90/10 ratio is different from the
expected 1:4 ratio after 24 h incubation. However, it is worth noting that this final cell ratio is
consistent with normal human physiological conditions (Crafpal, 1982). These profiles

also show that anti-CD11b-PE and anti-CD14-PE are good candidates to discriminate both
cell subpopulations for further selective uptake studies and moreover apoptosis/necrosis

detection in subpopulations.

Some indications of A549/THP-1-D interactions are provided by CLSM images, displaying a
close proximity of membranes from the two cell types (Figure 3C). In addition,
immunocytochemistry results show that while A549 and THP-1-D cells are respectively
CD54 and CD54 in mono-culture, almost all cells are found CD54 the co-culture
(Figure 4), suggesting that contact with THP-1-D cells has induced the expression of CD54
by A549 cells. This receptor, also called ICAM-1, is involved in cell adhesion process. This
result is consistent with previous studies showing that A549 cells incubated with conditioned
medium of primary monocytes, can express ICAM-1 (Krakauer, 2002).
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Figure 3. (A) CFSE-labeled A459 cells (green), (B) Orange Lysotracker THP-1-D (red) cell

in monoculture, and (C) in a co-culture in direct contact, as observed in confocal laser
scanning microscopy (CLSM), in real time with living cells (incubation time shown: 24 h).
Scale bar: 20 um.
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Figure 4. Immunocytochemical characterization of THP-1-D and A549 cells in mono and in
co-culture. Cellular morphology and CD-11b, CD-14, CD-54 cell levels were analyzed by
flow cytometry. To obtain CD-11b, CD-14, CD-54 histograms, gates were drawn on the
major cell population, according to the corresponding experiment. Data shown are
representative of 3 independent experiments.

3.1.2. Cytokine secretion

As it was previously shown, interactions between alveolar macrophages and epithelial cells
can promote inflammatory response (Tao and Kobzik, 2002). Synergistic effects in cytokine
production in the co-culture supernatants were thus investigated after exposure to LPS, and
compared to those observed for mono-cultures. Seven cytokines were quantified using the
CBA method: IL-1f, IL-10, IL-6, IL-8, TNFw, MCP-1 (Figure 5) and IL-12 (data not
shown). Four relevant cytokines were found to be secreted in significant levels in mono and
co-culture: IL-6, IL-8, MCP-1 and TNl Synergistic effects were observed for IL-6, MCP-

and IL-8. For example, incubation with 0.1 pg/mL LPS led to an increase of IL-6 ahd IL
secretion up to 2.5-fold higher in co-culture than the sum of the secretions obtained in mono-
cultures (Figure 5 B,C). This increase was even 6-fold higher for MCP-1 (Figure 5 E). As a
general trend, cytokine levels peaked upon exposure to 1 pg/mL LPS and then plateaued or
decreased for higher LPS concentrations. Despite their low representation compared to A549
cells, THP-1-D macrophages seem to account for the larger part of IL-6, IL-8 and especially

TNF-o secretion, which is consistent with previous studies showing that in co-culture with
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A549 cells, PBMC are the main source -dfetween others cytokines- TNFand IL-8
cytokines (Krakauer, 2002). These results show the potential of the A549/THP-1-D co-culture

to study the inflammatory response.
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Figure 5. Secretions of ILt g (A), IL-6 (B), IL-8 (C), IL-10 (D), MCP-1 (E) and TNk-(F)
cytokines after 24 h exposure to increasing LPS concentrations ( 0.1, 1, 10 pg/mL) in A549
cells (white bars) and THP-1-D cells (grey bars) mono-cultures, or in co-cultuck Qales).

n >3 * p<0.05 * p<0.01, *p< 0.001 compared to corresponding non treated

conditions.
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3.2. Comparative toxicological evaluation of nanoparticles
3.2.1. Nanoparticles

The effect of different nanoparticle types has been investigated on the co-culture. In
particular, PLGA-based nanoparticles have been selected as it is one the major type of
biodegradable polymeric nanoparticles, relevant for the formulation of nanomedicine. A
series of custom made PLGA nanoparticles were prepared as previously described by our
group (Chapters 1 and 2). Nanoparticles in the range size of 170-230 nm were obtained in the
presence of hydrophilic polymers as stabilizers, but also in the absence of any stabilizer.
Uncoated PLGA nanoparticles present a negative surface charge, whereas PVAPES&nNd

form respectively neutral, positive and negative surface charged nanoparticles. The
replacement of a low percentage of PLGA by a fluorescent PLGA does not modifggahysi
chemical properties (Table 1). Moreover, nanoparticle sizes are stable after 48 h in complete

culture medium at 37 °C.

PLGA nanoparticles were compared to non-biodegradable nanoparticles, either polymeric
(polystyrene) or inorganic (Ti§). Sulfate ester-stabilized polystyrene nanoparticles were used
without modifications and were shown to be stable in culture medium. The diameter of
anatase and rutile TgOnanoparticles in suspension was reduced using dispersing tools,

without adding any supplementary stabilizer.

3.2.2 Selective uptake of PLGA nanopatrticles by cell subpopulations

Uptake kinetic studies (Figure 6) were performed at 37 °C after exposure to fluorescent
DY700-PLGA nanoparticles at 0.1 mg/mL. A549 and THP-1-D subpopulations were
identified using anti-CD14-PE (Figure 2), which did not alter the detection of nanoparticle
fluorescence. All PLGA nanoparticles are taken up with a similar profile by both sub cell
populations. Stabilizer-free PLGA and PLGA/PF68 nanoparticles (displaying both a negative
zeta potential) are taken up earlier and in higher quantity than PLGA/CS (positive zeta
potential) and PLGA/PVA (neutral) nanoparticles, especially by the A549 cells. The same
behavior was observed on the same cells in mono-culture (chapters 1 and 2). Another
observation is the overall higher uptake of nanoparticles by THP-1-D cells compared to A549
cells. After 24 and 48 h, THP-1-D cells take up twice as much PLGA/PVA nanopatrticles than
the A549 cells. PLGA nanoparticle uptake by co-culture was also visualized by CLSM in real

time on living cells. Both cell populations were fluorescently labeled as described in section

152



Chapitre 3

2.2.3 (A549 with CFSE, THP-1-D with Orange Lysotracker), and cultivated in co-culture.
The co-culture was finally exposed for 1 h to DY700-PLGA/PF68 nanoparticles and observed
by CLSM (Figure 7). PLGA/PF68 nanoparticles were observed within both sub cell
populations, but mostly in macrophages, confirming the flow cytometry results. These results
come in line with the prominent role of alveolar macrophage in particle clearance from the
alveoli region (Wanget al, 2002), although their represent less than 10 % of the cell
population, similarly to what is observed here.
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Figure 6. (A) Uptake of PLGA-based nanopatrticles by A549 and THP-1-D cells in co-culture
at 37 °C, as evaluated by the mean fluorescence intensity (MFI) in flow cytometry after
identification of cell subpopulation using anti-CCD14-PE. (B) Co-culture of CFSE-labeled
A549 cells (green) and Orange Lysotracker-labeled THP-1-D cells (red) exposed to DY700-
PLGA/PF68 nanopatrticles (white) for 2 h at 37 °C. Scale bar: 20 um.
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Figure 7. (A) Uptake kinetics of PLGA-based nanopatrticles by A549 and THP-1-D cells in
co-culture at 37 °C, as evaluated by the mean fluorescence intensity (MFI) in flow cytometry
after correction by relative fluorescence factor. (B) Co-culture of A549 cells (gr€&SE)

and THP-1-D cells (red Orange Lysotracker) exposed to DY700-PLGA/PF68 nanoparticles
(white) for 2 h at 37 °C. Scale bar: 20 um.

3.2.3 Effect on apoptosis/necrosis cell subpopulations

For the detection of apoptosis/necrosis, both cell populations were identified using anti-
CD14-PE labeling (Figure 2). Based on our previous studies (Chapters 1 atie 2)
nanoparticle concentration was set at 0.1 mg/mL corresponding 80 %@0of viability of

single cell lines as evaluated by mitochondrial activity (MTT tests). After exposure to PLGA
nanoparticles for 24 h (A, C) and 48 h (B, D), the main cellular death mechanism was shown
to be necrosis, and the amount of early/late apoptotic cells was similar in treated and non-
treated cells, whatever the formulations tested (Figure 8). Only slight differences among
PLGA nanoparticles appear in the co-culture. After 24 h, PLGA/PF68 and PLGA/CS
nanoparticles are slightly more toxic on THP-1-D cells than on A549 cells, whereas stabilizer
free-PLGA nanoparticles are more toxic on A549 cells than on THP-1-D cells. After 48 h,
PLGA/PF68 nanoparticles remain more toxic on THP-1-D cells. Interesting differences
appear, though, when comparing the effect of nanoparticles towards the co-culture compared
to the mono-cultures (Table 4). In co-culture conditions, PLGA/PF68 nanoparticles show a
noticeable toxicity compared to other PLGA nanoparticles (10% necrotic cells among the
A549 subpopulation, 21% among THP-1-D), which was not observed in mono-culture
(Chapters 1 and 2).
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Figure 8. Percentage of living cells, early/late apoptotic cells, and necrotic cells, in the A549
subpopulation (A, B) and THP-1-D subpopulation (C, D) of a co-culture after 24 h (A, C) or
48 h (B, D) exposure to PLGA nanoparticles (NPs). Cells are simultaneously labeled with
CD14-PE, 7-AAD and annexin V-AlexaFluor 488. THP-1-D (CD14 positive) and A549 (C14
negative) cells are distinguished as well as necrotic cells (7-AAD positive), early apoptotic
cells (Annexin V positive) and late apoptotic cells (both 7-AAD and Annexin V positive).

*p<0.05n=3.
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Table 3. Comparison of the percentage of necrotic cells after 48 h exposure to PLGA-based
nanoparticle among A549 and THP-1-D cells in mono-culture (Chapters 1 and 2) or as
subpopulations in co-culture.

Mono-cultures
NPs 0.1 mg/mL (Chapters 1 and 2) Co-culture
48 h Necrotic cells (%) Necrotic cells (%)
A549 THP-1-D A549 THP-1-D

NT <1 4 7 3

PLGA NPs 1 3 2 6

PLGA/PVA NPs 1 3 2 8

PLGA/CS NPs <1 5 7 8
PLGA/PF68 NPs 3 4 10 21

NPs, nanoparticlesNT, Non treated

3.2.4 Effect on global cytokine secretions

One of the major interests of a co-culture using macrophages relates to the inflammatory
response, as macrophages are able to secrete a large variety of multifunctional biological
substances such as cytokines (Nathan, 1987). However, in normal or injured human lungs, all
structural cells can secrete cytokines to ensure communication (Kelley, 1990). Quantification
of cytokines in co-culture supernatants characterizes not only an inflammatory state, but also
cell-cell communications. For example, the quantification of the cytokines of A549 in co-
culture with THP-1 monocytes or macrophages has shown that IL-6 and IL-8 significantly
increase in co-culture conditions compare to mono-cultures in case of hypoxiagiHpbst

2003) or after exposure to ultrafine particles (Wottetlal, 2004).

The co-culture of A549 and THP-1-D described herein was first used to investigate the own
inflammatory potential of nanoparticles, by exposing the co-culture to nanoparticles at
0.1 mg/mL for 24 h. After exposure to stabilizer-free PLGA nanoparticles no increase in
cytokine secretion was detected compared to non-treated conditions. Similarly, the aqueous
solution of stabilizers did not induce any augmentation in cytokine secretions. On the
contrary, stabilized PLGA nanoparticles induced a significant raise in the secretion of several
cytokines (IL-8 with PLGA/PVA and PLGA/CS nanoparticles, MCP-1 with PLGA/CS and
PLGA/PF68 nanoparticles and IL-6 with PLGA/PF68 nanoparticles) (Figure 9, Table 4)
These results highlight the importance of the PLGA/stabilizer combination in the cellular
response, as the combination entails significant effect whereas each component is innocuous.
Most of the stabilizing agents, being macromolecules, amphiphilic or hydrophilic, does not

diffuse by themselves across cell membranes. However, being adsorbed onto nanoparticle
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surface, their internalization is enhanced leading to more toxicity. This inflammatory effect
remains however limited, much below the cytokine secretions caused by an exposure to 0.1
pg/mL LPS. This co-culture model has thus allowed the detection of mild inflammatory
response to stabilized PLGA nanoparticles, slightly higher than the PLGA and stabilizer
components individually, but very limited compared to well-known inflammatory

compounds.

Table 4 Summary of thén vitro inflammatory response after 24 h exposure to polymeric and
inorganic nanoparticles on A549 cells and THP-1-D in mono and in co-culture, in presence
(co-stimulation) or not of 0.1 pg/mL LPS.

NPs
0.1 mg/mL Mono-cultures (chapters 1 and 2) Co-culture
24h A549 THP-1-D
without . without . without .
LPS with LPS LPS with LPS LPS with LPS
PLGA - nd - nd - nd
+ + +
PLGA/PVA (IL-8) ) ) ) (IL-8) (IL-6)
+
PLGAICS | "o - - - (MCP-1 -
(IL-8) IL-8)
+ + N
PLGA/PF68| (MCP-1, IL- - - - (MCP-1, IL-6,
6, IL-8) TNF-a) (IL-6, TNFw)
PS - - - - - -
Anatase TiQ - - - - - -
Rutile TiO, - - - - (IL-8) -

(+) is defined according to observed significant effects (at fea€.05) compared to control
conditions.nd: not determined

In addition, co-cultures were exposed to nanoparticles in co-stimulation with 0.1 pg/mL LPS,
in order to check if nanoparticles can increase the inflammatory response when cells are pre-
activated (staggered incubation), or can concentrate LPS that will penetrate the cell easily
(simultaneous incubation). Although few statistically significant differences were observed,
the relative increase is moderate, and no clear tendency can be drawn regarding a potential

effect of nanoparticles on the pro-inflammatory activity of LPS (Figure 9).

These effects were compared to those induced by non-biodegradable nanoparticles, polymeric
or inorganic. Unexpectedly, none of the tested nanoparticles induced higher cytokine

secretions than PLGA nanoparticles. Such a result is not corroborated by several studies
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showing that polystyrene (Dailegt al, 2006) and Ti@ (Inoue et al, 2008) nanopatrticles
induce a significant inflammatory responsevivo. However, it was previously shown that
some particles like carbon black, diesel and ;Ti@anoparticles testeih vitro can adsorb
various cytokines, such as IL-6, TNFand IL-8, thereby limiting their detection (Vat al,

2009, Kocbactet al, 2008). We observed that the IL-8 secretion following LPS exposure was
surprisingly reduced in presence of anatase Ti@hopatrticles (Figures 9, S1, S2), which may

support this hypothesis.
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Figure 9. Secretions in co-culture (A549 cells an

NPs NPs

d THP-1-D) of MCP-1 (A), IL-8 (B IL-

(C) and TNFe (D) after 24 h exposure to nanoparticles (NPs) 0.1 mg/mL, or to the
corresponding stabilizers used separately in nanoparticle-equivalent concentration, in absence
(-) or in presence (+) of 0.1 ug/mL LPS. CTRL = control, NPs = nanopartictes, * p <

0.05, ** p < 0.01, *** p < 0.001, compared to corresponding untreated conditfops<
0.005,%% p < 0.01,5%% p < 0.001 for each stabilizer compared to corresponding stabilized

nanoparticles.
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Figure S1 Secretions in mono-culture of A549 cells, of MCP-1 (A), IL-8 (B) and IL-6 (C)
after 24 h exposure to nanoparticles (NPs) 0.1 mg/mL or to stabilizers in nanoparticle-
equivalent concentration, in absence (-) or in presence (+) of LPS 0.1 pg/mL, quantified by
CBA methods. CTRL = control, NPs = nanopatrticles; 31 * p<0.05, ** p<0.01,

*** n<0.001, compared to corresponding untreated conditions.
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Figure S2 Secretions in mono-culture of THP-1-D cells, of MCP-1 (A), IL-8 (B) and IL-6
(C) after 24 h exposure to nanopatrticles 0.1 mg/mL or to stabilizers in nanoparticle-equivalent
concentration, in absence (-) or in presence (+) of LPS 0.1 pug/mL, quantified by CBA
methods. CTRL = control, NPs = nanoparticlkes,3. * p < 0.05, *p < 0.01, *** p < 0.001,
compared to corresponding untreated conditions.

Conclusion

We have shown that a co-culture of A549 epithelial cells and THP-1 macrophages represent
an interesting model fon vitro pulmonary nanotoxicology studies, in particular for the
investigation of selective uptake of nanoparticles, the induction of apoptosis and/or necrosis
in each subpopulation, and possible synergistic effect for the secretion of cytokines, even at
low levels. This co-culture model has enable the detection of mild inflammatory response to
PLGA nanoparticles stabilized by the hydrophilic polymers PVA, CS and PF68, slightly
higher than the stabilizer-free PLGA nanoparticles and than stabilizer components

individually, but very limited compared to well-known inflammatory compounds.
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Au cours de ces travaux de these, la toxicité pulmonaire de nanoparticules biodégradables et
non-biodégradables a été étudiée. Ce projet s’inscrit dans un projet global soutenu par
I’ANSES (« Emerging risk»), ’ANR (2009 CESA) et le Fond pour la Recherche
Respiratoire regroupant des étudewitro et in vivo menées au sein du laboratoire. Deux
précédents articles ont fait état de la toxiait&itro de nanoparticules biodégradables vis-a-

vis des cellules d’épithélium bronchiques (Calu-3) (Muraet al, 2011a,b), et un article relatant

les effetsin vivo est en cours de rédaction (Santiago, submitted). Au cours de la présente
étude, la toxicitéin vitro de ces mémes nanoparticules a été étudiée sur des cellules

alvéolaires. Les objectifs de ce travail de these étaient (Figure 1) :

e D’enrichir notre bibliothéque de nanoparticules afin d’aboutir & une collection de
particules aux caractéristiques physico-chimiques variées et représentatives des
nanoparticules les plus couramment rencontrées en nanomédecine et possédant une
taille de 1’ordre de 200 nm (organiques / inorganiques, biodégradables / non-
biodégradables, charges de surface positives, négatives ou neutres),

e D’établir et de caractériser une co-culture mimant les conditions alvéolaires,

e D’étudier la toxicité de nanoparticules sur les cellules en mono et en co-culture, a
l'aide de différentes tests,

e De tenter de corréler les profils de toxicité des nanoparticules a leurs caractéristiques
physico-chimiques afin de proposer un modéle pertinent de nanovecteurs pour
I’administration pulmonaire.

Les études portant sur la toxicité pulmonaire de nanoparticules non-biodégradables sont
nombreuses. Et pour cause, 1’arbre bronchique est exposé€ a tout type de particules présentes

dans I’atmosphére, incluant les nanoparticules non-biodégradables dans I'environnement,
telles que les nanoparticules de diesel ou en milieu professionnel, les nanoparticules
manufacturées, telles que les nanotubes de carbone. En revanche, assez peu d’études sont
disponibles aujourd’hui sur la toxicité pulmonaire de nanoparticules biodégradables, qui
entrent dans la fabrication de nanomédicaments. Pourtant, la voie pulmonaire est prometteuse
pour D’administration de nanomédicaments, car elle permet d’envisager a la fois des
traitements locaux (asthme, broncho-pneumopathie chronique obstructive ou cancer) et des
traitements systémiques grace aux échanges constants entre les alvéoles et la circulation
sanguine (diabéte, administration de vaccins). Les nanovecteurs qui assurent le transport de
ces principes actifs, doivent évidemment faire preuve d’une totale innocuité vis-a-vis de

I’organisme.
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Figure 1. Schéma de 1’étude de nanotoxicité menée au sein de 1’équipe de recherche. Afin de
connaitre les effets de nanoparticules vis-a-vis de la voie pulmonaire, la toxidoloigie de
nanoparticules est étudiée sur des cellules épithéliales pulmonaires alvéolaires (A549) et des
macrophages (différenciés de monocytes THP-1) en mono et en co-culture (projet de thése),
sur des cellules Caldi-d’épithélium bronchique, et chez un modéle de souris (Balb/c).

Au sein du projet mené daitgquipe de recherche (Figure 1), nous étudions la toxicité et le
devenir de nanoparticules de poly(lactide(co-glycolide) (PLGA), afin des les proposer en tant
gue candidats nanomédicaments. Dans le cadre de ce projet de thése, nous nous sommes

particulierement intéressés a la toxicité de ces nanoparticules vis-a-vis de la région alvéolaire.
1. La bibliothéque de nanoparticules

Des nanoparticules de composition chimique et de charge de surface variées ont été utilisées.
Néanmoins, nous avons ceuvré dans la formulation pour que la taille des particules reste
constante, de 1’ordre de 200 m. Les nanoparticules de PLGA ont été formulées au sein du
laboratoire et les nanoparticules de 7#D de polystyréne ont été obtenues commercialement
(Figure 2).
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Figure 2. Nanoparticles de PLGA stabilisées ou non stabilisées par 1’alcool polyvinylique
(PVA), le chitosane ou le pluronic F68 (PF68) et nanoparticules de dioxyde de titapee{TiO
de polystyréne (PS) utilisées dans les études de toxicité vis-a-vis de la voie pulmonaire.

Les nanoparticules a base de PLG# une taille de I’ordre de 200 nm, et sont formulées par
émulsionévaporation de solvant ou nanoprécipitation. L’introduction au cours de la
préparation de polyméres hydrophiles en tant qu'agents stabilisants s'adsorbant a la surface
des particules, permet de moduler leur charge de surface. L’alcool polyvinylique (PVA)

conduit a la formation de nanoparticules neutres, le Pluronic F68 (PF68) permet d’obtenir des
nanoparticules négatives, et le chitosane (CS) des nanoparticules positives (Tableau 1). Au
cours des précédentes étudesitro sur les cellules Calu-3, les nanoparticules stabilisées par

le PF68 présentaient une taille de ’ordre de 100 nm, et n’étaient pas purifiées. Suite a une
modification du procédé de formulation, nous avons pu obtenir des nanoparticules de 1’ordre

de 200 nm qui ont ensuite été purifiées. Le diamétre des nanoparticules pouvant influer sur la
toxicité de nanoparticules similaires (Schotdral, 2002) il était important d’avoir des
particules de taille équivalente avant de se focaliser sur la composition de la surface des
nanoparticules, qui constitue un parameétre important du point de vue de la nanotoxicité
(Schoéleret al, 2001). Nous avons, en outre, préparé des nanoparticules de PLGA sans ajouter
d’agent stabilisant. Ce type de nanoparticules nous a permis de bien comprendre le role de

agents stabilisants dans la toxicité des nanoparticules. Enfin, en remplacant une petite quantité
de PLGA par un PLGA lié de facon covalente a une sonde fluorescente, la rhodamine (Mura
et al, 2011a) ou le DY700 (Rewdt al, 2012), des nanoparticules fluorescentes, dont les
caractéristiques physico-chimiques sont identiques aux nanoparticules non-fluorescentes, ont
¢té obtenues. La synthése d’un polymére 1i¢é de fagon covalente a une sonde fluorescente

permet d’en assurer la stabilité, et d’éviter notamment la libération prématurée de la sonde au
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cours du temps. L’intérét des nanoparticules fluorescentes est de pouvoir étudier leur devenir

in vitro et in vivo en microscopie ou cytométrie en flux (Ve al, 2008). Des études de
stabilité ont montré que les nanoparticules (fluorescentes et non fluorescentes) sont stables
plusieurs semaines en milieux aqueux, et au moins jusqu’a 48 h dans les milieux de culture

(milieu + sérum non décomplémenté + antibiotiques).

Tableau 1 Bilan des caractéristiques physico-chimiques des nanoparticules formulées a base
de PLGA, fluorescentes et non-fluorescentes.

) Diamétres moyens Indice ) Ratio d’intensité de
Nanoparticules - de Potentiel fluorescence
Eau 48 h milieu de i » zéta (1 pour NP
culture 37°C polydispersite PLGA/CS)
PLGA na
DY700-PLGA ~ 170 nm nd ~0,05 ~-40 mV 0.91
Rhod-PLGA Impossible a formuler
PLGA/PVA na
DY700-PLGA/PVA ~ 230 nm ~ 200 nm ~ 0,05 ~0mv 0.78
Rhod-PLGA/PVA 0.77
PLGA/CS na
DY700-PLGA/CS ~ 200 nm ~ 230 nm ~0,15 ~+40 mV 1
Rhod-PLGA/CS 1
PLGA/PF68 na
DY700-PLGA/PF68 ~ 200 nm ~ 250 nm ~0,15 ~-30 mV 0.68
Rhod-PLGA/PF68 0.37

NP: nanoparticules, nd: non déterminé, na: non applicable.

Les nanopatrticules de Ti@e formes cristallines anatase (sphérique) et rutile (batonnet) sont
obtenues commercialement sous forme de poudres. Lors de la mise en suspension, les
mesures de taille et les analyses microscopiques (données non fournies) montrent la présence
de gros aggats, de tailles disparates. Une étape de sonication suivie d’une agitation par
Ultra-Turrax a permis d’homogénéiser et de réduire la taille des agrégats, et ce, de maniére
reproductible. L’ajustement du pH a 11 en début de procédé permet d’éviter une ré-
agglomération qui esjuasiimmédiate a pH alcalin (Het al, 2007). Nbus n’avons pas pu

atteindre un diamétre de I’ordre de 200 nm comme nous 1’aurions souhaité, mais aucun

adjuvant n’a été ajouté dans la formulation. La nature des nanoparticules n’est donc pas

modifiée. Cependant, une réagrégation est observée lors de la dilution dans le milieu de

culture cellulaire.

Les nanoparticules de polystyrene sont elles aussi obtenues commercialement. Leurs
caractéristiques physico-chimiques sont conformes aux spécifications commerciales, elles ont
une taille de 25@m et sont stables dans le milieu de culture. La présence d’ester de sulfate a

leur surface leur confére une charge de surface négative.
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2. La co-culture : Un outil in vitro pertinent en nanotoxicologie

Les études réalisé@s vitro constituent une étape indispensable aux études de nanotoxicité.
En effet, de nombreux tests permettent de cribler la toxicité de potentiels nanomédicaments,
avant de mener des étudasvivo coiiteuses et dont 1’éthique peut étre remise en question.
Néanmoins, 'utilisation de lignées cellulaires classiques ne tient pas compte des interactions

qui existent au sein de l’organisme. Afin de prendre en considération certaines des
interactions cellulaires, nous avons voulu au cours de cette thése développer un modeéle de co-
culture de cellules épithéliales pulmonaires alvéolaires et de macrophages. Le choix des
cellules pour 1’établissement de la co-culture a été réalisé selon une démarche scientifique
bien précise. En effet, les cellules épithéliales constituent un des éléments de défense de
I’organisme des plus importants face a tout type de particules présentes dans I’air. De plus,

comme nous 1’avons précédemment détaillé (Travaux antéricurs), elles se situent en premiere

ligne au cours de l'inhalation. Quant a 1’emploi des macrophages, il permet d’étudier la

réponse immunitaire mise en place lors de I’exposition aux nanoparticules. En outre, les
macrophages sont des cellules particuliérement intéressantes car ils sécrétent une grande
variété de substances biologiques impliquées dans les désordres pulmonaires (radicaux de
I’oxygene, facteur de croissance, cytokines). Dans la littérature, I’intérét de la co-culture de

cellules A549 (lignée isolée d’épithélium alvéolaire pulmonaire humain) (Liebstral, 1976)

et de macrophages dérivés de monocytes THP-1, notés THP-1-D par la suite, (lignée isolée de
sang leucémique humain) a été démontré pour étudier la réponse inflammatoire induite par
des nanoparticules manufacturées (Mu#eral, 2010), atmosphériques (Alfaro-Morerd

al., 2008) ou ultrafines (Wottrickt al, 2004). De la méme maniére, au cours de la thése, la
co-culture a été utilisée afin d’évaluer la réponse inflammatoire causée par les nanoparticules

gue nous avons décrites précédemment. Nous avons également suivi le devenir intracellulaire
des nanoparticules ainsi que leur toxicité spécifique grace a un marquage distinctif de chacune
des sous populations cellulaires. Pour valider les résultats obtenus, et les comprendre

davantage, les études ont été menées en paralléle sur les mémes cellules en mono-culture.

Les cultures de cellules A549 utilisées sous des conditions controlées, présentent les
caractéristiques des cellules épithéliales de type Il (Rothen-Rutishetusler2012) et sont

aptes a repondre a un stimuli extérieur, en produisant par exemple des cytokines (IL-8, MCP-
1) (Cromwellet al, 1992). De par leur stade avancé de maturation, les macrophages humains
ne se divisent plus, et n’existent donc pas sous forme de lignée cellulaire. Ils peuvent étre

obtenus par lavages broncho-alvéolaires de donneurs mais la méthode est compliquée a mettre
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en ceuvre pour un rendement trop faible. L’alternative consiste a différencier des monocytes
primaires ou en lignée, ce qui permet d’obtenir des macrophages en quantité suffisante.
L’utilisation des lignées cellulaires présente I’intérét de réaliser des expériences avec des
cellules ayant des caractéristiques phénotypiques stables et reproductibles. En effet, il a été
démontré que le phénotype des monocytes humains THP-1 était maintenu plusieurs mois en
culture (Tsuchiyaet al, 1980) et évoluait lorsqu’ils étaient différenciés en macrophages
(expression de CD11b et CD54) (Tsuchstaal, 1982, Schwendet al, 1996). Parmi les
composeés disponibles pour différencier les monocytes en macrophage®t(Rark007)

nous avons choisi le Phorbol-12-myristate-&8t@e (PMA) qui conduit a I’adhésion rapide,

a I’arrét de prolifération des cellules, ainsi qu’a ’expression des récepteurs membranaires

CD11b et CD54 (Chapitre 2 Figure S1). Le CD14, récepteur membranaire exprimé par les
cellules immunitaires, est m¢nu lors de la différenciation. Le temps d’exposition du PMA

est un facteur importantans la différentiation. Bien qu’il soit décrit comme optimal entre

48et 72 h (Tsuchiyaet al, 1982) nos résultats ont pourtant montré qu’aprés 24 h
d’exposition, 1I’expression des récepteurs membranaires CD11b et CD54 était maximale
(Chapitre 2— Figure S1), et que les macrophages présentaient une bonne capacité de
phagocytose (Chapitre 2 Figure S2). Les macrophages ainsi différenciés présentent un
phénotype caractéristique des macrophages humains, ils sont donc utilisés dans de
nombreuses études (Auwerx, 1991). Notamment, les macrophages alvéolaires matures
humains, issus de lavages broncho-alvéolaires, expriment CD14 et CD11let(8kri2993).
L’utilisation des macrophages THP- pour 1’établissement de la co-culture est ainsi
appropriée. D’autre part, comme toutes les cellules immunitaires, les macrophages THP-1
expriment le récepteur membranaire CD14 (ChapitreFigure S1), qui sera utilisé dans la

suite des études pour distinguer chaque sous population cellulaire au sein de la co-culture.

La co<culture peut étre établie en contact direct ou indirect, par l’utilisation d’un insert
Transwelf (Figure 3), dont la membrane en polycarbonate présente des pores de 0,4 pm.
L’intérét du modele en contact indirect est de pouvoir étudier les communications
intercellulaires, établies suite a la sécrétion de facteurs solubles, tels que les cytokines, qui
peuvent traverser les pores de la membrane. Le modele en contact direct est quant a lui tres
proche des conditions physiologigues, mais la distinction entre les différents types cellulaires
peut s’avérer compliquée. Au cours de notre travail nous avons tent¢ de surmonter cette

complexite.
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Figure 3. Etablissement de la co-culture de cellules A549 (épithéliales pulmonaires humaines
en violet) et de macrophages différenciés de monocytes (THP-1-D en vert) en contact direct
ou indirect. L’établissement en contact indirect requiert I’utilisation d’un insert Transwell®
(membrane en polycarbonate avec des pores de 0,4 um)

Lors de I’établissement de la co-culure, certaines études utilisent les THP-1 sous forme
monocytaire (Hjoret al, 2003) et montrent qu’une différenciation compléte en macrophages

se produit, ce queons n’avons pas observé (données non présentées). Nous avons donc
décidé de pré-différencier les macrophages avant la mise en contact direct. Nous avons établi
les deux types de aadture et avons étudié I’expression des récepteurs membranaires CD11b,

CD14 et CD54, apres 24 h de contact. Comme détaillé plus haut, les THP-1-D en mono-
culture expriment ces trois marqueurs membranaires qui ne sont pas présents sur les cellules
A549. L’analyse des récepteurs CD11b et du CD14, nous permet de conclure que nous
sommes bien en présence de deux populations cellulaires dans le modele de co-culture, selon
un ratio 9 : 1 A549 : THP-D, ce qui a été confirmé par I’analyse en microscopie confocale

(Chapitre 3- Figures 2 et 3). En effet, nous retrouvons une population majoritaire négative
(90% — cellules A549) ainsi qu’une population minoritaire négative (10 % — cellules THP-1-

D). Un tel ratio est cohérent avec la proportion chez ’homme des cellules alvéolaire
épithéliales et des cellules macrophagiques pulmonaires (@taglo 1982). En revanche,

lors de I’analyse du CD54, nous observons une unique population cellulaire, positive. Il a été
précédemment montré qu’en culture avec du milieu conditionné de monocytes primaires

humains, les cellules A549 expriment le CD54, ICAM€cepteur de 1’adhésion (Krakauer,

2002). Nos données confirment cette observation. De plus, nous observons que le contact

direct est nécessaire a cette modification phénotypique, car la quasi totalité des cellules A549
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est positive au CD54, tandis que dans le cas du contact indirect, seul 7 % des cellules A549

sont positives (données non présentées).

Les cellules en mono et co-culture ont par la suite été exposées pendant 24 h au LPS
(Lipopolysaccharide), composé pro-inflammatoire corriintérét étant de pouvoir étudier la
présence, ou non, d’effets synergiques, en ce qui concerne les sécrétions des cytokines, dosées

dans les surnageants de culture, par la méthode CBA (Cytometric Beads Arrays). On parle
d’effets synergiques lorsque les niveaux de sécrétions des cytokines en co-culture sont plus
élevés que les niveaux théoriques correspondants a la somme de ceux obtenus en mono-
culture pour chacune des sous populations cellulaires. Parmi les cytokines testées, seules 1’IL-

6, ’IL-8, MCP-1 et TNFa ont été sécrétées a des niveaux détectables par les cellules (en
mono et coeulture), et la présence d’effets synergiques a été montrée pour 1I’IL-6, I’IL-8 et le

MCP-1 (Figure 4). En effet, en co-culture en contact direct, les niveaux de sécrétide sont

1,5 (IL-6 et IL-8) a 5 (MCP-1) fois plus élevés que les niveaux théoriques, issus de la somme
des sécrétions obtenues pour chaque type cellulaire en mono-culture. Les cytokines MPC-1 et
IL-8, sont des chimiokines chimiotactiques pro-inflammatoires imf#qdans 1’attraction

des neutrophiles et la régulation du trafic cellulaire (Deshretag 2009, Polito and Proud,

1998) tandis que I’IL-6, facteur de croissance, et le TMEBent impliqués dans la régulation

de la réponse immune (Kishimoto, 1989, raket al, 1990). De tels effets synergiques
confirment la communication intercellulaire. Comme précédemment montré par Krakauer
(2002) nos résultats confirment qu’en co-culture, les macrophages constituent la principale
source d’IL-6, I’'TL-8 et de TNFe. De plus, nos résultats montrent que les cellules A549 sont,
dans la co-culture, la principale source de MCP-1. Dans le cas du contact indirect, les dosages
des cytokines ont été réalisés dans les surnageants recueillis dans le compartiment supérieur,
contenant les macrophages. Les fortes concentrations en MCP-1 permettent de conclure que la
cytokine est capable de passer d’un compartiment a I’autre, et que ce modele est pertinent

dans une approche mécanistique (Figure 4).
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Figure 4. Sécrétions des cytokines MCP-1 (A) et IL-8 (B) par les cellules A549 et TBIP-1-
en mono et en co-culture (contact direct et indirect), apres @4%xposition a des
concentrations croissantes (0.1 a 10 pg/mL) de LPS (lypopolysaccharide).

Au cours des études de nanotoxicité qui suivront, seul le modele en contact direct a été exposé
aux nanoparticules. Pour des études futures, 1’utilisation de la co-culture en contact indirect

permettrait de mieux comprendre les mécanismes de communication cellulaires.

3. Devenirin vitro et toxicité des nanoparticules

La toxicité des nanoparticules de PLGA, de J&D de polystyrene, ainsi que la toxicité des
polymeres de surface utilisés pour la stabilisation des nanoparticules (en concentrations
équivalentes a celles en interactions avec les nanoparticules éMalte2011b, Grabowsket

al., 2013)), ont été évaluées sur les cellules A549 et THP-1-D en mono et en co-culture. Afin
d’étudier la pénétration intracellulaire des nanoparticules, les cinétiques d’internalisation ont

été réalisées. Par la suite, nous avons choisi d’évaluer différents parameétres de toxicité :
I’activité mitochondriale, 1’état de la membrane cellulaire (dosage de la LDH libérée,
marquage au Bleu Trypan pir 'iodure de propidium/Syto23, la réponse inflammatoire
(quantification des cytokines dans les surnageants de culture), et le stress oxydant
(quantification desespéces réactives de 1’oxygéne (ROS)). Les résultats obtenus sont

synthétisés dans les tableaux 2, 3 et 4.
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3.1. Internalisation des nanoparticules par les cellules en mono et co-culture

Les cinétiques d’internalisation ont ét¢é menées apres exposition aux nanoparticules de PLGA

sur les cellules en mono et co-culture, a la concentration de 0,1 mg/mL. Les nanoparticules de
charge de surface négative (PLGA/PF68 et PLGA sans stabilisant) sont internalisées plus
rapidement et en plus grande quantité par les cellules en mono et co-eyituye’a 2 fois

plus (A549)- que les nanoparticules de charge de surface neutre (PLGA/PVA) et positive
(PLGA/CS) (Chapitre - Figure 4, Chapitre 2 Figure 1, Chapitre 3- Figure 5). Les
observations réalisées en microscopie confocale nous ont permis de confirmer que les
nanoparticules sont bien localisées a I’intéricur des cellules A549, mais des différences
existent : les nanoparticules de PLGA/PVA sont distribuées dans toute la cellule, tandis que
les nanoparticules de PLGA/CS et PLGA/PF68 forment des agrégats qui semblent localisés
dans des compartiments subcellulaires que nous pourrions identifier grace a des marquages
spécifiques de chaque organelle (Chapitre- Figure 3). De plus, comme il 1’a été
précédemment démontré (Cartieet al, 2009), les cellules A549 internalisent les
nanoparticules selon un mécanisme énergie-dépendants, de type endocytose (Chapitre 1
Figure 2). En revanche, nous n’avons pas pu confirmer que le mécanisme est énergie-
dépendant pour les macrophages, car les cellules THP-1-D meurent trés rapidement a 4 °C,
sous atmosphére non controlée. Pour répondre a cette question il faudrait utiliser des
inhibiteurs ou des marqueurs des différentes voies d’internalisation. Néanmoins, nous
pouvons supposer, que les nanoparticules sont internalisées par phagocytose, principale voie
utilisée par les macrophages pour cagtsrparticules d’environ 200 nm (Sahayet al, 2010,
Hillaireau and Couvreur, 2009). De plus, en co-culture, les macrophages, internalisent
davantage de nanoparticules que les cellules A549 (Chapitr&iure 5). On remarque
notamment que les nanoparticules de PLGA/PVA sont principalement internalisées par les
macrophages, tandis que leur internalisation avec les cellules A549 ne varie plus apres 15
minutes d’exposition. Le rdle protecteur des macrophages, cellules immunitaires de
I’organisme, précédemment avancé (Wangt al, 2002), a ici pu étre confirmé. De plus, un tel
résultat confirme le réle clef des macrophages dans 1’élimination de nanoparticules. Lors des
observations en microscopie confocale, nous avons observé que les nanoparticules de
PLGA/PF68 sont bien a I’intérieur des deux types cellulaires aprés 1 h d’exposition (Chapitre

3 - Figure 7).

En conclusion, les études d’internalisation nous permettent de dire que, quelque soit leur

charge de surface, les nanoparticules de PLGA de 200 nm, sont captées en quantité
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significative par les cellules épithéliales selon un mécanisme énergie-dépendant. Néanmoins,
les nanoparticules chargées négativement, sont internalisées en plus grande quantité et plus
rapidement que les autres. Enfin, les macrophages internalisent des quantités plus importantes

de nanoparticules que les cellules épithéliales.

L’internalisation des nanoparticules de TiO, et de polystyréne n’a pas pu étre réalisée
guantitativement, car nous ne disposions pas de nanoparticules fluorescentes équivalentes.
Cependant, en ce qui concerne les nanoparticules del&&analyses en cytométrie en flux,
permettent de mettre en évidence une granularité augmentée des cellules, ce qui a été montré
comme caractéristique d’une internalisation des nanoparticules par les cellules (Suzud al,

2007) L’utilisation d’un cytométre en flux couplé a la microscopie (Imagestream) nous

permettrait d’approfondir ces résultats.

3.2. Toxicologie pulmonaire des nanoparticules

Afin de mieux appréhender les éléments responsables de la cytotoxicité, nous avons testé

chacun des éléments qui les constituent séparément (Figure 5). De nombreuses études utilisant
les nanoparticules de PLGA stabilisées par des polymeres de surface, la valeur ajoutée de ce
projet estd’étudier la toxicité de la matrice de PLGA de taille nanométrique, ainsi que les

effets de la couche stabilisante de polymeére en solution aqueuse.

La cytotoxicité des nanoparticules de PLGA stabilisaes,PLGA/PVA, PLGA/CS et
PLGA/PF68, est le premier parametre étudi€, car il nous permet de définir notre concentration
de travail. Suite aux résultats obtenus par les tests MTT, nous avons établi cette concentration
a 0.1 mg/mL. pour laquelle I’activité mitochondriale de chaque type cellulaire en mono-

culture est d’au moins 60 a 80 % (aprés 48 d’exposition). Les nanoparticules de PLGA/PVA

sont généralement moins cytotoxiques que les nanoparticules de PLGA/CS et PLGA/PF68.
L’¢étude de la mort cellulaire aprés une exposition de 0.1 mg/mL de nanoparticules sur les
cellules en co-culture, montrent que les nanoparticules de PLGA/PF68 induisent une toxicité
beaucoup plus élevée que les autres nanoparticules stabilisées, mais également une toxicité
plus forte qu’en mono-culture (Tableau 4). La cytotoxicité des nanoparticules PLGA/PF68
peut étre corrélée a la forte internalisation de ces nanoparticules. D’autre part, on remarque

gue quelque soit le type de cellule étudié, en mono ou en co-culture, les nanoparticules de
PLGA stabilisées déclenchent la mort uniquempat nécrose, et n’induisent pas de

dommage a la membrane. En ce qui concerne la quantification de la réponse inflammatoire,
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seules les nanoparticules de PLGA/PF68 provoquent la libération de cytokines dans le milieu
extracellulaire des cellules A549 en mono-culture (Tableau 2). La plus grande internalisation
de ces nanoparticules permet a nouveau d’expliquer ces résultats. En revanche, aucun effet
inflammatoire significatiin’a été relevé ni apres exposition sur les THP-1-D en monoculture,

ni sur les cellules en co-culture. De tels résultats laissent penser que la présence des
macrophages dans la co-culture régule la sécrétions de cytekiramment IL-6, IL-8 et

MCP-1- produites par les cellules A549 lors de I’exposition aux nanoparticules.

Dans le casdes nanoparticules de PLGA sans stabilisant, on remarque qu’a forte
concentration, elles n’ont aucun effet cytotoxique sur les THP-1-D en mono-culture
(Tableau 3), tandis que leur effet sur les cellules A549 et sur la co-culture (Tableaux 2 et 4),
est comparable a celui observé aprés exposition aux nanoparticules de PLGA stabilisées. De
plus, comme les nanoparticules de PLGA stabilisées, elles induisent la mort uniquement par
nécrose. En ce qui concerne les niveaux de sécrétions des cytokines apres exposition aux
nanoparticules de PLGA sans stabilisant, ils sont semblables aux niveaux observés dans les
conditions non traitées. La quantification des ROS intracellulaires au sein des cellules A549 et
THP-1D, montrent qu’elles induisent un stress oxydant similaire a celui induit par les

nanoparticules de PLGA stabilisées.

Enfin, la toxicité des polymeres de surface en solution aqueuse a été étudiée, a des
concentrations équivalentes en nanoparticules. Seules les solutions contenant du chitosane
induisent une cytotoxicité, vis-a-vis des deux types cellulaires en mono-culture, comme cela a
été montré dans la littérature (Huaegal, 2004) Ces résultats permettent d’expliquer la
cytotoxicité des nanoparticules PLGA/CS précédemment observée. Polymére naturel, le
chitosane, est considéré, parfois a tort (Kean and Thanou, 2010), comme un excipient sOr
(Baldrick, 2010). La toxicité qui peut étre observée augmente avec le poids moléculaire
(Carrefio-Gomez and Duncan, 1997), et la dégradation dépend du degré de déacetylation
(Verheul et al, 2009) Il est tout de méme a 1I’étude pour la formulation de nombreux
médicaments tels que les comprimés, les microcapsules ou les lipoddimgse part,
I’administration pulmonaire de nanoparticules de PLGA stabilisées par le chitosan a montré

gue les nanoparticules, ont de fortes propriétésoradhésives, et ouvrent les jonctions
serrées intracellulaires, et sont ainsi retenues plus longtemps dans les poumons des rats
(Yamamotoet al, 2005).
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La combinaison de ces résultats nous permet de conclure que la matrice de PLGA, les
solutions de PVA tede PF68 n’induisent que peu, voire pas de toxicité pulmonaire, et
n’expliquent donc pas directement les toxicités des nanoparticules PLGA/PVA et
PLGA/PF68. On peut conclure que les stabilisants PVA et PF68 présentent une toxicité
uniquement lorsqu’ils ont été captés par les cellules. De plus, la toxicité des nanoparticules
PLGA/PF68 peut étre attribuée a la plus grande quantité de nanoparticules internalisées par
les cellules.En revanche le chitosane se montrant plus toxique, il permet d’expliquer la

toxicité des nanoparticles PLGA/CS.

Nous avions choisi les nanoparticules de polystyréne (Deilal, 2006) et de Ti@(Inoueet

al.,, 2008) comme contréles positifs, car il a été notamment montré que lors de
I’administration in vivo qu’elles sont inductrices de réponse inflammatoire, voire sont

capables de I’augmenter. Ces résultats ont été confirmés lors des tests in vivo réalisés au sein

de notre équipe (Santiageybmitted. Pourtant, bien que nous ayons observé une cytotoxicité
plus importante (tests MTT, bleu de trypan et libération de la LDH) de la part des
nanoparticules de TiDaucune réponse inflammatoire n’a été détectée (Tableaux 2 et 3). Qui

plus est, en co-stimulation avec le LPS, aprés exposition aux nanoparticui€s de Torme
cristalline anatase, la quantit¢ d’Il-8 dans le milieu extracellulaire est plus faible qu’apres
exposition au LPS seul. Il a été montré que les nanoparticules de diesel, ;deuTi€>
nanotubes de carbone peuvent adsorber a leur surface certaines cytokiretsa(y/ab09,
Kocbachet al, 2008). Les nanoparticules de Ti@e forme cristalline anatase semblent
confirmer cette hypothése, et nous pouvons donc conclure, que la méthode utilisée (dosage
des cytokines dans le milieu extracellulpit€est pas forcément adaptée a ce type de
nanoparticules. En revanche, les nanoparticules de PLGA n’adsorbent pas les cytokines a leur

surface, puisque en co-stimulation avec le LPS, les niveaux des cytokines sont identiques a
ceux de la stimulation du LPS seul. La méthode employée est donc valable. De plus, nous
pouvons conclure que les nanoparticules de PLGA n’augmentent pas la réponse

inflammatoire de cellules pretivées, ni ne permettent d’augmenter les effets du LPS.
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Tableau 3 Evaluation de la toxicité des nanoparticules de PLGA, de &i@e polystyrene par différents paramétres apres exposition sur les
cellulesA549 en mono-culture

A549 Toxicité
Bleu Annexine V / Inflr\;i:):"lr;iiire Stress
- ®
Internalisation MTT Trypan 7-AAD LDH release IP / Syto®24 (IL6, IL-6, MCP-1, O(szlgg;'\t
TNF-a)
Concentration 0.1 <01 | >01 | <01 | >01 | <01 | »01 | <01 | >01 | <01 | 01 | <01 | 01 | <01 | >01
en NP (mg/mL)
PLGA nd - + nd nd - - nd nd nd nd - nd - nd
PLGA/PVA - + - - nd - - - - - nd - nd
PLGA/CS + - - nd - - - - - nd + nd
PLGA/PF68 ++ + - - nd - - - - + nd - nd
PS nd - + - - nd nd - - - - - nd - nd
Anatase TiO, nd + - ++ nd nd - - - + - nd nd nd
Rutile TiO, nd + + - ++ nd nd - - - + - nd nd nd

Les niveaux d’internalisation (++,+,-) sont établis par rapport aux cellules non traitées.

Les niveaux de toxicité (++, + et -) sont diéfinesse

gammes de viabilité suivantesupérieure a 75 % (-); entre 75 % et 35 % (+); inférieur a 35 % (++). Les niveaux de la néfimmeeatoire et
du stress oxydant sont définis par rapport aux conditions non traitées, et selon leur différence significative X008, nd = non déterminé.
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Tableau 4 Evaluation de la toxicité des nanoparticules de PLGA, de &i@e polystyrene par différents paramétres apres exposition sur les
cellulesTHP-1-D en mono-culture

THP-1-D Toxicité
Réponse Stress
L Annexine V / Inflammatoire
Internalisation MTT 7-AAD (IL6, IL-6, MCP-1, O(ng:)nt
TNF-a)
Concentration 0.1 <0.1 >0.1 0.1 1 0.1 1 0.1 1
en NP (mg/mL)
PLGA ++ - + - - - nd - -
PLGA/PVA + - + - - - nd - -
PLGA/CS + - + - nd - -
PLGA/PF68 ++ + - - - nd - -
PS nd - + nd nd - nd nd nd
Anatase TiO, nd + + nd nd - nd nd nd
Rutile TiO, nd + + nd nd - nd nd nd

Les niveaux d’internalisation (++,+,-) sont établis par rapport aux cellules non traitées. Les niveaux de toxicité (MTT, Annexin V/7-AAD) (++, +
et -) sont définis selon les gammes de viabilité suivargepérieure a 7% (-); entre 75 % et 35 % (+); inférieure a 35 % (++). Les niveaux de
la réponse inflammatoire et du stress oxydant sont définis par rapport aux conditions non traitées, et seloretae difféificative (Anova,

p < 0.05). nd = non déterminé.
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Table 5. Evaluation de la toxicité des nanoparticules de PLGA, de di@e polystyrene par
différents parametres aprés exposition sur les celli#s1-D et A549 enco-culture.

Co-culture Toxicité
Réponse
Internalisation Annexine V / Inflammatoire
7-AAD (IL6, IL-6, MCP-1, TNF-
a)
Nar('ff fnrtg'/cr‘:l'f >d A549 THP-1-D A549 | THP-1-D Surnageants
PLGA ++ ++ - - -
PLGA/PVA - + - - -
PLGA/CS + + - + -
PLGA/PF68 ++ + - - -
PS nd nd nd nd -
Anatase TiO, nd nd nd nd -
Rutile TiO, nd nd nd nd -

Les niveaux d’internalisation (++,+,-) sont établis par rapport aux cellules non traitées. Les
niveaux de toxicité (MTT, Annexine V/7-AAD) (++, + et -) sont définis selon les gammes de
viabilité suivantes supérieure a 75 % (-); entre 75 % et 35 % (+); inférieur a 35 % (++). Les
niveaux de la réponse inflammatoire sont définis par rapport aux conditions non traitées, et
selon leur différence significative (Anovag 0.05). nd = non déterminé.

Conclusion : Profil de toxicité et intérét des nanoparticules de PLGA

Dans I’optique de proposer des nanovecteurs slirs pour une administration pulmonaire, notre

équipe a développé un axe majeur de recherche afin d’évaluer la toxicité in vitro etin vivo de
nanoparticules biodégradables de PLGA (Tableau 6). Il a été montré sur des projets menés en
parallele que les nanoparticules de PLGA induisent une toxicité trés faible vis-a-vis des
cellules Calu-3- lignée de cellules épithéliales bronchiqugdlura et al, 2011a,b), et vis-a-

vis des souris (Santiago, submitted). Au cours de ce projet de thése nous avons également
montré que vis-a-vis de cellules épithéliales alvéolaires, et de macrophages, la toxicité des
nanoparticules de PLGA est trés faible.

La concentration de 0.1 mg/mL choisie lors de ces études, est une dose pertinente en termes
de dose thérapeutique, elle représente environ 400 mg de polymeére qui atteindraient la surface
des alvéoles (76n¥) chez I’homme (Patton and Byron, 2007).

De maniere générale, les nanoparticules de PLGA testées induisent une toxicité faible,

toujours inférieure aux composés reconnus toxiques (cytotoxicité plus faible que les
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nanoparticules de TIK) réponse inflammatoire plus faiblgi’aprés exposition au LPS).
Cependant, les résultats vitro obtenus au cours de ces différentes études montrent que le
polymere de surface joue un rble des plus importants dans le comportement des

nanoparticules vis-a-vis des cellules pulmonaires

Par exemple, I’emploi du PF68 et du chitosane permet d’avoir une trés forte internalisation,

certes par les macrophages, mais également par les cellules A549. Les nanoparticules de
PLGA/PF68 ont montré une facilité a traverser la couche de mucus des cellules Calu-3, et
ainsi a étre internalisées par ces derniéres (Tableau 6). Il est vrai que ces mémes
nanoparticules provoquent une réponse inflammatoire vis-a-vis des cellules A549 en mono-
culture, mais lors de la co-culture avec les macrophages, cette réponse est régulée. On peut
légitimement penser que cet effefrasobservé de maniére physiologique chez 1’homme,

commeil I’est observé lors des étudewitro (Tableau 6).

En ce qui concerne le chitosane, il n’est pas dénué de toxicité, et confére également une
toxicité aux nanoparticules qui lui sont dérivées. Néanmoins, ses propriétés de muco-adhésion
en font un candidat prometteur (Yamamo&d al, 2005) pour I’administration de
nanomédicaments a libération prolongée ou a effet retard. Nous remarquerons qu’in Vivo,

aucune toxicité n’a cependant été observée.

Quant a [I'utilisation du PVA, elle est certes, trés intéressante, car les nanoparticules
PLGA/PVA sont généralement moins toxiques que les PLGA/CS et PLGA/PF68. En
revanche, bien que les nanoparticules PLGA/PVA soient internalisées en quantité
significative par les cellules A549 en mono-culture, en co-culture, elles sont principalement
capturées par les macrophages et non par les cellules A549. Il semble qu’elles aient plus de

mal a échapper a la capture macrophagique que les autres nanoparticules, notamment celles
ayant une charge de surface négative, ce qui pourrait étre un frein a lear lersple les

cellules épithéliales sont ciblées.

Enfin ’emploi des nanoparticules de PLGA sans stabilisant pourrait montrer un trés grand
intérét lorsque les cellules cibles sont des macrophages. En effet, elles sont internalisées en

grande quantité, et de plus, a tres forte concentration, elles ne provoquent aucune toxicite.

184



Discussion générale

Tableau 6 Bilan des résultats des études de nanotoxititéro etin vivo obtenus aprés exposition aux nanoparticules biodégradables de PLGA
(poly(lactide€o-glycolide), stabilisées, ou non, par 1’alcool polyvinylique (PVA), le chitosane (CS) ou le pluronic F68 (PF68).

In vitro In vivo
Nanoparticules de Macrophages Co-culture contact
Cellules épithéliales alvéolaires . P . & . Cellules épithéliales bronchiques .
PLGA A549 alvéolaires direct Calu-3 Souris Balb/c
THP-1-D A549/THP-1-D
o L . Pas de cytotoxicité L
c Cytotoxicité modérée ) Pas de cytotoxicité
w 8 s . Pas de réponse . . .
c = PLGA a forte concentration . . Pas de réponse Non etudiées Non etudiées
A . . . inflammatoire . .
S Pas de réponse inflammatoire inflammatoire
e Pas de stress oxydant
Cytotoxicité modérée Pas de cytotoxicité Tres faible cytotoxicité
PLGA/PVA a forte concentration Pas de réponse Pas de réponse inflammatoire
2 Pas de réponse inflammatoire inflammatoire Pas de stress oxydant
® — - Cytotoxicité - o o Pas de recrutement
2 Cytotoxicité modérée y f s Pas de cytotoxicité Tres faible cytotoxicité
5 . . modérée a forte , . . . des
S PLGA/CS a forte concentration . Pas de réponse Pas de réponse inflammatoire -
7 ; . . concentration . . polymorphonucléaires
o Pas de réponse inflammatoire , inflammatoire Pas de stress oxydant
2 Pas de réponse c b
L s ; ; totoxicité Tres faible cytotoxicité ;
%n Cytotoxicité modérée a forte inflammatoire ytotoxic , y f . Pas de réponse
o concentration Pas de stress oxydant modérée Pas de réponse inflammatoire inflammatoire
2 | PLGA/PF68 , . . Pas de réponse Traverse la couche de mucus
= Réponse inflammatoire . . T . .
. inflammatoire - Pénétration intracellulaire plus importante
modérée
Pas de stress oxydant
PLGA/CS : Toxicité attribuée a la toxicité propre
du chitosane
PLGA/PF68 : Toxicité et réponse inflammatoire attribuée a I'internalisation en
plus grande quantité
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Conclusions et perspectives

Au cours de ce travail, nous avons mis en évidence la pertinence de la co-cultlhdete ce
A549 et de macrophages différenciés de monocytes THP-1 pour les études de nanotoxicologie
concernant les nanoparticules biodégradables. De plus, nous avons élargi les tests de toxicité,
grace a un marquage spécifigue des macrophages qui nous a permis de distinguer les deux
populations cellulaires, et ainsi suivre le devenir de nos nanoparticules de PLGA et étudier

leur cytotoxicité au sein de chaque type cellulaire.

D’autre part, au cours des présentes études, nous avons montré que les nanoparticules a base

de PLGA induisent une faible toxicitén(vitro et in vivo) vis-a-vis de cellules pulmonaire.
Néanmoins, bien que le poloxamer (PF68) (Kabanov and Alakhov, 2002), le PVA (DeMerlis
and Schoneker, 2003) et le chitosan (Baldrick, 2010) soient des excipients pharmaceutiques
approuvés, leur ajout en tant que stabilisant de nanoparticules doit faire 1’objet d’études
approfondies car ils ne sont pas dénués de toxicité. Nous avons également montré que les
nanoparticules de PLGA n’augmentent pas la réponse inflammatoire de cellules pré-activées,

et pourraient donc étre utilisées dans le cas des maladies inflammaddisegue 1’asthme

ou la bronchgneumopathie chronique obstructive. D’autre part, ces différentes études
soulignent également le fait que des différences existewitro et in vivg et qu’elles
fournissent des résultats complémentaires afin d’obtenir des informations solides concernant

la toxicité de nanopatrticules.
Différents types de perspectives peuvent étre envisagées a ce travalil.

Dans un premier temps, et ce a tres court terme, nous avons prévu de compléter la présente

étude en testant une concentration plus élevée en nanoparticules de 1 mg/mL.
D’autre part, plusieurs évolutions du modele de co-culture peuvent étre imaginées :

e Pour des études ultérieures, la co-culture en contact indirect permettrait de mieux
comprendre les communications intercellulaires. Les nanoparticules pourraient étre
administrées sélectivement soit aux macrophages soit aux cellules épithéliales, et ainsi
nous pourrions étudier les effets d’une internalisation spécifique par une population

cellulaire sur I’autre population.

e D’autre part, une co-culture semblable, de cellules épithéliales et de macrophages
pourrait étre établie avec des cellules primaires humaines, afin de s’approcher

d’avantage des conditions physiologiques (Krakauer, 2002, Hermaetnal, 2004).
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Les macrophages peuvent étre obtenus par lavages-broncho alvéolaires, ou par

différentiation de monocytes isolés du sang.

e La co-culture de cellules épithéliales peut étre envisagée avec des monocytest (Hjort
al.,, 2003, Strizet al, 2011, Strizet al, 2001), afin d’observer, ou non, la
différentiation des monocytes en macrophages, lors de [’exposition aux
nanoparticules. Nous avons montré au cours de ces études, que la seule présence des
cellules A549, ou de leur milieu de culture ne suffit pas a obtenir une différentiation
compléte en macrophages (pas d’adhésion, et I’expression des marqueurs CDI11b et

CD54 est tres faible).

e La coculture peut étre complexifiée par 1’ajout d’autres types cellulaires, tels que les
cellules dendritiques (Mdulleet al, 2010), des mastocytes (Alfaro-Morert al,
2008), des cellules endothéliales (Hermaenal, 2004, Papritzt al, 2010, Alfaro-
Morenoet al, 2008), ou des cellules alvéolaires de type I.

e Enfin, ’utilisation de cellules épithéliales a I’interface air-liquide permettrait d’étudier
les échanges qui opérent a I’interface air-sang au sein des alvéoles (Jiat@l, 2001,
Bitterle et al, 2006) lorsque les nanoparticules se déposent a la surface des cellules.

Finalement, nous avons montré que les nanoparticules de PLGA sont un bon vecteur pour une
administration pulmonaire. La prochaine étape est de charger ces nanoparticules d’un principe

actif, pour une application locale (par exemple rifampicine pour traiter la tuberculose ou
tobramycine pour traiter la mucoviscidose) ou pour une application systémique (par exemple

I’insuline pour le traitement du diabéte (Klingler et al, 2009)).

Enfin, dans le cadre du projet global mené au sein de I’équipe, 1’administration répétée de
nanoparticules de PLGA sur un modédkesouris est envisagée. Cela nous permettrait entre
autres d’étudier les effets des produits de dégradation sur la réponse inflammatoire a plus long

terme.
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@ Résumé

La toxicologie pulmonaire invitro de nanoparticules biodégradables, formulées a partir de
poly(lactide-co-glycolide) (PLGA), et des nanoparticules non-biodégradables de polystyrene et de
dioxyde de titane, est évaluée sur des cellules épithéliales alvéolaires et des macrophages, en mono

et co-culture.

¢ Mots-clefs

Nanoparticules, polymeres, cellules alvéolaires, macrophages, co-culture

& Laboratoire de rattachement

Institut Galien Paris Sud

UMR CNRS 8612

POLE : PHARMACOTECHNIE ET PHYSICO-CHIMIE PHARMACEUTIQUE

UNIVERSITE PARIS-SUD 11

UFR «FACULTE DE PHARMACIE DE CHATENAY-MALABRY »
5, rue Jean Baptiste Clément

92296 CHATENAY-MALABRY Cedex



