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Summary

Titre: Développement d'un modèle 3D d'épithélium bronchique pour la nanotoxicologie: analyse de la formation d'une couronne de protéines autour des nanoparticules d'argent dans le sécrétome

Résumé:

Au cours des dernières années, la production et l'utilisation de nanomatériaux (NMs) dans l'industrie ont augmenté de façon exponentielle et les NMs représentent un danger potentiel pour la santé humaine. L'utilisation de modèles in vitro apparait comme une solution pour prendre en charge l'évaluation de la toxicité d'une très grande diversité de NM à tester.

Pour étudier les effets biologiques de nanoparticules d'argent (AgNPs) sur le poumon, nous avons développé un modèle de culture 3D d'épithélium bronchique humain avec la lignée cellulaire Calu-3. Nous avons analysé la composition du sécrétome apical au cours du temps et caractérisé la composition de la couronne de protéines adsorbés autour des AgNPs en présence du sécrétome. Les Calu-3 ont été cultivées à l'interface air liquide (IAL) sur des inserts d'une porosité de 3 μm et avec une supplémentation réduite en sérum foetal bovin. La mesure de la de résistance électrique transépithéliale, la perméabilité du colorant Lucifer Yellow et l'immunomarquage de la protéine zonula occludens-1 associée aux jonctions serrées ont montré que l'intégrité de l'épithélium était maintenue pendant 28 jours à l'ALI. La composition du sécrétome apical des cellules Calu-3 à l'ALI a été analysée par LC-MS/MS et comparée au sécrétome d'épithéliums bronchiques humaines normaux (NHBE) provenant de 3 donneurs différents. Au total, 408 protéines extracellulaires communes ont été identifiées dans les modèles Calu-3 et NHBE. La sécrétion de mucines formant le gel de mucus (MUC5AC, MUC5B), ainsi que de peptides antimicrobiens (lysozyme, lipocaline-2 et clusterine) démontrent la fonctionnalité du modèle Calu-3.

La barrière épithéliale du modèle Calu-3 a été exposée à 10 μg/cm 2 d'AgNPs. Aucun effet sur la viabilité cellulaire n'a été observé pendant 48 heures. Cependant, une surexpression de gènes impliqués dans les voies de défense antioxydante, inflammatoire et métallique telles que l'hème-oxygénase, les cytokines IL-6 et IL-8, et la métallothionéine a été observée.

La composition de la couronne protéique adsorbée sur les AgNPs a été étudiée en présence des cellules ('couronne cellulaire') ou après la collecte du sécrétome ('couronne acellulaire'). Les protéines adsorbées montrent un enrichissement en protéines impliquées dans les processus biologiques, tels que l'activation cellulaire, le transport, la réponse à un stimulus, les processus métaboliques cellulaires et la réponse à un produit chimique, a été observé dans la couronne protéique. Par ailleurs, les AgNPs pré-incubées dans le sécrétome ont induit une réponse proinflammatoire différente dans les macrophages dérivés du THP-1 par rapport aux NP nues. La nouvelle identité biologique des AgNPs acquise dans le sécrétome bronchique pourrait favoriser l'activation des cellules immunitaires et faciliter leur absorption par les macrophages.

En conclusion, un modèle fonctionnel in vitro de culture en 3D d'épithélium bronchique humain a été développé. Il est actuellement mis en oeuvre pour évaluer la toxicité à long terme des NM in vitro. Les cellules Calu-3 ont produit un sécrétome à fonction protectrice très similaire à celui produit par les cultures de cellules primaires. Ce travail a mis en lumière le rôle majeur de la couronne protéine dans la réponse immunitaire aux NMs dans le poumon.

Mots clefs:

Toxicité pulmonaire, Calu-3, épithélium bronchique, modèle 3D, nanoparticules d'argent, couronne protéique. Title: Development of a 3D bronchial epithelium model for nanotoxicology: analysis of the protein corona formation on silver nanoparticles in the secretome

Abstract:

Over the last years, the production and use of nanomaterials (NMs) in the industry have increased exponentially and NMs have become a potential hazard for human health. As a large number of NMs need to be tested for toxicity, in vitro models have become essential for NM toxicity assessment.

To investigate the biological effects of silver nanoparticles (AgNPs) on the lung, we have developed a 3D cell culture model of the human bronchial epithelium using the Calu-3 cell line. We analysed the composition of the apical secretome over time and characterized the formation of the protein corona on AgNPs in the mucus. Calu-3 were grown at the air-liquid interface (ALI) on porous inserts with a 3 μm pore diameter and reduced foetal bovine serum supplementation. The measurement of the transepithelial electrical resistance, the permeability of Lucifer Yellow dye and the immunolabelling of the tight-junction associated zonula occludens-1 protein showed that the epithelium integrity was maintained for 28 days at ALI. The composition of the apical secretome of Calu-3 cells at ALI was analysed by LC-MS/MS and compared to the secretome of primary normal human bronchial epithelial (NHBE) cells from 3 different donors. In total, 408 common extracellular proteins were identified in Calu-3 and NHBE models. The secretion of gel-forming mucins (MUC5AC, MUC5B), as well as antimicrobial peptides (lysozyme, lipocalin-2, and clusterin), demonstrates the functionality of the Calu-3 model.

The Calu-3 epithelial barrier was exposed to 10 μg/cm 2 of AgNPs without any effect on the cell viability until 48 hrs. However, overexpression of proteins involved in the anti-oxidant, inflammation and metal defence pathways such as heme-oxygenase, IL-6 and IL-8 cytokines, and metallothionein was observed.

The formation of the protein corona on AgNPs was investigated in the secretome with cells ('cellular corona') or following secretome collection ('acellular corona'). The biological processes associated with the adsorbed proteins such as cell activation, transport, response to stimulus, cellular metabolic process and response to chemical, were enriched in the protein corona. Furthermore, AgNPs pre-incubated in the secretome induced a different proinflammatory response in THP-1 derived macrophages compared to bare nanoparticles. The new biological identity of AgNPs acquired in the bronchial mucus may favour the activation of immune cells and facilitate their uptake by macrophages.
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Context of the study

Nanotechnology is a recent field of research and innovation focused on the design and creation of materials and devices at the nanoscale. Nanomaterials (NMs) exhibit specific properties due to their small size. Their applications cover many areas in chemistry, physics, material science, engineering, computer science, biology, and medicine. Since the 1990s, the development of nanotechnologies has promoted the industrial production and commercialization of consumer products containing NMs. However, little was known at the time about NM toxicity and their potential risk to the environment and human health. In 2004, Britain's Royal Society and the Royal Academy of Engineering published a report entitled "Nanoscience and Nanotechnologies: Opportunities and Uncertainties", which described the potential consequences for the health and the environment of NMs, as well as the social and regulatory issues associated with nanotechnology. In 2005, the European Commission launched a

European action plan to support the implementation of a safe, integrated and responsible approach in nanoscience and nanotechnologies.

In this context, the European Union funds research programs to assess NM toxicity and to develop novel methodologies for the risk management of nanomaterials. BIORIMA is one of them and is focused on nanobiomaterials. The research project of this PhD was developed within the framework of the H2020 BIORIMA project. The BIORIMA project aim is to develop and validate new approaches and protocols, which can be applied to identify and assess the potential risks of manufactured nano(bio)materials. The development of advanced in vitro models, as an alternative to reduce the use of animals, was investigated in this context to explore new exposure strategies and to follow the fate and the adverse effects of NMs.

Indeed, the toxicity of NMs could be tested in vitro using human cell cultures or in vivo, usually on small mammals. The advantages of in vivo studies are the possibility to investigate the systemic toxicity of NMs and their effects on specific organs. However, it would be impossible to test the toxicity of all the NMs currently produced in vivo because of the number of NMs and products developed, the different exposure routes to consider, and the large differences in chemistry, size, shape, functionalization of the NMs synthesized, which can all play a role in their toxicity. Moreover, the species difference must be taken into account, and experiments on animals raise ethical issues. By contrast, the toxicity of NMs to a target organ can easily be tested in vitro on a large number of NMs using human cells or cell lines, providing that the in vitro model can reproduce most of the biological features of the organ of interest.

In this work, we focused on the lung, which can be exposed to NMs following nanoparticle (NP) inhalation. Human cells isolated from different airway regions can be used to reconstruct the bronchial or alveolar epithelium while keeping their biological characteristics. The use of human cells also avoids the species difference, which is inherent to in vivo testing.

The bronchial epithelial barrier can be reformed in vitro using human primary cells or human bronchial cell lines, which present different advantages and limitations. For this work, we selected a cell line to develop an accessible and low-cost model to study the long-term toxicity of NMs, compared to primary cell cultures. Advanced and 3D cell models (such as organoids, spheroids, and scaffolds) are considered a realistic approach to implement the "3R principle" (Replacement, Reduction, and Refinement) to reduce animal testing in nanotoxicological studies.

Here, we developed a 3D model of the bronchial epithelium using the Calu-3 cell line to investigate the effects of exposure to NPs at the air-liquid interface on the epithelium. This model has been adapted to meet the challenges of nanotoxicology, including the investigation of NP-mucus interactions, effects on the epithelial integrity barrier and epithelial translocation, as well as the cellular and molecular responses induced by the NPs. In this context, we focused on the study of the NP-protein interactions that occur as soon as the NPs arrive in a biological medium. We used the biological fluid produced by the cells the apical side, which is called the secretome. This biological fluid will provide the first description of NP-airway proteins interactions to assess the role of the protein corona in driving NP-cell interactions.

Chapter 1: Introduction

Nanotechnology is a multi-disciplinary field that deals with the development and the use of nanomaterials (NMs). It is applied to different areas such as chemistry, physics, material science, engineering, computer science, biology, and medicine. A NM is defined by the EU as a natural, incidental or manufactured material containing particles with one or more external dimensions in the size range 1nm -100nm. The development of NPs has led to multiple innovations and applications in cosmetics, electronic devices, and medicine, and nanotechnology is considered as one of the most promising technologies of the 21st century.

However, little is known about the toxicity of NMs and the associated risk for the environment and human health [START_REF] Dagani | Nanomaterials: Safe or Unsafe?[END_REF]. The continued growth of the production and use of manufactured nanoparticles (NPs) increases the risk of exposure. NPs may interact with the human body, following intended or unintended exposure, by inhalation, ingestion or application to the skin (Figure 1). Inhalation is an important route of accidental exposure, especially when considering occupational exposure. 

Anatomy and structure of the lung

The organism is protected from the penetration of chemicals, pathogens and other unwanted substances by an epithelial layer that covers the internal and external surfaces of the body. In this study, we focused on the respiratory system as a potential exposure route for NPs. The respiratory tract exhibits a large surface area, about 100 to 150 m². It forms a large interface between the tissues and inhaled air, as the daily air volume inhaled by an adult is estimated to 10-15 m 3 . The combination of these factors makes the respiratory system one of the main routes of exposure to pollutants, pathogens and atmospheric particles such as nanoparticles. These xenobiotics can be responsible for local toxicity as well as systemic toxicity if they cross the air-blood barrier in the alveoli where gas exchange takes place. The deposition of pollutants depends on their properties and on the structure and defense mechanisms of the respiratory tract.

1.1-1 Description of the respiratory tract

The respiratory tract is divided into two functional zones: the conducting zone, also called airways, which diffuses the inhaled air to the respiratory zone, where gases are exchanged at the level of the alveoli (Figure 2). The airways can be anatomically distinguished into the upper airway, formed by the nasal cavity, the pharynx and the larynx, the lower airway formed by the trachea, bronchi, bronchioles, and the alveolar airway formed by alveolar ducts, and alveoli [START_REF] Patwa | Anatomy and Physiology of Respiratory System Relevant to Anaesthesia[END_REF]. Along the respiratory tract, the diameter of the airways decreases as well as the air flow, and the number of bifurcations increases. The respiratory tract is lined with an epithelium that evolves from the upper airways to the deep lung, adapting its shape and cell composition depending on its function (Figure 2):

a) The upper respiratory tract is a complex area associated with the breathing functions.

Apart from guiding the air to the lung, the upper airway heats, humidifies and filters the inhaled air, especially in the nose thanks to the nose hair [START_REF] Pierce | Upper Airway Function and Dysfunction in Respiration[END_REF].

Besides, it is the area where the olfaction function takes place.

b) The lower respiratory tract is delineated by a pseudostratified columnar epithelium mainly formed by ciliated cells and goblet cells. The epithelium is supported, in the upper part (trachea and part of the bronchi), by a collagenous lamina propia containing serous and mucus glands, and by a smooth muscle layer that regulates the airflow. The lamina propia and the smooth muscle become progressively less prominent, and they are absent in the small airways. Furthermore, the epithelium progressively changes to a thinner , cuboidal cell layer, containing less ciliated and goblet cells, and more club cells (previously called Clara cells) (Bustamante-Marin and Ostrowski 2017).

c) The alveolar region starts after the division of the respiratory bronchioles into alveolar ducts connected the alveolar sacs, which contain the alveoli. The alveoli are the terminal part of the respiratory system, where gas exchange takes place. The closer proximity with the blood capillaries enables gas exchange by diffusion. The alveolar wall acts as a barrier for airborne pollutants. However, if translocation happens, the translocated pollutants directly arrive into the bloodstream with a risk of systemic distribution.

As mentioned above, the lower respiratory tract is formed by a pseudostratified epithelium composed of different types of cells with specific functions. These cells contribute to the mucociliary clearance. This epithelium is also called "mucociliary epithelium". The main cell types are (Figure 2 and Figure 3):

-Secretory cells synthesize and secrete the mucin proteins that form the mucus, which lines the surface of the airway epithelium ensuring its lubrication and protection.

Depending on their microscopic appearance, we can distinguish goblet cells from Clara and serous cells. They also present different patterns of protein secretion: mucin 5AC (MUC5AC) is mainly secreted by goblet cells, while mucin 5B (MUC5B) secretion is restricted to serous cells [START_REF] Groneberg | Expression of Respiratory Mucins in Fatal Status Asthmaticus and Mild Asthma[END_REF]. Club cells (or Clara cells) are located in the small airway and the trachea-bronchial axis [START_REF] Rawlins | The Role of Scgb1a1+ Clara Cells in the Long-Term Maintenance and Repair of Lung Airway, but Not Alveolar, Epithelium[END_REF]). Their main functions are i) the synthesis and secretion of surfactant, anti-microbial peptides and other proteins, such as the club cell secretory protein (CCSP), which is important in the lung defense [START_REF] Arsalane | Clara Cell Specific Protein (CC16) Expression after Acute Lung Inflammation Induced by Intratracheal Lipopolysaccharide Administration[END_REF], ii) the detoxification of inhaled xenobiotic and oxidant gases, and iii) the cell renovation and the epithelium protection [START_REF] Rawlins | The Role of Scgb1a1+ Clara Cells in the Long-Term Maintenance and Repair of Lung Airway, but Not Alveolar, Epithelium[END_REF][START_REF] Reynolds | Clara Cell: Progenitor for the Bronchiolar Epithelium[END_REF].

-Ciliated cells are characterized by the presence of beating cilia that moves mucus, allowing the removal of trapped pathogens and particles. Cilia is a specialized organelle whose coordinated beating results in the movement of mucus. The ciliary beating of airway epithelial cells constitutes an important part of the mucociliary clearance, allowing mucus sheet to be either expectorated or swallowed.

-Basal cells are the progenitor cells of ciliated and secretory cells. They play a critical role in the regeneration of the airway epithelium after an injury and repair.

-Neuroendocrine cells are sensorial epithelial cells located in large and small airways.

These cells are characterized by their chemosensitivity. They are involved in oxygen sensing and in the immune responses [START_REF] Noguchi | Pulmonary Neuroendocrine Cells: Physiology, Tissue Homeostasis and Disease[END_REF]. The respiratory zone is lined with a monostratified epithelium composed of two alveolar cell types (Figure 2):

-Type I alveolar cells cover 95% of the alveolar surface and form the alveoli. They are flat cells 0.1-0.2 µm thick. They are involved in gas exchange [START_REF] Morgenroth | Anatomy[END_REF].

-Type II alveolar cells produce the pulmonary surfactant necessary to maintain the alveolar structure during breathing. They also metabolize the inhaled xenobiotics [START_REF] Castell | Metabolism and Bioactivation of Toxicants in the Lung. The in Vitro Cellular Approach[END_REF].

In addition to the epithelial cells, macrophages are present in the alveoli regions. They form two distinct populations: 1) alveolar macrophages, which reside in the airway lumen and are in close contact with the alveolar cells; 2) interstitial macrophages, which reside in the interstitial spaces. Alveolar macrophages populate the alveoli shortly after birth and persist over the lifespan. They are critical for tissue homeostasis, host defense, pathogen recognition and clearance, as well as for the phagocytosis of inhaled particles, which leads to their degradation and clearance, and to the presentation of novel antigens to the adaptive immune cells [START_REF] Hussell | Alveolar Macrophages: Plasticity in a Tissue-Specific Context[END_REF].

The alveolar epithelium is covered by the pulmonary surfactant, which is composed of around 90% lipids (mainly phospholipids) and 10% proteins. The surfactant proteins comprise four specific surfactant-associated proteins (SP): the hydrophilic SP-A and SP-D, and the hydrophobic SP-C and SP-D [START_REF] Serrano | Protein-Lipid Interactions and Surface Activity in the Pulmonary Surfactant System[END_REF]. The main functions of the pulmonary surfactant are to reduce the surface tension at the air-liquid interface avoiding the alveolar collapse during breathing, and to contribute to the host defense.

1.1-2 Protective functions of the airway epithelium and secretions

With each inhalation, the respiratory tract is exposed to inhaled bacteria, viruses and pollutants, such as nanoparticles. These agents do not reach the epithelium directly because it is covered by the airway surface liquid (ASL). The ASL contributes to the defense mechanisms of the airways and participate to the detoxification of the air. The mucociliary clearance is the primary defense mechanism, completed by antimicrobial, anti-oxidant and anti-inflammatory defense mechanisms. These processes rely on the specific properties of the ASL that is composed of salts, water and a variety of biomolecules such as antimicrobial peptides, mucins, and antioxidants, among others.

a) Mucociliary clearance

The mucociliary clearance is a protective function of the airways essential for the removal of respiratory pathogens and pollutants [START_REF] Londino | Regulation of Airway Lining Fluid in Health and Disease[END_REF]. The mucus traps inhaled toxicants and pathogens. Thanks to the ciliary beating, the mucus can be cleared.

The ASL is formed by the periciliary layer (PCL) and the mucus layer (Figure 3): -The periciliary layer (PCL) is a 7 µm thick polyanionic mesh in direct contact with the airway surface [START_REF] Button | A Periciliary Brush Promotes the Lung Health by Separating the Mucus Layer from Airway Epithelia[END_REF]. The PCL contains molecules such as glycolipids and the membrane-associated mucins, mucin 1 (MUC1), mucin 4 (MUC4) and mucin 16 (MUC16).

The membrane-bound mucins contribute to the mechanical properties of the ASL close to the cell surface. MUC4 is expressed on cilia and prevents the penetration of the mucus gel layer. MUC1 is presented on the cell surface and microvilli of ciliated and goblet cells. It modulates the intracellular signaling associated with inflammation and pathogen defense.

MUC16 is also expressed by ciliated and secretory cells. It can be cleaved and secreted to the gel layer [START_REF] Hattrup | Structure and Function of the Cell Surface ( Tethered ) Mucins[END_REF]. The main function of the PCL is therefore to provide an efficient lubricating layer for ciliary beating and to prevent mucus layer mixing.

-The mucus layer is mainly composed of secreted mucins. The gel-forming mucins are mainly MUC5AC and MUC5B, expressed in goblet cells and submucosal glands [START_REF] Voynow | Mucins , Mucus , and Sputum CHEST Translating Basic Research Into Clinical Practice Mucins , Mucus , and Sputum[END_REF]. Secreted mucins are large glycosylated proteins with cysteine-rich aminoand carboxy-terminal regions that establish disulfide bonds between polypeptide chains.

Furthermore, their central region is rich in serine and threonine, which are the reactive sites of O-glycosylation (Figure 4a). When mucins are secreted into an aqueous solution, they form a tight mesh structured by disulfide bonds, hydrophobic and electrostatic interactions (Wagner, Wheeler, and Ribbeck 2018). This creates a viscous mesh that can trap the inhaled particles either by size exclusion effect or by binding to the mucins or to other mucosal components (Figure 4b). Smith-Dupont et al. reported different diffusion profiles in mucus samples depending on the probes size and surface chemistry [START_REF] Smith-Dupont | Probing the Potential of Mucus Permeability to Signify Preterm Birth Risk[END_REF].

Even when the size of the inhaled particles is small enough to cross the mucus barrier, their diffusion through the gel can be slowed or stopped by the chemical interactions with the mucins. cathelicidin, surfactant proteins, and immunoglobulins [START_REF] Tecle | Defensins and Cathelicidins in Lung Immunity[END_REF].

Antimicrobial peptides (AMPs):

-The bactericidal/permeability-increasing (BPI) fold-containing protein family, which includes BPIFA1 and BPFB1, exhibits a high affinity for many Gram-negative bacterial strains. It contribute to the prevention of biofilm formation [START_REF] Liu | SPLUNC1/BPIFA1 Contributes to Pulmonary Host Defense against Klebsiella Pneumoniae Respiratory Infection[END_REF]).

-The lipocalin 2 protein, can bind to bacteria and restrict bacterial growth [START_REF] Wu | Lipocalin 2 Is Protective against E. Coli Pneumonia[END_REF].It can also regulate lung inflammation and induce immune cell recruitment during mycobacterial pulmonary infections [START_REF] Guglani | Lipocalin 2 Regulates Inflammation during Pulmonary Mycobacterial Infections[END_REF]).

-Proteases and antiproteases are secreted by epithelial cells and participate in the lung homeostasis. Modifications of the proteases/antiproteases balance can lead to the development of lung diseases, the disruption of the ASL homeostasis of ASL, and an increasing susceptibility of the epithelium to pollutants and infections.

The respiratory tract produces different families of proteases with unique targets and cellular sources, such as cathepsins, matrix metalloproteinases (MMPs) and type 2 transmembrane serine proteases. These proteases are important for the major histocompatibility complex II formation and antigen presentation [START_REF] Riese | Essential Role for Cathepsin S in MHC Class II-Associated Invariant Chain Processing and Peptide Loading[END_REF] and for the cleavage of proinflammatory cytokines [START_REF] Opdenakker | Gelatinase B: A Tuner and Amplifier of Immune Functions[END_REF]. However, a high level of protease activity has been associated with chronic lung diseases, due to the elimination of extracellular matrix components. Antiproteases inhibit proteases and modulate the immune responses in the lung. The ASL contains different families of antiproteases such as serpin, which targets serine and cysteine proteases, tissue inhibitors of metalloproteinases (TIMPs), which target MMPs, elafin and secretory leukocyte protease inhibitor (SLPI), which inhibits viral infections and blocks the inflammatory cascades (see review by [START_REF] Meyer | Respiratory Protease/Antiprotease Balance Determines Susceptibility to Viral Infection and Can Be Modified by Nutritional Antioxidants[END_REF].

Addition mechanisms of defense against adverse effects of inhaled pro-oxidants are provided by an extensive epithelial anti-oxidant system. This system is activated by several mechanisms, including nuclear factor erythroid-derived 2-like 2 (Nrf2)-mediated transcription. Nrf2 is a transcription factor that regulates cellular redox balance, the protective antioxidant and detoxification responses. It is involved in the regulation of enzymes associated with the metabolism of xenobiotics [START_REF] Kensler | Cell Survival Responses to Environmental Stresses via the Keap1-Nrf2-ARE Pathway[END_REF]. This transcription factor regulates the expression of numerous cytoprotective genes involved in the antioxidant and detoxification responses. The expression of heme oxygenase-1 (hmox-1) is regulated by Nrf2.

It is highly expressed following exposure to nitric oxide, heavy metals, and others. This enzyme works with NADPH P450 cytochrome to catalyze the rate-limiting step in heme degradation, leading to the generation of potent antioxidants and anti-inflammatory molecules such as biliverdin, Fe 2+ ion and carbon monoxide (Figure 5) [START_REF] Loboda | Role of Nrf2/HO-1 System in Development, Oxidative Stress Response and Diseases: An Evolutionarily Conserved Mechanism[END_REF]. 

In vitro models of the respiratory tract for toxicity testing

The increase of atmospheric pollutants and respiratory infectious diseases an ongoing health concern, which requires the development of new treatments and strategies to prevent these hazards. The potential toxicity of inhaled pollutants and pathogens has been tested in animal models following instillation or inhalation. However, in vivo experiments present high costs, uncertainties associated with the extrapolation of the data to humans, as well as ethical issues [START_REF] Landsiedel | Safety Assessment of Nanomaterials Using an Advanced Decision-Making Framework, the DF4nanoGrouping[END_REF]. As an alternative, the scientific community has developed in vitro lung models using cells from the different segments of the respiratory system. These models have been used to study pulmonary toxicity and related lung diseases to improve our knowledge on In vitro lung models were initially developed as 2D cultures generally grown on plastic or plastic-coated surfaces with extracellular matrix components such as collagen and fibronectin.

These 2D cultures (Figure 7a) of cell lines have been largely used for toxicity screening studies as well as mechanistic studies, but mainly after unique exposure to investigate short-term effects. Some protocols have been developed to use them for repeated exposures and long-term effects. For example, the bronchial epithelial cell line, BEAS-2B, and the alveolar epithelial cell line, A549, were exposed to vanadium dioxide NPs following different exposure cycles [START_REF] Xi | Cytotoxicity and Genotoxicity of Low-Dose Vanadium Dioxide Nanoparticles to Lung Cells Following Long-Term Exposure[END_REF]). However, these cells need frequent passages limiting the number of exposures.

Alternatively, the protocol can be adapted with cycles of seeding/exposure/harvest-seeding, which induce additional stress to the cultures and may create artefacts. Moreover, the 2D culture models do not reproduce the tissue-specific architecture, cell-to-cell and cell-to-matrix interactions, and the barrier function of the airway epithelium, which limits their ability to recapitulate in vivo cellular differentiation and responses [START_REF] Bissell | Tissue Architecture: The Ultimate Regulator of Breast Epithelial Function[END_REF][START_REF] Cukierman | Taking Cell-Matrix Adhesions to the Third Dimension[END_REF], making them relatively poor airway models.

Efforts have been made to develop 3D cell cultures in order to recreate the 3D environment of cell growth, differentiation and organisation in the body. There is a wide range of 3D cell cultures with advantages and drawbacks. The main models and technologies used are summarized below (see Table 1 for the summary):

-Multicellular spheroids: cell suspension tends to aggregate in culture and go through the process of self-assembly, which can recapitulate the functional phenotype of a tissue (Figure 7d). Spheroids can develop gradients of oxygen, metabolites, nutrients, creating heterogeneous cell populations. Among their advantages, these cultures present a welldefined geometry and allow cell-cell and cell-extracellular matrix interactions.

However, technical and biological challenges are associated with the development and maintenance of spheroids of homogeneous size. Spheroids are compatible with cocultures, but it requires being able to monitor the ratio between the different cell types.

-Organoids are 3D cultures, which develop real tissue structures. They are derived from stem cells or organ progenitors that differentiate to form an organ-like tissue [START_REF] Lancaster | Organogenesisin a Dish: Modeling Development and Disease Using Organoid Technologies[END_REF].

-Scaffolds and hydrogels cultures use synthetic 3D structures made of different materials with defined porosity and permeability (Figure 7b). They can mimic the microenvironment of a given tissue. Hydrogels such as Matrigel are often used in biological scaffolds to promote good cell attachment and reorganization. Synthetic scaffolds, such as poly(ethylene glycol), poly(vinyl alcohol), poly(2-hydroxy ethyl metharylate), and poly(lactic) [START_REF] Tibbitt | Hydrogels as Extracellular Matrix Mimics for 3D Cell Culture[END_REF], have the advantage of reducing culture variability that can be created by Matrigel batch-to-batch differences (Fang and Eglen 2017).

-Organ-on-chip refers to an artificial, miniature model of a human organ on a microfluid cell culture chip. These cultures have the potential of mimicking the air and blood flow as well as mechanical and dynamic characteristics of the tissue. The lung-on-a-chip model is able to mimic breathing by stretching the membrane on which cells are grown (Figure 7c) [START_REF] Stucki | Medium Throughput Breathing Human Primary Cell Alveolus-on-Chip Model OPEN[END_REF]).

-3D bioprinting uses the 3D printing technology to print cells, biocompatible materials and supporting components into complex 3D living tissues. Such systems have been used to create scaffolds for 3D cultures (Y. S. [START_REF] Zhang | 3D Bioprinting for Tissue and Organ Fabrication[END_REF]. -In submerged cultures, cells are covered with a large volume of liquid, usually cell culture medium, that exceeds the volume of the ASL or surfactant, and cannot mimic the physiological features of the respiratory epithelium. This alters the differentiation process, especially for primary bronchial cells that do not produce ciliated cells in this condition.

Additionally, using Calu-3 cells, a lower glycoprotein production in submerged cultures compared to ALI cultures was reported (Grainger et al. 2006). Therefore, this condition is unable to address accurately cell-cell and cell-stimulant interactions.

-To obtain a fully differentiate epithelial barrier similar to the one formed in vivo, primary human airway epithelial cell must be cultured at the ALI [START_REF] Gray | Mucociliary Differentiation of Serially Passaged Normal Human Tracheobronchial Epithelial Cells[END_REF]. For some cell lines, the culture at ALI can also promote differentiation and the development of tissue features. This is the case for the tumoral Calu-3 cell line (Grainger et al. 2006).

Choosing one of the cell culture models can have an impact on toxicological studies. A direct comparison was carried out to investigate the cellular response to xenobiotics in submerged or ALI conditions. Lenz et al. investigated the cellular response of the epithelial A549 cell line to zinc oxide NPs in both conditions. ALI cultures exhibited a higher expression level of proinflammatory markers than submerged conditions [START_REF] Lenz | Inflammatory and Oxidative Stress Responses of an Alveolar Epithelial Cell Line to Airborne Zinc Oxide Nanoparticles at the Air-Liquid Interface: A Comparison with Conventional, Submerged Cell-Culture Conditions[END_REF], suggesting that ALI models may give more accurate results than submerged cultures due to the direct interaction of the toxic compounds with the cell surface, without any artificial aqueous medium [START_REF] Ahmad | In Vitro Cell Culture Model for Toxic Inhaled Chemical Testing[END_REF]. b) Cell lines and primary cultures Different cell lines have been used to develop models of the airway epithelium. They were largely used until the conditions to promote differentiation of primary cells were found. Cell lines are easily accessible, they tolerate a high number of passages without losing cell viability or entering senescence, as occurs with primary cells. Moreover, cell lines are relatively stable, which avoids the effect of donor variability observed with some primary cells. Several available cell lines were obtained either from cancer cells or after immortalized by transfection of viral genes. All airway cell lines do not share the same characteristics. Some have limited capabilities of producing mucus and/or of forming tight junctions, even when grown on inserts and at the air-liquid interface. For example, the bronchial epithelial cell lines, BEAS-2B and NCI-H292, do not develop into a tight epithelium, limiting their use for the study of NP translocation (George et al. 2015). The other bronchial epithelial cell line, 16HBE, which is immortalized, has kept the capability of forming tight junctions, but cannot produce mucus. The only commercially available cell line that can simultaneously form tight junctions and secrete mucus at ALI is the Calu-3 cell line [START_REF] Kreda | Coordinated Release of Nucleotides and Mucin from Human Airway Epithelial Calu-3 Cells[END_REF]. Calu-3 cells differentiate into a functional epithelium, though limited to one cell type. The Calu-3 epithelium exhibits specifics features of the human bronchial epithelium, such as mucus secretion, transporter expression, and cytokine production, making this cell line popular for pharmaco-toxicological studies (Grainger et al. 2006;[START_REF] Kreft | The Characterization of the Human Cell Line Calu-3 under Different Culture Conditions and Its Use as an Optimized in Vitro Model to Investigate Bronchial Epithelial Function[END_REF]Zhu, Chidekel, and Shaffer 2010;[START_REF] Foster | Proteomic Analysis of Human Bronchoalveolar Lavage Fluid after Subsgemental Exposure[END_REF].

In 2013, Walters et al. generated an immortalized human airway basal cell (BCi-NS1), which retained characteristics of primary cells after long expansion periods. These cells can differentiate in goblets, Clara and ciliated cells in ALI cultures [START_REF] Walters | Generation of a Human Airway Epithelium Derived Basal Cell Line with Multipotent Differentiation Capacity[END_REF]. BCi-NS1 have been used in some toxicological studies to evaluate the cell response to smoke extract [START_REF] Saxena | Extracellular Vesicles from Human Airway Basal Cells Respond to Cigarette Smoke Extract and Affect Vascular Endothelial Cells[END_REF]) and to test the biomedical activities of NPs [START_REF] Wadhwa | Anti-Inflammatory and Anticancer Activities of Naringenin-Loaded Liquid Crystalline Nanoparticles in Vitro[END_REF]. BCi-NS1 are a good alternative model to primary cells and reduces donor variability. However, they are not commercially available for the moment, and the complex culture requirements increase their cost, limiting their use.

The alveolar epithelium is composed of type I and type II cells. Cell lines have been developed

for each cell type. The two main cell lines considered as type-II alveolar cells are A549 and NCI-H441 cell lines, with A549 being the most popular one. A549 cells produce surfactant proteins, but they are not able to produce tight junctions for long periods without dexamethasone, limiting their use for NP translocation studies (B. [START_REF] Rothen-Rutishauser | In Vitro Models of the Human Epithelial Airway Barrier to Study the Toxic Potential of Particulate Matter[END_REF]George et al. 2015). NCI-H441 cells produce surfactant proteins and they can form a polarized tight epithelium, but for a limited period, as observed in our laboratory (Brookes et al., 2021). Recently a type-I alveolar cell line, hAELVi, has been developed to produce a very tight epithelium when grown on ALI [START_REF] Kuehn | Human Alveolar Epithelial Cells Expressing Tight Junctions to Model the Air-Blood Barrier[END_REF]. A co-culture of NCI-H441 and hAELVi have been implemented in the laboratory. It forms a tight epithelium that can be maintained for several weeks and which exhibits sustained differentiation markers (Brookes et al. 2021).

Alternatives to cell lines are primary cells isolated from the different airway regions. They can be collected during surgery in hospitals. Biotechnology companies (for instance Lonza, Epithelix etc) also collect and commercialize these cells, reducing interlaboratory differences between protocols. The use of specific cultures conditions (culture at ALI, specific growth factors, presence of retinoic acid) leads to their differentiation into a mucociliary epithelium in few weeks (Rayner et al. 2019). After the in vitro differentiation process, the cell cultures represent an epithelium composed of different cell types, including ciliated, goblet and basal cells. An epithelial barrier is obtained, close to the in vivo morphology [START_REF] Cao | Invited Review: Human Air-Liquid-Interface Organotypic Airway Tissue Models Derived from Primary Tracheobronchial Epithelial Cells-Overview and Perspectives[END_REF].

Interestingly, such epithelial barrier can be established with cells from healthy donors but also from smokers or from donors with medical conditions such as Chronic Obstructive Pulmonary Disease (COPD) and asthma. It provides the opportunity to investigate the mechanisms involved in the differentiation process in normal or altered conditions, and to evaluate their susceptibility to pharmacological treatments of exposure to toxic compounds. One of the main advantages of this type of epithelial barrier is its sustainability. It represents a good option to evaluate the long-term effects of xenobiotics on the bronchial epithelium. ). These companies perform quality controls, which make the cultures ready to use. However, the limitations of primary cultures can be the lack of availability of human tissue, the limited number of isolated cells, a reduced lifespan and donor variability.

c) Co-cultures

To cover the cellular complexity of the lung, co-culture models are used to mimic the interactions between different cell types in the lung. The airway mucosa is a multi-cellular tissue that includes epithelial, endothelial and leucocyte cells in vivo. Co-cultures systems have been developed using different human cell lines. A reconstruction of the air-blood barrier of the respiratory tract was developed using a triple co-culture to study particle uptake by Rothen-Rutishauser et al (Figure 8). A549 cells were grown on inserts with human blood monocytederived macrophages and dendritic cells in the apical and basal compartment respectively (B.

M. Rothen-Rutishauser, Kiama, and Gehr 2005). to investigate particle toxicity (Figure 9). They used an endothelial cell line (EA.hy 926) that was seeded in the basolateral side of the inserts. The A549 epithelial cells were seeded on the apical side. Finally, THP-1 macrophages and mast cells (HMC-1) were seeded in the apical side of the insert and adhered to the epithelium (S. G. [START_REF] Klein | An Improved 3D Tetraculture System Mimicking the Cellular Organisation at the Alveolar Barrier to Study the Potential Toxic Effects of Particles on the Lung[END_REF]. At day 0 endothelial EA.hy926 cells were seeded in the basolateral side of the insert and A549 epithelial cells were seeded in the apical side of the insert. Cells were kept in culture for 3 days allowing the formation of an epithelial barrier. At day 4, THP-1 macrophages and HMC-1 cells were seeded in the apical side of the. Then the culture was switched to ALI conditions. From (S. G. [START_REF] Klein | An Improved 3D Tetraculture System Mimicking the Cellular Organisation at the Alveolar Barrier to Study the Potential Toxic Effects of Particles on the Lung[END_REF].

A similar effort has been done to develop co-cultures with bronchial epithelial cells and leucocytes cells. Recently, [START_REF] He | Optimization of an Air-Liquid Interface in Vitro Cell Co-Culture Model to Estimate the Hazard of Aerosol Exposures[END_REF] has optimized ALI co-cultures with macrophages to estimate the hazard of exposure to an aerosol of lipopolysaccharide (LPS). They tested 4 bronchial epithelial cell lines (Calu-3, 16HBE, NCI-H292 and BEAS-2B) to establish an epithelium at ALI for a long period. Among the bronchial cell lines, only Calu-3 was able to retain a monolayer structure over long periods at ALI. Calu-3 was used to develop co-cultures with THP-1 derived macrophages or human monocyte-derived macrophages, which were viable for up to 6 days. After 6 days, an increase in the number of apoptotic cells was observed [START_REF] He | Optimization of an Air-Liquid Interface in Vitro Cell Co-Culture Model to Estimate the Hazard of Aerosol Exposures[END_REF].

The primary cultures have also been used to develop primary human co-cultures model for the airway barrier. Yonker et al. developed a co-culture model using the primary airway basal cells to explore neutrophil transepithelial migration [START_REF] Yonker | Development of a Primary Human Co-Culture Model of Inflamed Airway Mucosa[END_REF]. Contrary to conventional cultures, the authors developed the airway barrier in an inverse insert creating the air-liquid interphase in the basal compartments. This strategy allowed the study of neutrophil migration from the apical compartment (submerged) to the epithelial barrier. Additionally, Epithelix sells primary co-cultures of upper and small epithelial cells co-cultured with airway fibroblast (MucilAir TM -HF and SmallAir TM -HF). In these cultures, the two cell types are separated, with the epithelial cells in the apical part and the fibroblast in the basal part of the insert (Figure 10a). MatTek has developed a co-culture of alveolar tissues with both primary alveolar epithelial and fibroblast cells in the apical part, and pulmonary endothelial cells in the basal part of the insert (Figure 10b). The more complex in vitro co-culture systems represent a valuable tool to study pulmonary processes and to further evaluate the lung toxicity of NPs. However, differences in culture medium, cell growth rates and cell viability in the cultures, limit their use to short-term exposures.

1.2-2 Exposure system for inhalation toxicology For in vitro inhalation toxicology studies, in addition to have the most relevant culture model, another challenge is to reproduce the exposure to xenobiotics. The lung is exposed to pollutants through their inhalation either as a gas or as an aerosol (liquid or solid particles in suspension in the air). In most of the studies done in submerged cultures, the tested compound is directly added by dilution in the culture medium. The medium may alter the properties of the toxic compound by interaction and binding with medium components such as proteins, thereby modulating the cell response [START_REF] Gminski | Cytotoxicity and Genotoxicity in Human Lung Epithelial A549 Cells Caused by Airborne Volatile Organic Compounds Emitted from Pine Wood and Oriented Strand Boards[END_REF][START_REF] Dwivedi | Inflammatory Effects of Acrolein, Crotonaldehyde and Hexanal Vapors on Human Primary Bronchial Epithelial Cells Cultured at Air-Liquid Interface[END_REF]. It is well known that the serum usually used in culture medium to promote cell growth can reduce the toxicity of some chemicals. To prevent this effect, serum is frequently removed from the culture medium during the treatment period. With the development of cultures at ALI, it has become possible to expose cells to gas or aerosols directly. Specific devices for the exposure of cells at ALI has been developed:

-A vapor exposure system allows the cytotoxicity study of volatile organic chemicals.

Dwivedi et al. established an exposure chamber system to expose primary bronchial epithelial cells at ALI to aldehydes vapors. The aldehyde concentration in the chamber was monitored during the exposure time by gas chromatography. [START_REF] Dwivedi | Inflammatory Effects of Acrolein, Crotonaldehyde and Hexanal Vapors on Human Primary Bronchial Epithelial Cells Cultured at Air-Liquid Interface[END_REF]).

-A gas/aerosol exposure system allows the exposure of cells cultured at ALI to liquid aerosols clouds. These aerosols can be obtained from dry powders or liquid suspensions.

It can also be applied to particle deposition from liquid aerosols. These systems can be coupled to an electrical deposition device to enhance particle deposition. The VITROCELL ® alpha 12 cloud is used for liquid aerosol. The CULTEX ® EDD is used for liquid aerosol and is coupled to an electrical deposition device to enhance particle deposition.

These systems expose the cells inside a cloud. The cloud system nebulizes solutions or particle suspensions to create an aerosol containing the chemicals or particles of interest. The completed exposure cycle takes between 15-60 min. In addition, Vitrocell has developed a dynamic dilution system with a continuous flow exposure. This system is equipped with an entry and an exit nozzle for the aerosol stream, so that the dose and the concentration of the particles in the cloud can be controlled.

Other noncommercial exposure systems, such as XposeALI, have been developed, but they are less accessible to users [START_REF] Gerde | A Novel Method to Aerosolize Powder for Short Inhalation Exposures at High Concentrations: Isolated Rat Lungs Exposed to Respirable Diesel Soot[END_REF]). The advantage of the XposeALI system is that it can create a dry aerosol of particles. This system allows the generation of small batches of dry NP powder using high pressure [START_REF] Ji | Development of Combining of Human Bronchial Mucosa Models with XposeALI® for Exposure of Air Pollution Nanoparticles[END_REF]. Recently, Vitrocell has also developed a system that implemented dry aerosolized particles.

The aerosol exposure systems are promising to study the toxicity of NPs on the lung, because they reproduce the conditions of lung exposure more realistically. However, a crucial point is to ensure the homogenous distribution of particles over the whole cell surface. Deposition rates exhibit high variation, which is influenced by the nebulization process and the particle properties. The companies have implemented different strategies to quantify the final deposition of particles on the cultures. In the case of Vitrocell, the system measures the dosimetry using a Quartz crystal microbalance, which can measure the deposited mass at a resolution of 10 ng/cm 2 . Besides, the formation of droplets and particles agglomeration may also limit the use of these systems due to changes of NP physicochemical properties.

Due to the current technical limitations of the exposure systems and their high cost, conventional protocols developed for the exposure of submerged cultures are employed. In particle toxicology and mainly for NP, the exposure to a liquid particle suspension also shows some limitations. First, the deposited dose depends on the sedimentation of the NPs in solution, so that it may be difficult to evaluate the dose delivered to cells. Models have been developed

to determine this delivered dose according to the particle characteristics and the culture medium used, such as the In vitro Sedimentation, Diffusion and Dosimetry (ISSD) model [START_REF] Hinderliter | ISDD: A Computational Model of Particle Sedimentation, Diffusion and Target Cell Dosimetry for in Vitro Toxicity Studies[END_REF]. Second, the dispersion of NMs is done in culture media, which contains a large number of exogenous proteins and biomolecules that can adsorb on NPs to form a biomolecular corona. This corona gives a new identity to NPs and may change its interaction and effect on the cells (Monopoli et al. 2013;[START_REF] Panas | Screening of Different Metal Oxide Nanoparticles Reveals Selective Toxicity and Inflammatory Potential of Silica Nanoparticles in Lung Epithelial Cells and Macrophages[END_REF]. According to the culture medium used, the composition of the corona can profoundly differ, inducing different cellular effects. Culture media without Fetal Bovine Serum (FBS) supplementation can be used during NP exposure to limit this effect. As an alternative to cultures media, salted based buffer, such as PBS or Hanks Balanced Salt Solution (HBSS), can be used for short exposure times. However, in inserts, cells can be exposure to NPs in the apical side for longer periods of time in these buffers, because the nutritional feeding of the cells can be done in the basal compartment (e.g., with 10% FBS supplementation in the culture medium). Lastly, a large effort has been done to compare the different exposure methods and to evaluate their effects on NP toxicity and uptake. Loret et al.

2016 compared ALI and submerged exposure of A549 cells to TiO2 and CeO2 NPs. They observed significant adverse effects in cultures exposed at ALI to aerosols compared to exposure in submerged conditions [START_REF] Loret | Air-Liquid Interface Exposure to Aerosols of Poorly Soluble Nanomaterials Induces Different Biological Activation Levels Compared to Exposure to Suspensions[END_REF]). These differences may also come from the submerged exposure method (Figure 12), where ALI cultures were immersed in media with NPs for long periods to allow NP deposition. An alternative is to prepare a more concentrated NP suspension that can be deposited at ALI in the form of small droplets (a few µL) without losing NPs during the removal of the added buffer or medium. The application of a small volume of liquid will not disturb cultures at ALI and will allow more accurate deposition as no NP will be lost during medium removal. 

NMs represent a novel hazard for the lung

Exposure to inhaled NPs remains an ongoing health concern. Occupational or accidental exposure may occur. Therefore, the assessment of NP lung toxicity is required.

1.3-1 Importance and interest of NMs

Many different NPs exist, depending on their chemistry, morphology, size and physical chemical properties. The nanoscale size of NPs gives these nanomaterials unique properties compared to microscale and bulk counterparts of same composition [START_REF] Singh | Nanotechnology and Health Safety -Toxicity and Risk Assessments of Nanostructured Materials on Human Health[END_REF].

The new physicochemical properties of NPs compared to bulk materials have opened tremendous opportunities for a wide range of applications in cosmetics, electronics, energy industry, biotechnology, agriculture, pharmaceuticals and medicine among others. Particularly, silver nanoparticles (AgNPs) exhibit strong bactericidal properties, making them interesting materials for a wide range of applications, from washing powder to biomedical applications.

There has been an increased interest during the last years for the use of AgNPs in several areas:

• Biomedical applications of AgNPs have been investigated for the development of targeted drug delivery systems [START_REF] Anandhakumar | Silver Nanoparticles Modified Nanocapsules for Ultrasonically Activated Drug Delivery[END_REF], tumour-specific therapies, vaccines adjuvant, bone prostheses, and surgical instruments.

The antimicrobial properties of AgNPs have favored their use to prevent biofilm formation on medical devices such as catheters [START_REF] Samuel | Prevention of Catheter-Related Infections: The Potential of a New Nano-Silver Impregnated Catheter[END_REF] and to prevent wound contamination, for example in wound dressings (Jiong [START_REF] Chen | Effect of Silver Nanoparticle Dressing on Second Degree Burn Wound[END_REF]). Additionally, it was reported that AgNPs enhance the immune response to the influenza using mucosal vaccines in vivo, which promotes the production of mucosal antibodies against influenza virus (Sanchez-Guzman et al. 2019). Franco-Molina et al.

showed a dose-dependent cytotoxic effect of AgNPs that induce the apoptosis of MCF-7 breast cancer cells, without any viability loss in the peripheral blood mononuclear cells [START_REF] Franco-Molina | Antitumor Activity of Colloidal Silver on MCF-7 Human Breast Cancer Cells[END_REF]).

• The industry has taken advantage of the antimicrobial properties of AgNPs, which can be used for their slow release of antimicrobial silver ions. In the food industry, AgNP additives are used to prevent bacterial growth in foods and food packaging [START_REF] Echegoyen | Nanoparticle Release from Nano-Silver Antimicrobial Food Containers[END_REF]. In cosmetic, AgNPs are added to deodorant [START_REF] Raj | Nanotechnology in Cosmetics: Opportunities and Challenges[END_REF]).

• In agriculture, commercially available nano-silver based products are available for fertilization, and as fungicides and bug repellent [START_REF] Servin | A Review of the Use of Engineered Nanomaterials to Suppress Plant Disease and Enhance Crop Yield[END_REF].

1.3-2 Silver nanoparticles

Silver nanoparticles possess unique physicochemical and biological properties. They have a high electrical and thermal conductivity, catalytic activity, and antibacterial, antifungal, antiviral properties. The Nanotechnology Consumer Products Inventory (2013) listed 1814 consumer products containing nanomaterials. Among these, metal nanoparticles are the most used (Figure 13a), and AgNPs are the most frequently used nanomaterials. 435 products containing AgNPs were recorded on the global market in 2015 (Figure 13b), representing 24%

of the total number of commercial products containing NMs [START_REF] Vance | Nanotechnology in the Real World: Redeveloping the Nanomaterial Consumer Products Inventory[END_REF]. As described above, the use of silver NPs in commercial products increases the risk of exposure by inhalation, ingestion or dermal contact. Thus, AgNPs could present a potential risk to human health because of their known cell toxicity. Their biological and environmental impact must be investigated to minimize a potential detrimental effect of AgNPs.

1.3-3 Lung toxicity of AgNPs

The toxic potential of inhaled NPs is closely related to their ability to penetrate the respiratory tree, which depends on their size (Figure 14). NPs smaller than 100 nm in diameter can reach the bronchi and the alveoli. After deposition, NPs can induce toxicity in two ways. They can locally induce cytotoxicity at the different levels of the airway or they can be translocated and induce systemic effects.

a) Determination of the effective dose deposited in the airways following NP inhalation

Based on mathematical models, the deposition of NPs have been predicted in the respiratory tract [START_REF] Oberdörster | Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine Particles[END_REF]. This model applies to single particles and not to aggregates. 90% of inhaled particles of 1 µm in diameter are deposited in the nasopharyngeal compartment, 10%

in the trachea-bronchial region, and essentially none in the alveolar region. Nanoparticles of 5 nm in diameter will be deposited in equal amounts (30%) in all three regions. Nanoparticles of 20 nm in diameter have the highest deposition efficiency in the alveolar region (50%), whereas in tracheobronchial and nasopharyngeal regions these nanoparticles will deposits with a 15% efficiency only (Figure 14). Moreover, NMs can dissolve or aggregate in biological media.

These effects influence their deposition on cells. When studying chemical compounds, it is usually sufficient to know the nominal exposure dose, but this is no longer sufficient for NPs.

It is necessary to know the effective dose, that is the amount of NPs that will make contact with the cells, and induce a biological response. Specific methodologies are needed to determine the effective dose for a given NP based on its physicochemical properties in the biological medium of interest. Inhaled particles of 1 µm in diameter are mainly deposited in the nasopharyngeal region (blue). However, particles with a diameter of 10-100 nm are mostly deposited in the tracheobronchial region (green) and alveolar region (red). From [START_REF] Oberdörster | Nanotoxicology: An Emerging Discipline Evolving from Studies of Ultrafine Particles[END_REF].

b) Factors influencing NP toxicity.

The toxicity of NPs can depend on their surface chemistry, size, shape, functionalization and crystallinity (Figure 15). Several studies have investigated the toxic effect of AgNPs on human cells and mammalian organs, especially for the respiratory system. There is a lack of consensus and a high variability in toxicity have been reported. The variability in AgNP synthesis led to different conclusions on the effect of size on AgNP toxicity. Their toxicity also depends on the doses and the exposure.

-Shape: It has been shown that different shapes of the same nanomaterial showed different stability in vivo. In rodents, filomicelles persisted in circulation up to one week whereas spherical NPs were cleared within two days [START_REF] Geng | Shape Effects of Filaments versus Spherical Particles in Flow and Drug Delivery[END_REF]).

-Size: the size influences the interaction and internalization of nanoparticles. Different mechanism of internalization were observed for microspheres 50-1000 nm in diameter, with no uptake observed for 1000 nm particles [START_REF] Rejman | Size-Dependent Internalization of Particles via the Pathways of Clathrin-and Caveolae-Mediated Endocytosis[END_REF]).

-Surface charge and chemistry: The surface charge and the chemistry of nanoparticles The size, surface, shape and composition give unique properties to the NPs, and these characteristics can drive their interaction with the proteins and cells. From [START_REF] Garcés | Current Understanding of Nanoparticle Toxicity Mechanisms and Interactions with Biological Systems[END_REF]).

c) Inhalation toxicity of AgNPs

One of the cytotoxic effects of AgNPs comes from their dissolution in the biological medium and the release of toxic silver ions. The dissolution is usually larger for smaller particles. Gliga et al. exposed BEAS-2B cells to AgNPs of different sizes for 24 h, and observed a cytotoxic effect only for the smallest NPs (10 nm). The authors found that these NPs released more Ag + compared to the larger particles. Besides, the released fraction of Ag ions in the cell medium did not induce toxicity, thus implying that the intracellular Ag ions were responsible for the observed toxicity [START_REF] Gliga | Size-Dependent Cytotoxicity of Silver Nanoparticles in Human Lung Cells: The Role of Cellular Uptake, Agglomeration and Ag Release[END_REF].

To investigate the toxicity of AgNPs at the organ level, and to determine their effects on the respiratory function and inflammation, a wide range of in vivo studies using different types of AgNPs have been performed. and IL-10) and the recruitment of immune cells (lymphocytes and macrophages) after 3 days only for the higher dose. After 7 days, the inflammation was no longer detected, but tissue stiffness and resistance significantly decreased, and the surfactant protein D concentration increased. The data demonstrated that AgNP altered the lung response at certain doses [START_REF] Botelho | Exposure to Silver Nanospheres Leads to Altered Respiratory Mechanics and Delayed Immune Response in an in Vivo Murine Model[END_REF]. Similar results were observed by other authors after one instillation in rats of AgNPs of different size (20 and 110 nm), coating (citrate or Polyvinylpyrrolidone (PVP)), and for different doses (0.5-1 µg/g of rats). In general, an increase in inflammation was observed after instillation, which triggered the recruitment of immune cells such as neutrophils, monocytes and lymphocytes. Significant inflammation was observed with the higher doses only. No significant differences were observed between the different coatings. The authors concluded that 20 nm AgNP produced a strong inflammatory and cytotoxic response after instillation, whereas larger NPs (110 nm) would induce changes in the lung after longer periods [START_REF] Silva | Pulmonary Effects of Silver Nanoparticle Size, Coating, and Dose over Time upon Intratracheal Instillation[END_REF].

As we showed above, sporadic AgNPs inhalation induced inflammation, which is normally resolved in a relatively short period. However, one of the major problems concerning the uses of AgNP is the potential repeated exposure to these NPs. in the bronchoalveolar lavage [START_REF] Braakhuis | Identification of the Appropriate Dose Metric for Pulmonary Inflammation of Silver Nanoparticles in an Inhalation Toxicity Study[END_REF]).

In addition, all the studies highlighted the important role of the innate immune system, which constitutes the first line of defence against inhaled particles and pathogens. The innate immune system is formed in part by phagocytic cells. In the lung, alveolar macrophages internalize inhaled AgNPs to clear the alveolar space. Following the deposition of a large amount of AgNPs, when the local phagocytic defence is overwhelmed, a cascade of recruitment is triggered by the secretion of cytokines and chemokines. In addition, if NPs induce epithelial cell injury and an increase in oxidative stress and inflammation, it also induces the recruitment of neutrophils and lymphocytes to the damaged area (Figure 16). [START_REF] Teodoro | Assessment of the Toxicity of Silver Nanoparticles in Vitro: A Mitochondrial Perspective[END_REF]. Reduction in the ATP production led to cell cycle arrest, then to cell death.

In contrast, subtoxic doses of AgNPs could interfere with cellular energy balance, altering cellular metabolism, gene and protein expression, without ROS production or cell death. Chen The upregulation of metallothioneins was also observed after exposure to AgNPs by Böhmert et al. Metallothioneins (MTs) are small, cysteine-rich, metal binding proteins which protect cells from metallic stress. MTs have three main functions in the cells i) metal homeostasis, ii) protection against oxidative damage and iii) detoxification of heavy metals. During heavy metal contamination, the MTs exchange a zinc or copper ion for the heavy metal (Hg, Ag, Cd) which affinity for MT is stronger. The exposure of astrocytes to AgNPs led to a strong upregulation of MTs. The cell viability was not compromised, suggesting that MTs might help in silver detoxification as well [START_REF] Luther | Upregulation of Metallothioneins after Exposure of Cultured Primary Astrocytes to Silver Nanoparticles[END_REF]).

Formation of the Biomolecular corona on NMs

In addition to the physico-chemical properties of the NPs, the adsorption of proteins and other biomolecules on NPs can influence their toxicity. This biomolecular corona may modify their interaction with cells and their fate in the organism [START_REF] Docter | The Nanoparticle Biomolecule Corona: Lessons Learned -Challenge Accepted?[END_REF].

1.4-1 Adsorption of proteins on NPs

The phenomenon of protein adsorption on surfaces has been known for more than a century. It was described for example in 1962 by L. Vroman who studied the interactions between hydrophobic solid powders and plasma samples [START_REF] Vroman | Effect of Adsorbed Proteins on the Wettability of Hydrophilic and Hydrophobic Solids[END_REF]. Vroman observed the interaction of a protein with the hydrophobic surface, which then became hydrophilic.

Interestingly, different results were observed depending on the type of powder and the type of protein, which indicated that the modification of the wettability of the material was driven both by the presence of plasma proteins and by the physico-chemical properties of the powder.

During several decades, different studies were performed to investigate the process of protein adsorption on different types of materials and NMs, emphasizing the need of surface coating to avoid protein coating and to retain the native surface properties of the NMs. Biocompatible polymers have been used to reduce the adsorption of plasma proteins on nanoparticles [START_REF] Gref | Stealth' Corona-Core Nanoparticles Surface Modified by Polyethylene Glycol (PEG): Influences of the Corona (PEG Chain Length and Surface Density) and of the Core Composition on Phagocytic Uptake and Plasma Protein Adsorption[END_REF], for example after injection in the blood, though it cannot totally block protein adsorption to the surface (here to the polymer chains). The term of "protein corona" was first introduced in 2007 by Cedervall et al. who described the process of protein corona formation and the effect of protein-NP interaction in vivo [START_REF] Cedervall | Understanding the Nanoparticle-Protein Corona Using Methods to Quantify Exchange Rates and Affinities of Proteins for Nanoparticles[END_REF]).

The protein corona is currently described as a dynamic multilayered structure formed by proteins adsorbed on the NP surface following contact with the physiological environment and consequent interaction with proteins [START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF]. This structure has been schematically divided into two parts known as the "soft" and the "hard" protein corona (Figure 18a). Their exact definition differs between authors. The hard corona, which is preserved after NP separation from the biological medium, is formed by proteins strongly adsorbed to the surface and long-lived equilibrium states between biomolecules and NPs. The soft corona is thought of as the ensemble of more weakly bound proteins, which can be lost during the purification process [START_REF] Monopoli | Biomolecular Coronas Provide the Biological Identity of Nanosized Materials[END_REF][START_REF] Docter | The Nanoparticle Biomolecule Corona: Lessons Learned -Challenge Accepted?[END_REF]. The hard and soft corona can both include protein-NP and protein-protein interactions. The structure and composition of the protein corona is in continuous evolution, with tightly bound proteins exchanged slowly (or no exchanged), while low affinity proteins are expected to be more quickly replaced by high affinity proteins [START_REF] Milani | Reversible versus Irreversible Binding of Transferrin to Polystyrene Nanoparticles: Soft and Hard Corona[END_REF]. Besides, some proteins in the corona may themselves promote the interaction of other proteins, such as chaperonins that can recognize and bind to unfolded adsorbed proteins (G. [START_REF] Klein | Interferences of Silica Nanoparticles in Green Fluorescent Protein Folding Processes[END_REF]) (Figure 18b). (green). Then the most abundant proteins can be replaced by less abundant proteins which exhibit a higher affinity for the surface (yellow).

The adsorption state can favor or instead limit the aggregation of NPs in solution. It changes the global charge of the NPs and it gives them a biological identity that is distinct from their synthetic identity. Their biological identity determines the physiological response in part by mediating the interaction of the nanomaterial with cells, membranes, and possibly receptors.

Uncontrolled nanomaterial-protein interactions can mark a nanomaterial for uptake in off-target cell populations, activate enzymatic cascades and prevent efficient removal from the body [START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF].

The protein adsorption depends on several factors, such as the size, shape, surface area and surface charge of the NPs, and the composition of the biological medium.

-Surface area: NPs have a larger surface area compared to microparticles due to their small size, which can promote their surface reactivity and nonspecific interactions.

Platelet activation was recently shown to depend on the surface area rather than NP size [START_REF] Zia | Platelet Aggregation Induced by Polystyrene and Platinum Nanoparticles Is Dependent on Surface Area[END_REF]. Silica and polystyrene NPs of the same size bound different quantity of plasma proteins in the presence of low plasma concentration. By contrast, silica NPs binding capacity was lower in the presence of high concentrations of plasma proteins [START_REF] Monopoli | Physical-Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles[END_REF]). The differences in the protein pattern of silica NPs suggest that less abundant proteins whose binding increased at higher plasma concentration, acted as competitive binders and facilitated the desorption of proteins with lower affinity.

-Shape: synthesis of NMs with very different shapes (spherical, rod, oval, cubic, triangular, star, needle, cylinder, etc.) has been developed. The binding affinity of human serum albumin was higher for spherical than branched-shaped gold nanoparticles (AuNPs) [START_REF] Moustaoui | A Protein Corona Study by Scattering Correlation Spectroscopy: A Comparative Study between Spherical and Urchin-Shaped Gold Nanoparticles[END_REF]. Furthermore, a stronger inhibition of bgalactosidase was observed with pyramid-shape zinc oxide NPs compared to sphere and plate shapes [START_REF] Cha | Shape-Dependent Biomimetic Inhibition of Enzyme by Nanoparticles and Their Antibacterial Activity[END_REF].

- -Structural changes of adsorbed proteins: the adsorption of proteins on a surface can lead to structural changes of the adsorbed protein, which depends on the type of protein and the type of surface. These changes are biological meaningful, as they can provoke protein function loss. Silica NPs alter hemoglobin secondary structure at biological temperatures, which reduces the oxygen exchange capacities of the protein (Sanchez-Guzman et al. 2020). In addition, conformational changes may trigger protein aggregation and amyloid fiber formation which are known to be more toxic than mature fibrils [START_REF] Konar | Effect of Silica Nanoparticles on the Amyloid Fibrillation of Lysozyme[END_REF]. It can also induce the exposure of hidden epitopes to the immune system. The same protein may exhibit different conformational changes upon binding to different NPs. Human serum albumin (HSA) exhibited a decrease in a-helicity from 68% to 48% after adsorption to AuNPs [START_REF] Ramezani | An In-Depth View of Human Serum Albumin Corona on Gold Nanoparticles[END_REF]. By contrast, citrate-AgNPs failed to induce significant structural changes of HSA (W. [START_REF] Zhang | Comparison of Interactions between Human Serum Albumin and Silver Nanoparticles of Different Sizes Using Spectroscopic Methods[END_REF].

-Modifying cellular uptake: the presence of different proteins in the corona can promote or limit the internalization of NPs. Imaninezhad et al. observed that carbon nanotubes bind to adhesive proteins, like fibronectin present in the culture media, which facilitated NP-cell attachment and internalization [START_REF] Imaninezhad | Cell Attachment and Spreading on Carbon Nanotubes Is Facilitated by Integrin Binding[END_REF]. Also, AgNPs coated with serum proteins enhanced their uptake and cytotoxicity on embryonic fibroblast. Interestingly, AgNPs coated with an oligo-(ethylene glycol)alkanothiol to block protein adsorption, reduced serum-corona AgNP uptake, and thus cytotoxicity [START_REF] Barbalinardo | Protein Corona Mediated Uptake and Cytotoxicity of Silver Nanoparticles in Mouse Embryonic Fibroblast[END_REF]. Opposite effects were observed where the protein corona acts as a shield and reduced the NP uptake by phagocytic cells. The presence of clusterin in the protein corona of silver and silica NPs suppressed their cellular uptake in macrophage-like cells (THP-1) [START_REF] Aoyama | Clusterin in the Protein Corona Plays a Key Role in the Stealth Effect of Nanoparticles against Phagocytes[END_REF]). The authors found that serum-and plasma-protein corona on these NPs significantly reduced the cellular uptake. This effect was stronger with plasma-corona characterized by a higher abundance of clusterin proteins.

-Cell activation/regulation: AgNPs regulated development of zebrafish by Octamerbinding transcription factor 4 (Oct-4) expression. In silico analysis described a close interaction between Oct-4 transcription factor (involved in the embryo's growth and development) and AgNPs without protein conformational changes [START_REF] Sarkar | Molecular Aspect of Silver Nanoparticles Regulated Embryonic Development in Zebrafish (Danio Rerio) by Oct-4 Expression[END_REF].

Besides, Verma et al. identified a cytotoxic effect of AgNPs, which were synthesized with floral extract, driven by apoptotic factor p53 and the Superoxide dismutase type 1

(SOD-1) enzyme. In silico analysis showed an interaction of p53 and SOD1 with residues of Calotropin (from the floral extracts used during NP synthesis) without any binding to AgNPs [START_REF] Verma | Molecular Insights to Alkaline Based Bio-Fabrication of Silver Nanoparticles for Inverse Cytotoxicity and Enhanced Antibacterial Activity[END_REF]. The protein-NP interaction can induce changes in the protein structures impairing protein functions. These changes can induce protein degradation, disruption of signal cascade, and immune response activation. Besides, adsorbed protein can interact with membrane receptors and enhance (or shield) the NP uptake, modulating the NP fate and toxic effect (From (Park 2020).

1.4-3 Methodology to study protein corona

A wide range of approaches and techniques has been employed to study the protein corona formation, to determine protein composition, conformational changes, and corona thickness.

Importantly, different methodologies were used to isolate NPs with their protein corona from the free proteins of the biological medium.

a) NP isolation

It is important to choose the most appropriate method for the isolation of NPs with their corona from the protein-rich matrix before analysis. The separation step can modify the protein corona.

The different methods can produce false positive or false negative results, as a consequence of free protein precipitation or adsorbed protein dissociation during the isolation step. NPs should be isolated without losing bound proteins, while false positive (free proteins) should be omitted.

Different methodologies are currently used (Figure 21):

-Centrifugation: this is the most common method used for NP separation from the biological medium. This method can lead to false positives if free proteins precipitate at the same time as NPs during the centrifugation steps. False negative results may also occur when adsorbed proteins are lost during the washes or the centrifugation steps.

This technique requires an optimization of the protocol for each NP to adjust centrifugation speed and washing cycles (Monopoli et al. 2013).

-Magnetic separation: another way to isolate NPs with their corona is to use magnetic forces. The magnetic separation impacts less the protein corona than centrifugation [START_REF] Bonvin | Protein Corona: Impact of Lymph Versus Blood in a Complex In Vitro Environment[END_REF]) avoiding false negative results. Its main limitation is that it is restricted to magnetic NPs.

-Chromatography: chromatography is less frequently employed due to higher costs, time-consuming aspect and low throughput of samples. This isolation method has a lower impact on the protein corona than centrifugation [START_REF] Cedervall | Understanding the Nanoparticle-Protein Corona Using Methods to Quantify Exchange Rates and Affinities of Proteins for Nanoparticles[END_REF]). We can distinguish two main methods, size exclusion chromatography (SEC)

and asymmetric flow-field-flow fractionation (A4F). The principle of SEC is that proteins, which are smaller than NPs, interact more with the stationary phase and take more time to pass through the chromatography column. The A4F method can separate analytes in a larger size range. This method is based on a laminar flow that moves the NPs along a porous tube, and the passage through the porous membrane depends on size. Studies compared the results obtained with the different isolation methods. Pisani et al.

compared magnetic and centrifugation separation of magnetic silica NPs from the plasma. The authors concluded that the results differ substantially, with different protein abundance in the corona depending on the separation method (C. Pisani et al. 2017). Another study compared the hard corona formed with plasma protein on silica-coated iron oxide NP isolated by either magnetic, centrifugation or size exclusion chromatography. In that case the authors reported similar compositions of the protein corona, independently of the methodology employed (MONOPOLI et al. 2013). Additionally, the type of protein matrix and the type of NPs must be considered when choosing the most appropriate isolation method for the analysis of the protein corona.

b) Protein corona thickness and structure

The structure of protein corona can be evaluated by measuring the increase in NP diameter after incubation with proteins. Several techniques can be used to measure NP size in solution:

-Dynamic light scattering (DLS): DLS can determine changes in the diameter of NPs before and after incubation in a biological fluid. However, in order to obtain reliable results, DLS requires monodisperse population of protein-NP complexes.

-Differential centrifugal sedimentation (DCS): is able to separate NPs based on their density and size. It has been used to determine the thickness of the protein corona on NPs.

c) Protein composition

The composition of the protein corona can be analysed by gel electrophoresis and mass spectrometry.

-SDS-PAGE: One-and two-dimensional gel electrophoresis have been used to separate adsorbed protein according to their molecular weight (one-dimensional) or to their isoelectric point and molecular weight (two-dimensional). This technique provides a first approach to analyse the protein corona. It also provides information on the protein abundance, especially when using 2D gel electrophoresis.

-Mass spectrometry: this technique has been used to identify the proteins associated to the NPs. Generally, it can be used after gel electrophoresis separation to analyse specific band or spots. This technique required the enzymatic digestion of the proteins, and the peptide separation by liquid chromatography before the MS injections. Several approaches can be used such as MALDI-MS [START_REF] Ritz | Protein Corona of Nanoparticles: Distinct Proteins Regulate the Cellular Uptake[END_REF] and LC-MS/MS [START_REF] Lundqvist | Nanoparticle Size and Surface Properties Determine the Protein Corona with Possible Implications for Biological Impacts[END_REF][START_REF] Tenzer | Rapid Formation of Plasma Protein Corona Critically Affects Nanoparticle Pathophysiology[END_REF]. It allows the identification of a larger number of proteins than gel electrophoresis.

Qualitative and quantitative analysis can be performed.

d) Protein structure

The changes in protein structure following adsorption on NPs can be investigated with different techniques.

-Circular dichroism (CD) spectroscopy: is used to determine the secondary structure of a purified protein (Sanchez-Guzman et al. 2020). This technique provides information on the structural changes resulting from protein adsorption.

-Nuclear magnetic resonance (NMR) spectroscopy: provides information about the structure of proteins adsorbed on NPs.

-Computational simulation: in silico simulation provides information about protein conformation and spatial and temporal resolution to predict protein-NP affinities [START_REF] Sarkar | Molecular Aspect of Silver Nanoparticles Regulated Embryonic Development in Zebrafish (Danio Rerio) by Oct-4 Expression[END_REF][START_REF] Verma | Molecular Insights to Alkaline Based Bio-Fabrication of Silver Nanoparticles for Inverse Cytotoxicity and Enhanced Antibacterial Activity[END_REF]) and protein conformation changes (Sanchez-Guzman et al. 2020).

1.4-4 Interaction of nanoparticles with mucus

Inhaled NPs will encounter the mucosal airway epithelium, which is characterized by the presence of a mucus layer. This mucus layer can trap NPs and contribute to their elimination.

The interaction of NPs with mucus has gained attention in part due to the increased interest in mucosal administration of drugs, and drug delivery to epithelial surfaces (S. K. [START_REF] Lai | Mucus-Penetrating Nanoparticles for Drug and Gene Delivery to Mucosal Tissues[END_REF].

The mucus is a viscoelastic hydrogel which impairs the penetration of different NPs. However, liposomes NPs are able to penetrate the mucus layer. In that case, NP size plays an important role in NP penetration in the mucus [START_REF] Takeuchi | Mucoadhesive Nanoparticulate Systems for Peptide Drug Delivery[END_REF]. In addition to size, the coating of NPs with different polymers can enhance the particle penetration. The hydrophilic and hydrophobic substructure present in polymers such as Polyethylene glycol (PEG) and PLGA can improve particle diffusion by limiting their binding to the mucus [START_REF] Netsomboon | Mucoadhesive vs. Mucopenetrating Particulate Drug Delivery[END_REF]. Mura et al. investigated the role of NP surface chemistry and charge on the damage to Calu-3 bronchial epithelial barrier [START_REF] Mura | Biodegradable Nanoparticles Meet the Bronchial Airway Barrier: How Surface Properties Affect Their Interaction with Mucus and Epithelial Cells[END_REF].

The authors exposed Calu-3 cells to PLGA NPs with positive, neutral, and negative surface charge. The negatively charged NPs diffused faster in the mucus layer due to lack of interaction with the mucus mesh. By contrast, positively and neutral NPs were also able to penetrate the mucus layer but with a lower mobility due to enhanced NP interaction with mucus.

Furthermore, Fasquelle et al. compared the ability of cationic NPs or anionic phospholipid core NPs to interact with mucins and the airway epithelial cells [START_REF] Fasquelle | Importance of the Phospholipid Core for Mucin Hydrogel Penetration and Mucosal Cell Uptake of Maltodextrin Nanoparticles[END_REF]. The authors showed that the anionic phospholipid core increased NP mobility through a mucin hydrogel by reducing the interaction with mucins.

The surface charge of NPs can improve their penetration in the mucus, facilitating contact with the epithelial barrier. In addition, proteins from the mucus can form a protein corona on NPs, which will in turn affect their penetration in the mucus and their interaction with cells.

Objectives:

The objective of this thesis was to develop a 3D culture model of bronchial epithelium for nanotoxicological studies in acute and sub-chronic conditions. This 3D model could reproduce some of the morphological and functional features of the tissue, including the production of mucus. It allowed us to characterize the NP-protein interaction that takes place after NP inhalation in the airways, which was one of our objectives. In this work, we used Calu-3 cells to establish the epithelial barrier, and silver nanoparticles (AgNPs) as model NPs.

The results of this work are presented in 3 parts (corresponding to chapters 3, 4, and 5) along with a specific discussion and conclusion for each chapter. The objectives of each section are briefly described below:

1-Establishment of a long-term Calu-3 culture model for nanotoxicology. The model must be formed on inserts with a large porosity to allow NP translocation studies. Moreover, reduced fetal bovine serum supplementation was tested to reduce the amount of exogenous proteins, which can interact with NPs during or after exposure.

2-Morphological and functional validation of our Calu-3 model compared to MucilAir™:

a commercially available 3D model of the human upper airway epithelium developed with primary cells. The possibility to maintain a tight epithelial barrier for several weeks, the secretion of proteins, and the composition of the secretome, including mucus, were characterized. The evolution of the secretome composition with time was analysed by quantitative mass spectrometry for 18 days in the Calu-3 and MucilAir models.

3-Characterization of the protein corona formed on AgNPs following incubation in the collected secretome or direct exposure to Calu-3 cells. Different methodologies were tested and adapted to NP isolation from the secretome for the analysis of the protein corona. Finally, the role of the protein corona in the cellular interactions of NPs with macrophages was investigated.

Part of this work has already been published. However, we chose not to present this thesis as a collection of articles to better explain the experimental process. The published results are included in chapters 3 and 4 and enriched with additional results and discussion.

Chapter 2: Materials and Methods

2.1-Silver nanoparticles

This thesis was developed in the context of the EU Biorima project. The nanoparticles used were recommended and shared by the consortium. We focused on silver NPs for this project.

We have completed their characterization of their physical chemical properties already described by the provider (JRC, EU Joint Research Centre) by analyzing their properties related to the biological media in which we used them.

2.1-1 Details from JRC Scientific and Technical Reports.

The silver nanoparticles used in this study were provided by the European Commission JRC.

JRC provides a series of NMs to the scientific community to support the characterization, toxicological and eco-toxicological testing, and risk assessment of NMs. We used the reference NM-300K nano-silver. NM-300K is a colloidal aqueous suspension of silver NPs with a nominal silver content of 10% w/w stabilized with 4% w/w Polyoxyethylene Glycerol Trioleate and Polyoxyethylene ( 20) Sorbitan mono-Laurant (Tween20). Detailed size distribution characterization is provided in Table 3. The size of NM-300K nano-silver was measured by transmission electron microscopy (TEM) in 3 different laboratories (IUTA, VAR and EMPA).

The IUTA and VAR laboratories reported two nanoparticle populations with a mean diameter of 3-5 nm and 15-17 nm, respectively. The EMPA laboratory reported a unique NP population with a mean diameter of 17±3.17 nm. In addition, size distribution analysis using scanning electron microscopy (SEM) and nanoparticle tracking analysis (NTA) was performed by IUTA and EMPA laboratories, respectively. The SEM observations showed that particles formed a main population with a mean diameter of 14 nm, while some particles with a diameter up to 66 nm were observed. The NTA analysis reported a mean particle size of 52.3 ± 26 nm. Dynamic light scattering analysis (DLS) was done in several collaborative projects on NM-300K AgNPs.

The size distribution of NM-300K was comprised between 50 and 70 nm in water. The stability of the NM-300K suspension was controlled by UV-Vis spectroscopy 12 months after NP synthesis. No changes in the UV-vis spectrum were observed over time (Figure 22a).

The dissolution of NM-300K was measured by quantifying silver ions release in the solution following 12 days of incubation in 0.5% nitric acid, in a physiological buffer, or in deionized

water. An equilibrium was reached after 5 days of incubation in physiological buffer and water, and no further increase in silver concentration was observed. In nitric acid, the silver concentration increased over time associated with continuous dissolution in acidic conditions over time as compared to physiological buffer and water. 

2.1-2 Characterization of Ag NPs in biological media

The size of AgNPs was measured by Transmission Electron Microscopy (TEM). The aggregation state and the potential dissolution of NM-300K following incubation at 37°C in the different biological media were analyzed by Dynamic Light Scattering (DLS) and Small-Angle X-ray Scattering (SAXS). The buffers and biological media used in this study were Hanks'

Balanced Salt Solution supplemented with Ca 2+ and Mg 2+ (HBSS Ca2+/Mg2+ ), Minimum Essential Media (MEM) supplemented with 4% Fetal Bovine Serum (FBS), and the apical secretome of Calu-3 cells (see chapter 3). While TEM analysis is performed on dry particles only, DLS and SAXS can be performed on the particle suspension in the different media. SAXS can be used for the analysis of AgNP size with a higher resolution than DLS, especially in biological media with high protein content. In addition, it allows determining the particle concentration in solution. The samples were prepared for each technique as follow:

a) Transmission Electron Microscopy: NM-300K AgNPs were diluted to 0.5 mg/mL in water and a drop was deposited on a Cu-C-Formvar grid. The sample was left for 30 min at room temperature for drying. The excess of liquid was removed with a filter paper. Dilution in HBSS Ca2+/Mg2+ was not suitable due to the high salt concentration of this buffer. NPs were imaged with a JEM-100S microscope (Jeol Ltd Tokyo, Japan) operating at 80 kV. Images were acquired with an Orius 200 digital camera (Gatan-Roper Scientific, Evry, France) using Gatan software with a 15,000 x magnification.

Automated image analysis developed using ImageJ software was used to reduce noise and to calculate the average NP diameter. The algorithms and parameters used are detailed in Table 4. A total number of 2279 particles were analyzed. The average ± standard deviation values are indicated in Table 5 for each technique in the different media. SAXS raw data is shown in Figure 24. The SAXS measurements are in line with data reported by JRC for NM-300K batches.

Table 4: ImageJ plugin and parameters used for the automated analysis of TEM images

2.2-Cellular models

2.2-1 Calu-3 bronchial epithelial cell line

The human Calu-3 cell line has been widely used for drug screening, infection and toxicological studies [START_REF] Jeong | In Vitro Model for Predicting Acute Inhalation Toxicity by Using a Calu-3 Epithelium Cytotoxicity Assay[END_REF][START_REF] Florea | Drug Transport and Metabolism Characteristics of the Human Airway Epithelial Cell Line Calu-3[END_REF][START_REF] Stentebjerg-Andersen | Calu-3 Cells Grown under AIC and LCC Conditions: Implications for Dipeptide Uptake and Transepithelial Transport of Substances[END_REF]).This cell line has the capacity to simultaneously form a tight epithelium and to secrete mucus when grown at the air-liquid interface (ALI). These features make this cell line an interesting model of the human bronchial epithelium for toxicological assessment. All products used for cell cultures were provided by Thermo Fisher Scientific unless stated otherwise. Calu-3 cells were cultured in MEM supplemented with 10% FBS (F7524, Sigma-Aldrich), non-essential amino acid 100x (1% v/v), sodium pyruvate (1% v/v), glutamax (1% v/v), penicillin-streptomycin 100x (1% v/v) and HEPES buffer 100x (1% v/v). The cell cultures were maintained in 25 or 75 cm 2 culture flasks (Corning ® ) (Figure 25a) at 37°C and 5% CO2.

The culture medium was changed every 2-3 days and cells were passaged weekly before confluence. At each passage, cells were counted and seeded at a density of 40,000 cells per cm 2 in new flasks.

For the establishment of the epithelial barrier, Calu-3 cells were grown on porous inserts (Figure 25b). The culture was established by seeding cells at a density of 500,000 cells/well: 500 µL of cell suspension in MEM+10% FBS was added to the apical compartment and 1.5 mL of MEM+10% FBS was added to the basal compartment (Figure 26a-b). Inserts are commercially available with a membrane porosity ranging from 0.4 to 3 µm in pore diameter. We selected a 3-µm porosity because of its suitability for NP translocation studies. During this project, the inserts were provided by two different suppliers. First, we used Transwell ® with a polyester (PE) membrane (pore diameter = 3 µm, surface area = 1.13 cm 2 , Corning) from Costar. Then, during the last 6 months of the thesis, we had to change for Millipore inserts due to supply disruption at Costar. The new inserts were Millicell ® with a polyethylene terephthalate (PET) membrane (pore diameter = 3 µm, surface area = 1.1 cm 2 , Millipore) from Sigma. Although the same pore size was advertised, the pore creation process must be slightly different between suppliers as we found fused pores in Millicell membranes, which were not visible on Costar's inserts (Figure 26c-d). Nevertheless, Calu-3 cell cultures on the two different types of inserts did not show statistical differences in trans-epithelial electrical resistance (TEER), Lucifer Yellow (LY) permeability, growth rates or cell viability at ALI. The development of the culture on inserts took place in two successive steps:

1. In submerged conditions: Cells were incubated with the culture medium present in both the apical and basal compartments. Cells were kept in submerged conditions in MEM+10% FBS until the TEER reached 700 W.cm 2 , which usually took 7 to 9 days.

During this period, the culture medium was replaced every 2-3 days in both compartments.

At the air-liquid interface (ALI):

The apical surface of the cells was exposed to the air.

ALI was induced by removing the medium from the apical compartment. Cells were kept at ALI with MEM+10% FBS in the basal compartment for one day. Then, the apical and basal compartments were washed with HBSS Ca2+/Mg2+ to remove serum proteins. MEM supplemented with different concentrations of serum (0, 2, 4, 8%) was added to the basal compartment only, depending on the experimental conditions. The TEER was measured at ALI to follow cell differentiation and the formation of a tight epithelium.

During cell differentiation at ALI, the culture medium was changed every 2-3 days in the basal compartment, and the apical secretome was collected. The secretome corresponds to the thin layer of liquid covering cells composed of mucus and proteins secreted by cells. The collection of the apical secretome was performed by incubating cells with 200 µL of HBSS Ca2+/Mg2+ at 37°C for 5 min. 3-4 back and forth movements were done with the pipet to detach the viscous mucus and help removing the whole secretome without damaging the cells. Secretomes were stored at -80°C before analysis.

2.2-2 Primary Normal Human Bronchial Epithelial cell (NHBE)

Primary human bronchial epithelial cells were provided by Epithelix (Genève, Switzerland, www.epithelix.com). The system is commercially known as MucilAir TM cultures (Figure 27a).

The MucilAir TM 3D lung tissue model is a fully differentiated bronchial epithelium reconstituted from human bronchial airway epithelial cells (hAEC) cultured in Transwell ® with a polyester membrane (pore diameter = 0.4 µm, surface area = 0.33 cm 2 ). NHBE are only available with a 0.4 µm porosity, because NHBE cannot be grown on membranes with larger pores (Figure 27b).

In this study, the MucilAir TM epithelia were derived from the primary cells of 3 non-smoking healthy donors. The donors were two males (15 and 41 years old) and one female (59 years old), all Caucasian (Table 6). MucilAir TM cultures were maintained following the manufacturer instructions. The cells were sent with agar culture medium at 37°C. At reception, agar was removed and the inserts were transferred to a new culture plate with serum-free MucilAir TM culture medium supplemented with penicillin-streptomycin (EP04MM, Epithelix). The cultures were kept for one day at 37°C.

Then, the culture medium was changed and the experimental time (as reported in our study) started. In our conditions, cells were kept at ALI with MucilAir TM culture medium. The basal medium and the apical secretome were collected every 2 days and stored at -80°C. Secretomes were collected in the same conditions as for Calu-3 cultures (see 2.1a). 

2.2-3 THP-1-derived macrophages

THP-1 cells were purchased from the American Type Culture Collection (ATCC ® TIB202 TM ).

THP-1 is a monocytic cell line derived from human acute monocytic leukemia (Figure 28a).

The cells were grown in suspension and differentiated into adherent macrophages by exposure to 12-O-tetradecanoylphorbol-13-acetate (PMA) (P1585, Sigma). The cells were cultured in RPMI 1640 supplemented with 10% FBS, 2 mM Glutamax, 1% v/v NEAA 100x, 1% v/v penicillin-streptomycin 100x, 1% v/v HEPES buffer 100x and 50 µM 2-b-mercaptoethanol.

Cells were maintained by adding fresh medium every two days, keeping a cell density lower than 8 x 10 5 cells/mL. Cells were passaged once a week following centrifugation and complete medium changed.

To induce THP-1 differentiation into macrophages, 30 x 10 6 cells were resuspended in 6.25 mL of fresh medium with 500 nM PMA, and incubated at 37°C for 3h under gentle agitation (Figure 28b). Then, PMA was removed by centrifugation, cells were resuspended in fresh RPMI medium + 10% FBS, and finally seeded at a density of 2.35 x 10 5 cell/cm 2 . The cells were incubated at 37°C for at least 12h. THP-1 derived macrophages were rinsed with PBS in order to remove dead and non-adherent cells before exposure to nanoparticles.

Exposure to silver nanoparticles

2.3-1 Preparation of NP suspensions

NM-300K AgNP is a colloidal dispersion with a nominal silver content of 10% w/w. AgNP suspension was diluted in HBSS Ca2+/Mg2+ to a concentration of 1 mg/mL. The particle suspension was sonicated for 2x2 min on ice using a cup horn sonicator (450W, 60 Hz, Branson). The NP suspension was further diluted in HBSS Ca2+/Mg2+ to a final concentration chosen for the experiments. 

2.3-2 Treatments of Calu-3 cells with AgNPs

The AgNPs were delivered to cells grown on inserts at ALI as NP suspension in a reduced volume of liquid, so as not to lose the ALI. 20 µL of AgNP suspension was deposited directly in the apical compartment as 4 droplets of 5 µL each (Figure 29). The control cultures received 20 µL of the HBSS buffer only using the same procedure. Calu-3 cultures were exposed to AgNPs in a single treatment with approximately 10 µg and 50 µg AgNPs per well, corresponding to 10 and 50 µg/TW. Before each treatment, the apical secretomes were collected and stored at -80°C. Then, cells were exposed to AgNPs as described above for 1 to 48h.

2.3-3 Formation of the acellular protein corona

The adsorption of proteins on NPs was studied by gel electrophoresis and mass spectrometry (see 2.6). The acellular protein corona (protein corona formed in the secretome or culture medium without cells) was formed by mixing the apical secretome of Calu-3, the apical secretome of NHBE cells, or 4% FBS (in average 250 µg/mL) with a known concentration of NPs (see 2.3-1). Generally, 200 µL of apical secretome was mixed with 10 µg of AgNPs and incubated for 1h at 37°C under gentle mixing (Figure 30). This protein/NP ratio was chosen so that it would be identical to the protein/NP ratio in cellular protein corona experiments (protein corona formed in the secretome with cells), where cells are directly exposed to NPs (see 2.3-4). 

2.3-4 Formation of the cellular protein corona

The formation of the cellular protein corona was investigated by exposing Calu-3 cells at ALI directly to AgNPs. Before exposure, the epithelial integrity and the cell metabolic activity were monitored by measuring the Trans-Epithelial Electrical Resistance (TEER), the Lucifer yellow (LY) permeability and the Alamar Blue (AB) assay (see 2.4-1, 2.4-2 and 2.5-1 respectively).

Cells were kept overnight in culture conditions to restore the apical secretome that could have been modified by the manipulation of the cultures. Then, cells were exposed to the chosen concentration of AgNPs as described in section 2.3-2. Following 1h, 24h and 48h treatments, AgNPs with their adsorbed proteins ('cellular protein corona') were collected in HBSS using the same protocol as for secretome collection (Figure 31) (section 2.2-1). Briefly, 200 µL HBSS Ca2+/Mg2+ were added in the apical compartment and incubated at 37°C for 5 min. 3-4 back and forth movements were done with the pipet to detach the viscous mucus and help removing the whole secretome with AgNPs. Secretome-AgNP samples were stored at -80°C before analysis. Calu-3 cultures were exposed to AgNPs at 10 or 50 µg/cm² for 1 to 48h. The epithelial barrier integrity was monitored before treatment and cells were kept overnight following TEER measurement to restore the apical secretome. After treatment, secretome-NPs were collected with 200 µL HBSS Ca2+/Mg2+ and samples were kept at -80°C before analysis.

2.3-5 AgNP isolation for the analysis of the protein corona

All the secretome samples were stored at -80°C for protein corona studies (cellular and acellular protein coronas). A freezing cycle reduced protein sedimentation by centrifugation (see chapter 5). The AgNPs with their adsorbed proteins were isolated from the free proteins in the secretome using two centrifugation steps (Figure 32). All the centrifugations were run for 20 min at 4°C. For the first centrifugation, a low speed of 3,000g was used to precipitate AgNPs, while avoid free protein sedimentation. The supernatant was discarded, and AgNPs were resuspended in 500 µL HBSS Ca2+/Mg2+ . A second centrifugation step was performed followed by 3 washes in the same buffer. The second centrifugation was done at a higher speed of 14,000g. A cycle of 3 washes was done to remove free or weakly bound proteins from the NPs.

The supernatants were discarded and the pellets were always resuspended in 500 µL HBSS The protocol was adapted for the analysis of the acellular and cellular protein corona formed in the viscous secretome of Calu-3 cells. 2 centrifugation steps, at low speed (3,000g) and at high speed (14,000g) were performed to remove free proteins. The second centrifugation step was repeated 3 times for washing following NP resuspension in 500 µL HBSS. Supernatants were discarded (red square), and the final NP pellet was kept for proteomic analysis.

2.3-6 Treatments of THP-1 cells with AgNPs

Differentiated THP-1 cells were exposed to AgNPs that were incubated with Calu-3 secretome or FBS to form two different protein coronae (see 2.3-3). For the formation of the protein corona in the secretome, the same ratio of protein/NPs as for the cellular protein corona study was used. For the formation of the protein corona in FBS, we used a total protein concentration in FBS identical to the protein concentration in the secretome. The final concentrations of AgNPs applied for THP-1 were obtained by diluting pre-coated AgNP in a mixed HBSS Ca2+/Mg2+ : serum-free RPMI (v/v) buffer. HBSS and RPMI were mixed because we observed a loss of cell viability of the macrophages when exposed to HBSS alone. No loss of cell viability was observed using HBSS:RPMI buffer during 24h. Before treatment, macrophages were rinsed with PBS to remove dead and detached cells. 200 µL AgNP suspension were added to each well for 4h and 24h.

2.4-Methods to monitor the integrity of the epithelial barrier

2.4-1 Trans-Epithelial Electrical Resistance (TEER) measurement

To assess the integrity of the epithelial barrier formed by Calu-3 or NHBE cells on inserts, the TEER was measured with an EVOM2 ohmmeter (World Precision Instruments, Sarasota, Florida, USA) in combination with an STX2 electrode. The culture medium was replaced by HBSS Ca2+/Mg2+ in the basal (1.5 mL) and apical (0.5 mL) compartments. For each experiment, the TEER was also measured in a cell-free insert and the measured value (Rblank) was subtracted from the measured TEER value of the cell-seeded inserts (Rsample). All TEER values were expressed in W.cm 2 , multiplying the corrected TEER values by the surface area of the insert (S).
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The epithelial barrier was considered as tight for TEER values higher than 300 W. nm. The LY permeability (%) was calculated as follow:

𝐿𝑌 𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = 𝐼 !"#$%& -𝐼 *%"() 𝐼 +, -𝐼 *%"() 𝑥 100
A LY permeability smaller than 2% was considered acceptable for a tight barrier (following the manufacturer's recommendations).

2.4-3 Immunohistochemistry and immunocytochemistry

Immunodetection was used to probe tight junctions and mucus production in Calu-3 and NHBE cultures. In addition, specific antibodies were used in NHBE cultures to distinguish between the different cell types. These experiments were performed on whole cultures (immunocytochemistry) as well as on paraffin-embedded sections (immunohistochemistry). In both cases, cells were fixed with 4% paraformaldehyde (Fisher Scientific) for 15 min at room temperature and rinsed 3 times with PBS.

a) Immunohistochemistry on sections

Preparation of paraffin-embedded sections: Following fixation with paraformaldehyde, the inserts were dehydrated with ethanol in a graded series of concentrations: 50% (twice) -70%

(twice) -95% (twice) -100% (twice). 100% ethanol was replaced by clearing agent

NeoClear TM (64741-65-7, Sigma) allowing the clearing agent to infiltrate the cells and membranes for 10 min twice. Infiltration of the cells was continued by removing the NeoClear TM from the insert and adding liquid paraffin in an oven at 60°C for 1h. Paraffin was changed and replaced with fresh paraffin and incubated for 1h. The insert was then placed at room temperature to allow for the solidification of paraffin. The membrane was cut to remove it from the insert frame and 7-µm thick sections were mounted on glass slides and dried.

Immunohistochemistry: sections were cleared from paraffin with NeoClear TM by 3 bathes of 5 min each. The inserts were hydrated with ethanol in a graded series of concentrations: 100%

(twice) -95% (twice) -70% (twice) -50% (twice) and finally in distilled water. Unmasking of antigens was done by incubating the sections in citrate buffer (1.8 mM citrate acid + 8.2 mM sodium citrate, pH 6) for 40 min at 95°C in a water bath. Following washes with PBS, cells were permeabilized with 0.02% Triton X-100 and blocked with 2% BSA (A7906, Sigma) in PBS. After washing, cells were incubated with the primary antibodies at 4°C overnight (Table 7). After washing with PBS, the secondary antibodies were incubated for 45 min at room temperature (Table 7). Actin filaments were stained with phalloidin conjugated to AF488. The incubation with phalloidin and the secondary antibodies were done at the same time.

Cells were mounted with Fluoroshield TM , which contains DAPI (F6057, Sigma-Aldrich), before imaging on a confocal ZEISS LSM 700 fluorescence microscope with a 63x objective.

Version 2.3 of the ZEISS ZEN software was used. Image analysis was performed with ImageJ (http://rsbweb.nih.gov/ij/) b) Immunocytochemistry on cultures at ALI After fixation, the membrane of the insert was cut and divided into 4 pieces for multiple antibodies testing. The membrane was incubated for 30 min at room temperature in 0.02% Triton X-100 (Sigma-Aldrich) and 2% BSA (A7906, Sigma-Aldrich) that allows the permeabilization of the plasmic membrane, antibody penetration, and reduction of nonspecific binding respectively. Information about primary and secondary antibodies used in this study are provided in Table 7.

Table 7: List of primary and secondary antibodies used for immunohisto/cyto-chemistry.

MUC5AC: mucin 5AC; ZO-1: zonula occludens 1.

2.4-4 Scanning and Transmission Electron microscopy

These experiments were done in collaboration with René Lai-Kuen at the electron microscopy facility of the faculty of pharmacy (Université de Paris). The morphology of Calu-3 and THP-1 cells was observed by transmission and/or scanning electron microscopy. For Calu-3 cells cultured on inserts, all the preparation steps were performed on the insert. For THP-1 cells, all the preparation steps were performed in suspension following trypsinization to detach cells from the plate. Each buffer change was followed by 5 min centrifugation at 3,000g at 4°C.

Samples were slowly resuspended in new buffer solutions to avoid cell loss. 

b) SEM

For scanning electron microscopy, after serial dehydration in alcohol, cells were treated with hexamethyldisilazane (HMDS) to finish dehydration. Samples were mounted in an SEM holder and the surface was sputter-coated with a 5 nm thick layer of palladium under vacuum using a Jeol JFC-1300 Autofine Coater. Images were acquired with a Joel 100S SEM microscope (Jeol, France) and analyzed using ImageJ.

2.5-Methods to evaluate the cellular responses to AgNPs

In addition to the assays described below, the TEER and LY permeability were again measured following exposure to AgNPs to determine whether the treatment could affect the epithelial barrier integrity (see 2.4-1 and 2.4-2). Besides, TEM was used for a first evaluation of AgNP uptake (see 2.4-4) before quantification by ICPMS.

2.5-1 Cell viability assays

Cell viability is classically estimated by measuring the metabolic activity of living cells. The metabolic activity can be measured based on the colorimetric or fluorometric changes of chemical species within living cells.

AlamarBlue (AB) cell viability reagent is a commercially available assay that gives a quantitative indication of metabolic activity in the form of a fluorometric change. Resazurin, the active compound of the Alamar blue assay, is a cell-permeable and non-toxic molecule, allowing for a non-invasive method to estimate cell viability. Following its uptake by living cells, the blue and non-fluorescent resazurin is reduced to resorufin, a red and highly fluorescent compound. AB is reduced by mitochondrial enzymatic activity [START_REF] Al-Nasiry | The Use of Alamar Blue Assay for Quantitative Analysis of Viability, Migration and Invasion of Choriocarcinoma Cells[END_REF].

Fluorescent resorufin can be detected in fluorescence plate readers.

For cells grown at ALI in inserts, the basal medium was replaced by fresh medium containing 10% v/v AB solution. Cells were incubated at 37°C, 5% CO2 for 1h. Then, 100 µL medium were transferred to a 96-well plate. The measurements were carried out on a FlexStation 3 microplate reader, in bottom-read mode, with lexc = 545 nm and lem = 590 nm.

WST-1 is a viability assay based on the measurement of the mitochondrial activity. WST-1 is a tetrazolium salt (slightly red) that is cleaved into formazan (dark yellow) by mitochondrial dehydrogenase enzymes in living cells. Compared to AB assay, WST-1 assay is invasive. This assay was used on THP-1 derived cells only.

THP-1 derived macrophages were cultured as described in section 2.2-3 in duplicate in 96-well plates. After NP treatment, cells were rinsed with PBS. Then, one plate was incubated for 15 min at 37°C, 5% CO2 with 100 µL/well serum-free fresh medium without phenol red, and the second plate with 0.2% Triton X-100 in serum-free medium without phenol red. 50 µL WST-1 (1/5) was added to each well and incubated for 30 min at 37°C with 5% CO2. Triton X-100 treated plate was used as a control to evaluate and subtract AgNP interference with WST-1.

Absorbance was measured at 450 nm on a FlexStation 3 microplate reader. Results were expressed relatively to the control following the equation:

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) = (𝑆𝑎𝑚𝑝𝑙𝑒 -./0 -𝐵𝑙𝑘 -./0 ) -(𝑇𝑠𝑎𝑚𝑝𝑙𝑒 -./0 -𝑇𝑏𝑙𝑘 -./0 ) (𝐶𝑜𝑛𝑡𝑜𝑙 -./0 -𝐵𝑙𝑘 -./0 ) -(𝑇𝑐𝑜𝑛𝑡𝑟𝑜𝑙 -./0 -𝑇𝑏𝑙𝑘 -./0 ) 𝑥 100
where SampleA450 correspond to NP treated cells, controlA450 to non-exposed cells, BlkA450 to a cell-free well. T indicates cells treated with Triton X-100.

2.5-2 Assessment of the pro-inflammatory response by ELISA

The release of cytokines was measured in the basal culture medium of Calu-3 cells and in the culture medium of THP-1 cells. Following NP exposure, the media were collected and stored at -80°C before analysis. Cytokine quantification was performed using ELISA kits (DuoSet ELISA kit, R&D Systems) according to the manufacturer's instructions. Briefly, ELISA plates (9018, Corning) were coated with a specific capture antibody overnight at room temperature.

After washing, standard and samples were applied to coated ELISA plates allowing cytokineantibody binding. The bound cytokine was recognized by a secondary antibody coupled to horseradish peroxidase (HRP) enzyme permitting the quantification of bound proteins by enzymatic conversion of tetramethylbenzidine (TMB) (OptEIA TM , BD Bioscience) colorimetric reagent. The enzymatic reaction was stopped with 2N H2SO4 and the absorbance was measured at 490 nm on a FlexStation 3 microplate reader.

2.5-3 Glycoprotein quantification by ELLA assay

The glycoprotein concentration in the apical secretome of Calu-3 and NHBE cells was measured by the enzyme-linked lectin assay (ELLA). ELISA 96-well plates (9018, Corning)

were coated with lectin from Triticum vulgaris (L0636, Sigma-Aldrich) at 37°C for 1h. Then, the plates were washed three times with a washing solution (0.5M NaCl -0.1% Tween 20 -PBS buffer). For sample incubation, 50 µL of standard and samples were added in duplicates for 1h at 37°C. Standard calibration curves were done with a serial dilution of known concentration of Porcine stomach mucin (2378, Sigma-Aldrich). After washing, 50 µL of Lectin Glycine max peroxidase conjugate (L2650, Sigma-Aldrich) detection solution was added to the sample and standard wells for 1h at 37°C. After washing, the substrate reagent TMB (OptEIA TM , BD Bioscience) was added to each well and incubated for 20 min at room temperature in the dark. The enzymatic reaction was stopped with 2N H2SO4 and the absorbance was measured at 490 nm on a FlexStation 3 microplate reader.

2.5-4 Gene expression analyzed by RT-qPCR

The gene expression of Calu-3 cells after exposure to AgNPs was measured by Real-time quantitative PCR (RT-qPCR) using primers for mucins, pro-inflammatory cytokines, as well as for other genes involved in the metallic detoxification and anti-oxidant responses, such as metallothionein and heme oxygenase-1 respectively.

RNA was extracted using the NucleoSpin ® kit (Macherey-Nagel, France) following the manufacturer's recommendations. Briefly, lysis buffer was used to extract total RNA and each sample was deposited in a column with a silica membrane for RNA binding. Samples were desalted and DNA was removed using DNase. Pure RNA was eluted in ultrapure water and stored at -80°C. RNA concentration, purity and integrity were checked by measuring the absorbance at 230 nm, 260 nm and 280 nm on a Nanodrop (Nanodrop 2000, ThermoFisher Scientific). Only samples with A(260nm)/A(280nm) ratio of 1.8-2.0 and A(260nm)/A(230nm) ratio > 1.5 were kept for analysis. Reverse transcription PCR (RT-PCR) was performed using the High-capacity cDNA Reverse Transcription kit (ThermoFisher, France) following the manufacturer's instructions. 2 µg of total RNA with dNTP mix, random primers and 50U

MultiScribe TM reverse transcriptase were used for RT-PCR in a final volume of 20 µL. A thermal cycler (BioRad) was used for the amplification steps. The cycles were divided into 4 steps (Table 8): RT-qPCR was used to determine the relative expression of genes listed in Table 9 using rpl19 as the housekeeping gene. The genes were amplified and quantified using a thermocycler Lightcycler 480 (Roche). Samples were transferred to a 384-well plate with a 10 µL final volume. Solutions were prepared as follow:

• 2.5 µL of cDNA 1/10 diluted

• 7.5 µL of PCR mix:
Þ 1 µL of mix primers (forward and reversed primers 1/10) Þ 5 µL of SYBR green PCR master mix Þ 1.5 µL nuclease-free water

The thermocycler was set to 45 amplification cycles in quantification analysis mode. The melting curves were measured for primers quality control to check that unique fragments were amplified. The gene expression was calculated using the 2 -DDCt method and normalized to rpl19 housekeeping gene. The log 2-fold change was expressed relatively to the control. 1. Gel staining: Proteins were fixed with 50% methanol, 7% acetic acid, in milli-Q water for 30 min. The proteins were stained with SYPRO ® Ruby (S12000, Molecular Probes) overnight with gentle shaking. Then, the gel was washed three time with 10% methanol, 7% acetic acid, in milli-Q water. Before imaging, the gel was rinsed with tap water twice for 5 minutes. Images were taken using a UV transilluminator and a CCD camera.

2. Immunoblotting: Proteins were transferred from the gel to a nitrocellulose blotting membrane (0.45 µm, 10600002, GE Heathcare) in a cassette by applying a 100mA current for 1h. The membrane was blocked with 2% BSA in Tris-Buffer Saline (TBS) buffer for 30 min. The primary antibody was incubated overnight at 4°C in diluted TBS.

After washing, the secondary antibody coupled to HRP was incubated for 45 min at room temperature. The antibodies were visualized by chemiluminescence using enhanced chemiluminescence (ECL) (28980926, GE Healthcare) as the HRP substrate.

Images were acquired with an Imager 600 system (Amersham).

b) Before the analysis of the protein corona by LC-MS/MS, the same protocol was applied to the samples containing AgNPs with their protein corona. The electrophoresis ran for 10-15 min only in order to separate the proteins, which migrate through the gel, from the AgNPs, which cannot migrate in the gel and remained in the wells. This short electrophoresis also allows stacking proteins in a single band on the gel, which can be easily cut and digested ahead of mass spectrometry analysis. • a pool of 3 different Transwell ® from the same donor for NHBE cells,

• a pool of 3 different Transwell ® from 2 different culture batches for Calu-3 cells.

A label-free quantitative proteomic analysis using LC-MS/MS was performed after protein digestion with trypsin. The analysis was run at the Proteomic platform (Université de Paris, CNRS, Institut Jacques Monod).

Briefly, 16 µg of proteins were precipitated in cold acetone, then resuspended in 25 mM NH4HCO3 buffer before trypsin digestion overnight (V5111, sequencing-grade Trypsin, Promega). Peptides were desalted and concentrated using 10μL ZipTip µ-C18 Pipette Tips (Millipore). The peptides were analyzed on a Q-Exactive Plus mass spectrometer coupled to a Protein and peptide identification for all MS raw files were performed with MaxQuant software using the search engine Andromeda (J. [START_REF] Cox | Andromeda: A Peptide Search Engine Integrated into the MaxQuant Environment[END_REF]). Enzymatic digestion with trypsin was selected, together with a precursor mass tolerance of 10 ppm and a fragment tolerance of 0.5

Da. The search database used FASTA file on the Homo sapiens and Bos taurus from RefSeq NCBI database (2021).

The following post-translational modifications were searched in dynamics parameters: oxidation (M), phosphorylation (S/T/Y), acetylation (Protein N-terminal). The maximum number of missed cleavages was limited to two for trypsin digestion. The false discovery rate (FDR) was set to 0.01 for both peptide and protein identifications. Normalized label-free quantification was done by applying the MaxLFQ algorithm set up in MaxQuant software.

The identified proteins were further analyzed using Perseus software [START_REF] Tyanova | The Perseus Computational Platform for Comprehensive Analysis of (Prote)Omics Data[END_REF].

Potential contaminants and false positive proteins were excluded from the analyzes.

2.6-4 Bioinformatic analysis of the proteomic data

The bioinformatic analysis and the corresponding figures were developed using R software (v.

3.6.2). Heatmaps were represented using the 'pheatmap' package (Kolde 2019), where correlation clustering distance row was applied. PCA was calculated from the abundance of the extracellular proteins identified in each replicate and the results were presented using the 'ggbiplot' package (Vu 2011). The 'packcircles' package (Bedward, Eppstein, and Menzel Peter 2018) was used to represent protein abundance, where the circle area is proportional to each protein abundance.

Biological pathways and gene ontology terms enrichment analysis

We used a web-based implementation of g:Profiler (https://biit.cs.ut.ee/gprofiler/gost) to perform functional enrichment analysis based on the biological pathways and gene ontology terms associated with each protein. Functional enrichment was done with g:GOSt, which provides functional information for each gene and detects statistically significantly enriched terms. The analysis was performed using g:SCS algorithm with a threshold of 0.05.

Statistical analysis

The statistical analysis was performed with Prism GraphPad Software (v. 

Chapter 3: Using Calu-3 cell line to establish a long-term bronchial epithelium model at the air-liquid interface

The respiratory tract is the main route of exposure to airborne particles. Among them, nanomaterials (NMs) have become a potential hazard for human health due to the increase in their production and use. The lung toxicity can be studied on animals following NM instillation or inhalation. However, the cost of such studies and their inability to cope with a large number of NMs, led to the exploration of new approaches for rapid toxicity screening. Moreover, the uncertainties on the data extrapolation from animal models to humans, as well as ethical issues, have favored the development of in vitro models of the human respiratory epithelium. The availability of human cells combined with progress in culture conditions to promote in vitro differentiation has opened the way to new human models to better assess NM toxicity (Fang and Eglen 2017).

Human primary airway cells are commercially available and represent a gold standard to evaluate the chronic toxicity of xenobiotics, including NMs, in vitro (García-Salvador et al.

2021

). Indeed, they can be maintained in culture for several weeks when grown on inserts at the air liquid interface (ALI). They also form a tight bronchial epithelium similar to what is observed in vivo, which is composed of different cell types. Unfortunately, they present some limitations due to their cost and limited availability, the low rate of cell expansion, and donor variability (Rayner et al. 2019). Besides, in the context of nanotoxicology, nanoparticle (NP) translocation studies are limited by the pore diameter of the insert, which is 0.4 µm in diameter for normal human bronchial epithelial (NHBE) cells.

Alternatively, human lung cell lines derived from tracheobronchial cells, such as BEAS-2B [START_REF] Feng | Electron Compensation Effect Suppressed Silver Ion Release and Contributed Safety of Au@Ag Core-Shell Nanoparticles[END_REF][START_REF] Vranic | Live Imaging of Label-Free Graphene Oxide Reveals Critical Factors Causing Oxidative-Stress-Mediated Cellular Responses[END_REF]) and Calu-3 [START_REF] Jeong | In Vitro Model for Predicting Acute Inhalation Toxicity by Using a Calu-3 Epithelium Cytotoxicity Assay[END_REF][START_REF] Cingolani | In Vitro Investigation on the Impact of Airway Mucus on Drug Dissolution and Absorption at the Air-Epithelium Interface in the Lungs[END_REF][START_REF] Forti | In Vitro Evaluation of the Toxicity Induced by Nickel Soluble and Particulate Forms in Human Airway Epithelial Cells[END_REF], from bronchoalveolar cells, such as NCI-H92 and 16HBE, or from alveolar cells, such as A549 (George et al. 2015), have been largely used in the toxicological studies of xenobiotics. However, most of the studies were limited to the study of the acute toxicity [START_REF] Jeong | In Vitro Model for Predicting Acute Inhalation Toxicity by Using a Calu-3 Epithelium Cytotoxicity Assay[END_REF][START_REF] Vranic | Impact of Serum as a Dispersion Agent for in Vitro and in Vivo Toxicological Assessments of TiO2 Nanoparticles[END_REF], because the cells need regular passages when classically grown in plastic flask. Among these cell lines, Calu-3 has the advantage of being able to differentiate and form a tight epithelium that secretes mucus when grown at the air-liquid interface (Figure 33) [START_REF] Madlova | Poly(Vinyl Alcohol) Nanoparticle Stability in Biological Media and Uptake in Respiratory Epithelial Cell Layers in Vitro[END_REF][START_REF] Braakhuis | Progress and Future of in Vitro Models to Study Translocation of Nanoparticles[END_REF]. This makes Calu-3 cells a suitable model of the human bronchial epithelium for chronic toxicity studies of NMs. It also allows exposing cells on their apical side at ALI, directly on the mucus layer. These improvements include the reduction of Foetal Bovine Serum (FBS) supplementation in the culture medium -to reduce the amount of exogenous proteins, and the use of inserts with a large porosity -to follow NP translocation through the epithelium and the insert (Figure 33).

At the same time, we would like to obtain a culture that differentiates into a functional epithelium, and which can be kept at ALI for several weeks.

FBS is necessary for cell culture, but minimizing the intake of exogenous proteins is important for drug and particle toxicological studies. FBS proteins can form complexes with some drugs, changing their bioavailability. Moreover, NPs are known to adsorb proteins on their surface, forming a so-called protein or biomolecular corona that drives nanoparticle-cell interactions and can profoundly change their biological fate and effects [START_REF] Shaw | Protein Corona Formation in Bronchoalveolar Fluid Enhances Diesel Exhaust Nanoparticle Uptake and Pro-Inflammatory Responses in Macrophages[END_REF][START_REF] Konduru | Protein Corona: Implications for Nanoparticle Interactions with Pulmonary Cells[END_REF]. Although in cultures at ALI, NPs were deposited on the apical side and the culture medium containing serum was added to the basal compartment only, it cannot be excluded that some serum proteins could diffuse from the basal to the apical compartment. This is why we In this study, Calu-3 cells were seeded at a density of 5x10 5 cells per insert and grown in submerged condition with minimum essential medium (MEM) supplemented with 10% FBS.

The ALI was established by removing the apical medium after the cultures were considered

To achieve our objectives, the study was organised in 3 tasks:

-Establishment of long-term Calu-3 cultures using inserts with a porosity of 3 µm to perform chronic toxicological studies of NMs in the future;

-Reduction of FBS supplementation in the basal medium and analysis of its impact on the epithelial barrier integrity and on the protein secretion in the apical secretome;

-Morphological and functional comparison of Calu-3 and NHBE epithelial models.

confluent (TEER ≥ 700 W.cm 2 ). One day later, the basal medium was replaced by MEM with 0, 2, 4 or 8% FBS supplementation, corresponding to the different experimental conditions tested (Figure 34). The basal medium was changed every 2-3 days. TEER and LY values were measured in submerged and ALI cultures and the minimum TEER value and maximum LY permeability for a tight epithelium defined (Figure 35). When cultures are submerged, the TEER values increased and LY permeability decreased with time, rising to around 600 W.cm 2 , and less than 2% permeability 6 days after seeding, respectively (Figure 35a). However, after the ALI was induced, the TEER dropped transiently to a minimum value of 300 W.cm 2 , while a LY permeability smaller than 2% was preserved (Figure 35b). Similar results were reported by others (Grainger et al. 2006;[START_REF] Stentebjerg-Andersen | Calu-3 Cells Grown under AIC and LCC Conditions: Implications for Dipeptide Uptake and Transepithelial Transport of Substances[END_REF] with lower TEER values at ALI compared with submerged cultures.

These results were used to establish the TEER baseline in submerged and ALI conditions: a minimum of 700 W.cm 2 was needed before inducing ALI, reflecting the confluence of the culture; a minimum of 300 W.cm 2 was associated with a tight epithelium at ALI [START_REF] Mura | Biodegradable Nanoparticles Meet the Bronchial Airway Barrier: How Surface Properties Affect Their Interaction with Mucus and Epithelial Cells[END_REF]. The epithelium integrity, which was monitored with TEER and LY permeability, was completed by morphological and ultrastructural observations. Transmission electron microcopy (TEM) images showed a polarized epithelium (Figure 36a), where the apical part can be distinguished from the basal side by the presence of microvilli in the plasma membrane, tight junctions and desmosomes (Figure 36b andc). In addition, the intracellular apical part was richer in ribosomes and vesicles. The basal part of the cell attached to the insert membrane and harbored the nucleus. The tight junctions, an essential component of differentiated epithelial cells, are required for the polarized transport, the intercellular integrity, and for signaling [START_REF] Eckert | Tight Junction Biogenesis during Early Development[END_REF]. 

-Effect of reduced serum supplementation on Calu-3 epithelium

The protocol used for these experiments is described in Figure 34.

3.2-1 Integrity of the epithelial barrier

The in vitro study of the protein corona that forms on NPs may become less relevant due to the presence of serum proteins, which composition differs from the epithelial lung lining fluid. To solve this issue, we investigated the possibility to modulate the FBS concentration. However, it is known that the reduction of serum concentration in the culture medium could impair cell viability, and here the epithelial barrier integrity. We compared the effect of 0, 2, 4 and 8% FBS supplementation in the basal medium after ALI. We monitored the epithelial integrity to determine which conditions could sustain a tight epithelium over a long period (up to 4 weeks).

The integrity of the epithelium was monitored in 3 independent experiments (Figure 37a-c) with 3 technical replicates per experiment. The measurements of the TEER were performed every 2-3 days in replicates 1 and 2 (Figure 37a andb). In replicate 3, the TEER was measured every 4 to 7 days to reduce the manipulation of the culture (Figure 37c). No significant barrier alteration was observed in comparison with the other 2 replicates.

During submerged periods, we observed an increase of the TEER with time, reaching maximum values of 738 ± 98 W.cm 2 , 940 ± 52 W.cm 2 and 1068 ± 72 W.cm 2 in replica 1, 2 and 3 respectively. These maximum values were observed at different times before ALI induction.

After 1-2 days at ALI, the TEER values dropped to 682 ± 49 W.cm 2 and 607 ± 58 W.cm 2 in replicates 2 and 3 respectively. By contrast, in replicate 1, 3 days after ALI, the TEER values were maintained at 794 ± 127 W.cm 2 . Following the change of the basolateral medium to match the experimental conditions (0 to 8% of FBS), the TEER values were always >300 W.cm 2 during the 25 days of culture, whatever the serum concentration, with only minor differences between conditions. The 3 replicates followed the same trend over time. At the beginning, there were no significant change in TEER independently of the serum concentration, with the exception of replicate 1. In this case, we observed significantly lower values for 8% FBS at day Surprisingly, the lowest values were observed with 0 and 8% FBS culture conditions.

The epithelial barrier integrity evidenced by the TEER measurements was confirmed by the measurement of the LY permeability. After ALI, LY permeability always remained below the maximum value (2%) recommended by the manufacturer (Figure 37d). These values were compared to the permeability of an empty insert, which confirmed the passage of LY through the inserts (30-40 % corresponding to the maximum permeability). 

3.2-2 Mucus secretion

The effect of FBS reduced supplementation on the apical protein secretion by Calu-3 cells was monitored for 17 days at ALI. The total protein concentration significantly increased with time and with FBS percentage (Figure 38a). Because of different starting points at ALI between the biological replicates, we did not collect the apical secretome at exactly the same time points. In Figure 38, the orange squares represent the mean values of 2 independent biological replicates.

The red and blue squares represent the mean values of 3 technical replicates in replicate 1 and 2, respectively. Nonetheless, the same trends in protein production were always observed whatever the replicates, with an increase of protein secretion over time and with FBS %. The The mucins were unable to enter the gel and to migrate during electrophoresis, due to their larger size and high glycosylation. We suppose that they remained at the bottom of the well.

The presence of MUC5AC (Figure 38c) and MUC5B (Figure 38d) in each well was confirmed by immunodetection on Western blots (WB). Variability in the detection of the mucins on the WB membranes was observed between conditions, possibly due to the difficult transfer of highly glycosylated proteins to the nitrocellulose membrane or sample variability. Interestingly, some MUC5AC and MUC5B fragments could migrate into the gel and could be detected by WB. One MUC5B fragment with a molecular weight of 97.6 kDa was observed.

To evaluate mucin secretion, we used the ELLA assay (Figure 38e-f). This assay is not specific to mucins, but to glycoproteins. Here, we used it first as a surrogate to evaluate mucin concentrations in the apical secretome. Indeed, mucins are essential components of the mucus layer forming the epithelial lining fluid. Surprisingly, the glycoprotein concentration followed a different trend compared to the total secreted protein concentrations, in the different culture conditions. In particular, at 0% FBS, the glycoprotein concentration in the apical secretome was significantly higher than for the other FBS concentrations after 10 days at ALI (Figure 38e).

We normalized the glycoprotein concentration to the total protein concentration at each day (Figure 38f). The comparison of normalized glycoprotein values showed statistically significant differences between 0 and 2% FBS from day 3 after ALI, and between 0 and 4-8% FBS from day 4 after ALI. In addition, we observed that the production of glycoproteins was stable once the epithelial barrier was well established for all cells cultured with reduced FBS supplementation. By contrast, a complete lack of FBS induced the hypersecretion of glycoproteins by Calu-3 cells at ALI. MUC5AC labelling appeared as small dots distributed in the apical region of the cell for 2, 4

and 8% FBS conditions, whereas it formed large patches that appeared as thick mucus filaments for the condition without FBS. These results are in agreement with the glycoprotein quantification by the ELLA assay.

The presence of mucus vesicles inside Calu-3 cells was confirmed by TEM observations (Figure 39e-f). In Figure 39e, one Calu-3 cell full of mucus vesicles is shown. We can see that mucus vesicles accumulated mainly in the apical region of the cell. This observation can explain the dot labelling seen after MUC5AC immunolabelling in 2, 4 and 8% FBS cultures. Without FBS, we observed filament-like MUC5AC staining, which could be due to an exacerbated secretion of the gel-forming mucins to the apical compartment, following the fusion of the mucus vesicles with the apical membrane (Figure 39f). The presence of a mucus layer outside Calu-3 cells was confirmed by scanning electron microscopy (SEM) 21 days after ALI (Figure 39g). Calu-3 cultures were fixed with a modified protocol to preserve the mucus layer for this experiment, with a first fixation step with osmium oxide (OsO4). The mucus network is highlighted in green at a higher magnification in Figure 39h. 

-Morphological characterization of the Calu-3 epithelium with 4% FBS supplementation

We selected a 4% FBS supplementation and performed further characterization of the Calu-3 culture at ALI by optical, confocal, and scanning electron microscopy. Optical images of Calu-3 cells on inserts (3-µm porosity) are shown in Figure 40. Two days after seeding, the cultures were not confluent, hence we can see the porous membrane of the insert and some areas covered by cells (Figure 40a). Following ALI induction, we obtained a fully differentiated epithelium, which evolved with time. 5 days after ALI (Figure 40b), the culture presented a flat surface. 7

days after ALI, the surface became rougher, suggesting the formation of polyp-like structures (Figure 40c). The formation of polyps might be a consequence of the loss of contact cell proliferation inhibition observed in tumor cells. In order to evaluate the cell viability at ALI, we used the live/dead fixable green dead cell stain kit. The green fluorescence dye only penetrates the permeable membranes of dead cells and accumulates in the intracellular region. The nuclei were stained with DAPI in blue. The green/blue co-staining allows distinguishing dead cells from live cells (Figure 41). A heterogeneous distribution was observed, with some regions showing a higher number of dead cells compared to others. Although a quantitative analysis was not performed, the number of dead cells seemed relatively low in most regions.

The transversal view of the Calu-3 culture at ALI revealed differences in the thickness of the epithelial barrier. Some areas exhibited several layers of nuclei/cells, likely corresponding to the polyp-like structures (Figure 41b) seen by optical microscopy (Figure 40c). The thinner parts of the culture, where no stratification occurred, did not exhibit green labeling, suggesting that they were predominately formed by living cells (Figure 41a). By contrast, dead cells were found mainly in the thickest parts of the epithelial culture, especially in the upper part of these multilayered zones as shown by the transversal view in Figure 41b. A 3D confocal image reconstruction (Figure 41c) better showed these multilayer cell structures with the enrichment in dead cells in the top part. Altogether, these observations suggest that a cell removal process occurred in the culture, concentrated in the multilayered part of the epithelial barrier.

SEM images confirmed the presence of multilayered regions especially after several days at ALI. SEM images provided a more detailed analysis of Calu-3 morphology (Figure 42). At 8 days after ALI, the culture mainly formed a monolayered epithelium with characteristic microvilli (Figure 42a andb). After 21 days at ALI, multilayered structures were observed corresponding to the polyp-like structures (Figure 42c). Additionally, the microvilli were preserved and better distributed in the long-term culture (Figure 42d). Those structures were also described in Calu-3 cultures grown at ALI with 2.5% FBS, where similar structures were more abundant after 3 week in cultures [START_REF] Kreft | The Characterization of the Human Cell Line Calu-3 under Different Culture Conditions and Its Use as an Optimized in Vitro Model to Investigate Bronchial Epithelial Function[END_REF]. 

3.4-Characterization of Normal Human Bronchial Epithelial (NHBE) cells

As NHBE cells came from different donors and were kept for several days or weeks in culture, it was important to characterize these cultures in order to determine whether the barrier integrity and morphology were maintained, and that they presented similar features between different donors.

3.4-1 Epithelial barrier integrity

The primary normal human bronchial epithelial (NHBE) cultures were obtained from Epithelix and received already fully differentiated. They came from 3 healthy donors of different age and sex (Figure 43a). 3 inserts were available for each donor. At reception, the cultures had been at ALI for 12 days for donors 1 and 3, and for 26 days for donor 2. The NHBE epithelia rested for one day following reception. The epithelium integrity was checked every week by TEER measurement (Figure 43b). The epithelial barrier was considered tight for TEER values > 200 W.cm 2 as recommended by the manufacturer. All the inserts presented TEER values > 200 W.cm 2 except for donor 2, which exhibited a TEER of 117 ± 20 W.cm 2 one week after reception.

However, the culture recovered and exhibited good TEER values > 200 W.cm 2 from day 14 at ALI. The NHBE cells from donor 2 had been at ALI longer than cells from donors 1 and 3 before reception (+ 14 days), which could explain this difference. The bright field images acquired to monitor the state of the cultures from the 3 donors (Figure 43c-e) showed that 4 days after reception, no visible differences were observed between donors 1 and 3, whereas black dots and vesicles were visible in NHBE cells from donor 2 (Figure 43d, lower image).

The vesicles were mainly formed by ciliated cells, and high cilia beating was observed.

Epithelix had already reported the appearance of black dots following culture stress, which may have been induced by the shipment. These stress signals could explain the lower TEER values observed in the epithelium from donor 2 compared to donors 1 and 3 after reception. The immunohistochemistry analysis showed a tight and functional secretory epithelium for the 3 donors at day 18 after reception (Figure 44). The tight junctions were visualized by immunolabelling of ZO-1 (Figure 44a-b), which was mainly detected closer to the apical part of the cells. The gel-forming mucin, MUC5AC, was localized inside specific cells only, corresponding to the goblet cells (Figure 44a). We did not detect any MUC5AC labelling outside the cells, likely due to the collection of the secretome and washing performed before cell fixation. Interestingly, the relative number of goblet cells was low compared to ciliated cells, in line with the expected cellular composition of the human bronchial epithelium [START_REF] Knight | The Airway Epithelium: Structural and Functional Properties in Health and Disease[END_REF]. Although NHBE cells formed a flat epithelium, we found some regions with a larger thickness, populated mainly by ciliated cells (Figure 44b). These regions correspond to the vesicles, observed by optical microscopy (Figure 43d 

-Discussion

Our objective was to establish a functional 3D model of the bronchial epithelium at the air liquid interface, with a reduced FBS supplementation and insert of a large pore size, using the Calu-3 cell line. We provided evidence that the use of inserts with a large porosity, necessary for the analysis of NP translocation (F. [START_REF] Zhang | Assessing the Translocation of Silver Nanoparticles Using an in Vitro Co-Culture Model of Human Airway Barrier[END_REF], was compatible with the establishment and functionality of the epithelium at ALI for 18 days. This was demonstrated in particular in terms of barrier integrity. cells vary depending on the culture conditions. In submerged cultures, the TEER ranged from 900 to 2500 W.cm 2 [START_REF] Loman | Vectorial Transcytosis of Dimeric IgA by the Calu-3 Human Lung Epithelial Cell Line: Upregulation by IFN-γ[END_REF][START_REF] Patel | Transport of HIV-Protease Inhibitors across 1α,25di-Hydroxy Vitamin D3-Treated Calu-3 Cell Monolayers: Modulation of p-Glycoprotein Activity[END_REF], whereas values at ALI were reported between 300 and 1000 W.cm 2 (Grainger et al. 2006;[START_REF] Mathias | Permeability Characteristics of Calu-3 Human Bronchial Epithelial Cells: In Vitro-in Vitro Correlation to Predict Lung Absorption in Rats[END_REF]. The TEER variability may be related to differences in the experimental setup used.

Here, we used inserts with a large porosity to later use this model for nanoparticle translocation studies. This was not the case in most published studies. The high cell seeding density favored cell contacts, avoiding translocation of the cells to the basal compartment. In submerged condition, high TEER values ≥ 700 W.cm 2 reflected the epithelium confluence, which was necessary to avoid culture medium leakage to the apical compartment once ALI was induced.

At ALI, the TEER values decreased to a minimum of 300 W.cm 2 . LY permeability was measured, showing that the barrier integrity was preserved. Therefore, the maximum and minimum values of TEER were selected based on the epithelial LY permeability in our culture conditions. The formation of a tight epithelium blocked the paracellular transport of LY, and provided a more accurate and stable measurement of the epithelium tightness. We can notice that the minimum value of 300 W.cm 2 determined at ALI in our conditions was also used by others [START_REF] Mura | Biodegradable Nanoparticles Meet the Bronchial Airway Barrier: How Surface Properties Affect Their Interaction with Mucus and Epithelial Cells[END_REF][START_REF] Madlova | Poly(Vinyl Alcohol) Nanoparticle Stability in Biological Media and Uptake in Respiratory Epithelial Cell Layers in Vitro[END_REF]).

Compared to standard culture conditions of Calu-3 cells, we also decreased FBS supplementation for the study of the protein corona of nanoparticles. The FBS concentration was reduced from the usual 10% (Grainger et al. 2006;[START_REF] Stentebjerg-Andersen | Calu-3 Cells Grown under AIC and LCC Conditions: Implications for Dipeptide Uptake and Transepithelial Transport of Substances[END_REF]Babu, Chidekel, and Shaffer 2004) to 0-8% in this study. The FBS supplementation is essential for in vitro cell cultures. FBS consists of a cocktail of factors needed for cell attachment, growth and proliferation [START_REF] Brunner | Serum-Free Cell Culture: The Serum-Free Media Interactive Online Database[END_REF]). However, the use of serum presents drawbacks, especially in toxicology studies. FBS is composed of more than 1800 proteins and 4000 metabolites. It displays quantitative and qualitative variations between batches [START_REF] Gstraunthaler | A plea to reduce or replace fetal bovine serum in cell culture media[END_REF]. Thus, FBS introduces unknown variables in the culture system. From a toxicology point of view, it is also known that serum proteins can form complexes with different drugs and pollutants, changing their bioavailability. For example, the toxicity of the organic pollutant, perfluorooctanoic acid (PFOA), on the human DLD-1 and A549 cell lines was attenuated by the binding of serum albumin to PFOA, which reduced PFOA uptake (R. Zhang et al. 2020). Moreover, in the context of nanotoxicology, NPs are prone to adsorb proteins on their surface, forming a protein corona that drives nanoparticle-cell interactions [START_REF] Konduru | Protein Corona: Implications for Nanoparticle Interactions with Pulmonary Cells[END_REF][START_REF] Shaw | Protein Corona Formation in Bronchoalveolar Fluid Enhances Diesel Exhaust Nanoparticle Uptake and Pro-Inflammatory Responses in Macrophages[END_REF]. Therefore, it is important to avoid the formation of a non-representative protein corona in in vitro models for nanotoxicology studies.

Alternatives to FBS also exist, such as a vegetal serum [START_REF] Pazos | Culturing Cells without Serum: Lessons Learnt Using Molecules of Plant Origin[END_REF]) and human platelet lysates [START_REF] Rauch | Alternatives to the Use of Fetal Bovine Serum: Human Platelet Lysates as a Serum Substitute in Cell Culture Media[END_REF], which were successfully used to grow and maintain epithelial cells.

Unfortunately, these products are not commercially available. Moreover, the human platelet lysates cannot be used on all cell types due to incompatibility issues. Commercial serum substitutes exist, but their composition remains confidential. Whatever the alternatives, they all contain proteins that are different from the one present in the epithelial lining fluid produced by epithelial cells, and could compete with them when the protein corona forms on NPs if they are present in the apical and/or basal compartments.

The strategy we chose to reduce FBS interferences was to optimize and reduce FBS supplementation in the culture. We provided evidence that the integrity of the epithelium barrier was maintained with lower FBS concentration in the basal culture medium. The TEER measurements did not show any significant differences between cultures grown with 0 or 8% FBS. However, the higher TEER values were obtained in cultures supplemented with 2% FBS, followed by cultures with 4% FBS. No significant differences were observed in terms of LY permeability when comparing the different FBS concentrations. The TEER differences could be explained by differences in the epithelial thickness or ion transport between cultures [START_REF] Ferruzza | Serum-Reduced and Serum-Free Media for Differentiation of Caco-2 Cells[END_REF]. The possibility to grow Calu-3 cells with lower FBS concentration was also demonstrated by Kreft et al. The authors developed Calu-3 cultures at ALI using advanced minimum essential media supplemented with 2.5% FBS [START_REF] Kreft | The Characterization of the Human Cell Line Calu-3 under Different Culture Conditions and Its Use as an Optimized in Vitro Model to Investigate Bronchial Epithelial Function[END_REF]. In this condition, a well-established epithelium with microvilli and secretory vesicles was formed. This result is in agreement with our observations showing secretory vesicles (Figure 39e-f), microvilli (Figure 42b andd) and a well-structured network of tight junctions (Figure 38c-e) (Figure 39a-d).

The effect of FBS concentration on protein secretion was investigated in the apical compartment only. The concentrations of secreted proteins increased with FBS concentration in the basal compartment, which may be linked to a higher metabolic activity of the cells. A limited passage of proteins through a monolayer culture (hCMEC/D3 model for brain-blood barrier) was reported by Cox et al. with only a 4.7% of protein migration (A. [START_REF] Cox | Evolution of Nanoparticle Protein Corona across the Blood-Brain Barrier[END_REF]).

The possible diffusion or transport of FBS proteins from the basal to the apical compartment was investigated by western blot and proteomic analysis of the secretome. The lack of antibodies specific for human vs bovine albumin did not allow to distinguish between BSA and HSA by western blot. However, the analysis of the peptide sequences by LC-MS/SM confirmed that HSA only was detected in the apical secretome of the Calu-3 cells. By comparing human vs bovine proteins in the secretome, we concluded that the contamination of the secretome by FBS was unlikely in our conditions. Finally, the amount of protein secreted increased with time (days at ALI) in all the conditions tested.

Among these proteins, the highly glycosylated mucins are involved in the formation of the mucosal gel [START_REF] Rose | Resolution of the Major Components of Human Lung Mucosal Gel and Their Capabilities for Reaggregation and Gel Formation[END_REF]. Mucus contributes to the protection and clearance of both pathogens and inhaled particles in the upper airways. It is secreted both by the goblet cells in the airway epithelium and the mucous glands (Bals, Weiner, and Wilson 1999). A striking finding was the observation of the hypersecretion of glycoproteins in Calu-3 cell cultures grown without FBS. This result suggests that an exacerbated mucus production and release was driven by the extreme culture conditions. This feature is reminiscent of mucus hypersecretion involved in several airway diseases such as asthma, chronic obstructive pulmonary diseases (COPD) and lung cancer (Ridley and Thornton 2018;Rogers 2003;Turner and Jones 2009). The immunolabelling of MUC5AC revealed its presence in all the cultures, albeit with a higher amount in 0% FBS cultures. For the other FBS concentrations tested, the glycoprotein concentration in the apical secretome did not show any significant difference between 2, 4 and 8% FBS at day 3 and day 10 after ALI. However, at day 17, the cells supplemented with only 2% FBS showed a slightly lower glycoprotein concentration compared to 4 and 8% FBS. By contrast, 4 and 8% FBS did not show difference in time. Therefore, the 4% FBS condition was selected for the next experiments.

We have contributed to the development of the Calu-3 model to use it as an alternative to the NHBE cell model. The low cost, easy handling and the absence of donor variability of the Calu-3 model, make it interesting for screening the long-term toxicity of xenobiotics. However, the Calu-3 epithelium consists of only one cell type, goblet cells, contrarily to the NHBE epithelium, which is composed of goblet, ciliated and basal cells. The goblet cells are the main mucus producing cells in the airways contributing to the formation of the protective mucus layer. In this prospect, they are an appropriated model to understand the pathological consequences of nanoparticle inhalation. Although the cell composition is different between the Calu-3 and NHBE epithelia, we provided evidence that several functional features were shared, such as the barrier tightness and the mucus secretion, which are both maintained for several weeks, here up to 3 weeks at ALI. In agreement with Bovard et al. [START_REF] Bovard | Comparison of the Basic Morphology and Function of 3D Lung Epithelial Cultures Derived from Several Donors[END_REF] we reported morphological variabilities in the primary epithelial cultures prepared from different donors, though similar functionality and metabolic activity were observed after a week.

-Conclusion

To summarize, we improved the 3D model of the human bronchial epithelium using Calu-3 cell to deal with nanotoxicology endpoints such as NP translocation, chronic toxicity studies and protein corona analysis. We implemented 2 new adaptations in the culture -the large porosity of the insert membrane and the reduction of FBS concentration -that proved to be suitable for long term cultures at ALI. Our conclusions were drawn from a thorough characterization of the Calu-3 epithelial tissue through its basic functions of protection such as its barrier properties, mucus production and apical surface fluid composition.

This characterization was continued by the quantitative proteomic analysis of the apical secretome of Calu-3 cells with 4 % FBS supplementation and its comparison with the apical secretome of NHBE cells. These data will be presented in the next chapter.

Finally, the establishment of a long-term culture using Calu-3 cells allows repeated exposure to NMs and chronic toxicity studies. This was tested in the framework of the Biorima project with silver and iron oxide NPs, with up to 12 repeated exposures over a period of 12 to 28 days (data not shown). It highlights the advantage of using the Calu-3 model to mimic the 28-day sub-acute regulatory toxicity studies performed in animal toxicity assays.

Chapter 4: Characterization of the secretome of the Calu-3 and NHBE bronchial epithelia

The lung is one of the most exposed organs to hazardous compounds in humans. For its protection, the respiratory tract has developed different mechanisms of defense that contribute to the sterilization and detoxification of the air contaminants. Before reaching the bronchioles, the inhaled particles and molecules encounter the airway surface liquid (ASL), which is the first line of defense against inhaled pathogens and pollutants. The ASL is an aqueous solution composed of ions (Cl -, Na + , K + , HCO3 -) and proteins, which include mucins, antimicrobial peptides, and various enzymes (Webster and Tarran 2018). These molecules maintain the lung homeostasis and contribute to the mucociliary clearance that allows the entrapment and removal of inhaled pollutants [START_REF] Progress | Airway Mucus Function and Dysfunction[END_REF]. In the ASL, we can distinguish between the mucous layer and the periciliary layer, which are both necessary for proper mucociliary clearance. The mucus layer traps inhaled particles and pathogens, while the periciliary layer lubricates the airway surfaces, facilitating ciliary beating for an efficient mucus clearance (Bustamante-Marin and Ostrowski 2017).

3D in vitro cultures of the bronchial epithelium have been developed so that a bronchial barrier can be formed at the air-liquid interface, constituting a biological environment close to in vivo conditions. Primary cultures, which have the capacity to differentiate in vitro, can secrete mucus in the apical region. They also exhibit functional cilia to achieve ciliary beating needed in the mucociliary clearance (Rayner et al. 2019). Cell lines such as Calu-3, which also differentiates at the ALI, can form a tight bronchial epithelium. These cell lines develop an epithelial barrier composed of a unique cell type (absence of ciliated cells), where no ciliary beating occurs, but they retain the capacity to form a mucus layer.

In this chapter, the composition of the apical secretomes of Calu-3 and NHBE cells grown at ALI was compared by mass spectrometry (LC-MS/MS). For Calu-3, cultures supplemented with 4% FBS were selected based on the results presented in chapter 3. The apical secretome was analyzed after 4, 11 and 18 days at ALI for Calu-3 cells. For NHBE cultures, the apical secretomes of cells from 3 different donors (2 males, 1 female) were analyzed after 4, 12 and 18 days of culture at ALI following their reception at the laboratory.

Most of the results shown in this chapter were published in Scientific reports (Sanchez-Guzman et al. 2021).

Analysis of the secretome of Calu-3 and NHBE models

The apical secretomes were systematically collected every 48 h in 200 µL HBSS Ca2+/Mg2+ during a washing step described in section 2.2-1. The secretomes of NHBE cells (from 3 donors) and Calu-3 cells (from 3 independent cultures) collected at day 4, 11/12 and 18 were selected for mass spectrometry analysis. Three replicates were used for quantitative proteomic analysis that was performed at the Proteomic platform, Université de Paris, CNRS (Institut Jacques Monod).

4.1-1 Protein and glycoprotein concentrations

The Figure 45a shows the total protein concentration in the apical secretomes collected every 48 h. Days 4, 12 and 18 only are represented. The total protein concentration did not significantly change over time, or between the Calu-3 and NHBE models. The two models presented a stable protein production in the apical secretome during this period.

The glycoprotein content was measured using the ELLA assay (Figure 45b). The glycoprotein concentrations oscillated between 4-5 µg/mL, representing roughly 1% of the total proteins secreted (350-400 µg/mL). For NHBE cultures, the glycoprotein concentrations were not significantly different over time and remained at the same level from day 4 to day 18. In contrast, the glycoproteins released by Calu-3 culture exhibited a significant increase from day 4 to day 9 at ALI. No significant difference was observed between day 9 and 18, indicating a stable glycoprotein secretion.

Aims:

-Characterization of the secretome of the Calu-3 model of the human bronchial epithelium;

-Comparison of the secretomes of Calu-3 and NHBE epithelia;

-Analysis of the long-term evolution of the secretome in 3D models;

-Analysis of the functional enrichment of the biological and gene ontology terms to study the role of the most abundant proteins in Calu-3 and NHBE mature secretomes. n=3) # statistically different between days, P < 0.05. ns not significant between the 2 models.

4.1-2 Quantitative proteomic analysis

Quantitative proteomic analyses of Calu-3 and NHBE secretomes were performed after 4, 11/12 and 18 days at ALI. A total number of 1684 and 1683 proteins were identified in the apical secretome of Calu-3 and NHBE cells, respectively. These proteins included intracellular proteins that may originate from dead cells and cell debris. Cell debris were not removed from the collected secretomes before analysis, because it would require centrifugation, which induces the sedimentation of high molecular weight proteins such as mucins, producing a truncated sample of the proteins of interest. Therefore, the data analysis was first performed on all the proteins identified (both intracellular and extracellular), then on extracellular proteins only using a reference database (Proteome discoverer software) to select them in our dataset.

Using the total number of proteins identified, we represented the composition of the secretome in a Venn diagram for each cell model over time, which corresponds to the qualitative analysis of the secretomes (Figure 46). Here, we considered only proteins that were identified in at least 2 biological replicates for each condition. For Calu-3, we observed 99.3% similarities of the secretomes collected at day 4, 11 and 18. For NHBE, there was 99.5% similarity (Figure 46b) between secretomes at day 4, 12 and 18. The common proteins to all time points in the secretomes of Calu-3 (1673) and NHBE (1674) cells were compared. 1663 common proteins were identified, corresponding to 99.3% similarity between the two cell models (Figure 46c).

This first comparison was done based on the protein identity only.

A principal component analysis (PCA) of the quantitative MS data corresponding to the relative abundance of each protein identified is represented in Whatever the cell models, the secretomes included intracellular proteins likely derived from injured cell. For further analysis, we only considered the extracellular proteins that represented 22% of the total proteins in number. The extracellular proteins were selected using the Proteome Discoverer database, selecting the extracellular proteins from the gene ontology (GO) cellular component. Using this filter, we selected 408 extracellular proteins in the Calu-3 secretome and in the NHBE secretome, which were identified in at least two biological replicates for each model. Surprisingly, the qualitative analysis represented in the Venn diagram (Figure 47a)

shows 100% similarity between the extracellular proteins identified in the secretome of Calu-3

and NHBE cells, without any change over time. However, differences in protein abundance were observed between the Calu-3 and NHBE secretomes.

The relative protein abundance was used to compare the level of secretion of each protein in Calu-3 and NHBE models over time. A first approach using a PCA (Figure 47b) showed a single cluster for NHBE secretomes over time. The NHBE secretome did not present any large variation in its composition over time, and only a slight variability between donors. On the contrary, the Calu-3 secretomes formed 2 separate clusters, one corresponding to samples collected at day 4 and another one that grouped secretomes collected at day 11 and 18 after ALI. These results suggest that the protein abundance, hence the composition of the apical secretomes of Calu-3 cells, evolved during the first days at ALI. This is possibly due to ongoing cell differentiation. Then, the secretome composition stabilized when complete epithelial differentiation was reached, forming a mature secretome from day 11 at ALI. Similar observations were made when considering the relative abundance of both intracellular and extracellular proteins (Figure 46d) as well as when considering the glycoprotein concentration (Figure 45b), which tended to stabilize after a delay of 4-10 days.

The relative abundance of the extracellular proteins was represented in a heat map (Figure 47c).

This representation highlights the high level of similarity of the NHBE apical secretome over time. For Calu-3 cultures, the largest variations in protein abundances were observed at day 4 compared to day 11 and 18 after ALI. Interestingly, while Calu-3 and NHBE shared the same proteins in their apical secretome, the abundance of each protein shifted as function of time and between the models.

Larger differences were observed in the Calu-3 model, confirming the evolution over time in terms of protein abundance. This evolution was not observed in the NHBE model. This could be expected because NHBE were already fully differentiated when the cultures were delivered by Epithelix. The Calu-3 secretome exhibited a more stable composition at day 11, with protein abundances similar to the ones measured at day 18. These results suggest an evolution in the secretome of Calu-3 due to ongoing epithelial differentiation. For Calu-3, we defined two stages in secretome evolution: the first one corresponds to an immature secretome, which changed in terms of protein abundance due to the ongoing epithelial differentiation, and the second one corresponds to a mature secretome, which presented only slight changes between days 11 and 18. A sphere diagram was used to represent each extracellular protein as a sphere, whose size depended on their relative protein abundance in the secretome (Figure 48). Human albumin (ALB) was overrepresented in the secretome of Calu-3 at day 4 (Figure 48a) followed by proteins involved in formation of the mucus layer and in the immune defense. With time in culture, the proteins involved in mucus layer formation (MUC5AC), in cell-to-cell communication and in defence, such as neutrophil gelatinase-associated lipocalin 2 (LCN2), polymeric immunoglobulin receptor (PIGR), alpha-1-antitrypsin (SERPINA1), alpha-1antichymotrypsin (SERPINA3), became more abundant in the secretome of Calu-3 cells. The relative abundance of proteins was stable from day 11 ((Figure 48b) to day 18 (Figure 48c), where only slight changes were observed (when considering the most abundant ones). Interestingly, among the 20 most abundant proteins in Calu-3 and NHBE secretomes (Table 11), we identified proteins common to all time-points such as LCN2, PIGR, SERPINA3, ALB, clusterin (CLU), galectin 3 binding (LGALS3BP) and annexin A2 (ANXA2) for both models.

The 20 most abundant proteins for each condition are represented in a Heatmap (Figure 49a) to highlight the different trends in the evolution of Calu-3 and NHBE secretomes. The NHBE secretome composition was relatively stable during the experimental period with only slight decreases for some proteins, such as mucins (muc1and muc5b), ceruloplasmin (cp), lactotransferrin (ltf) and serpina3. Some of the proteins highly abundant in NHBE were secreted at a lower level by Calu-3, such as uteroglobin (scgb1a1), gelsolin (gsn), glutathione Stransferase (gsta1, gstp1), bpifa1 and bpifb1, muc16, insulin-like growth factor-binding protein 3 (igfbp3), complement C3 (c3) and calmodulin-1 (calm1) (corresponding gene names in bracket).

By contrast, some proteins, which were highly abundant in the Calu-3 secretome, such as fructose-bisphosphate (aldoa), serpina1, serpina3, muc5ac, olfactomedin-4 (olfm4) and sphingosine-1-phosphate phosphatase-1 (spp1), were secreted in lower amounts by NHBE cells. Additionally, some proteins were found in similar relative abundance in NHBE and Calu-3 secretomes at days 11 and 18, such as muc5b, anxa2, pigr and ceruloplasmin (cp). Some proteins, such as lgals3bp, clu, lcn2, sulfhydryl oxidase-1 (qsox-1), complement factor B (cfb), dipeptidyl peptidase-1 (ctsc), were underrepresented in Calu-3 secretome at day 4 compared to NHBE secretome, but they reached similar values at day 11, and became more abundant at day 18.

Several antimicrobial peptides (AMPs) were identified in the secretomes of Calu-3 and NHBE cells (Figure 49b). Some proteins exhibited a similar abundance between NHBE and Calu-3 cells at days 11 and 18, such as lysozyme C (lyz), LCN2 and CLU proteins. However, NHBE secretome had a higher concentration of some antimicrobial peptides compared to Calu-3 secretome, such as BPI fold containing family A and B, and the S100A8 and A9 proteins.

The contribution of mucins to the secretome of Calu-3 and NHBE was also studied (Figure 49c). Both Calu-3 and NHBE cells secreted the gel-forming mucins (MUC5AC, MUC5B) and the membrane-tethered mucins (MUC1, MUC4, MUC16 and MUC20), which compose the mucus of the human bronchial epithelium (Bansil and Turner 2018). However, the gel-forming ones were more abundant in the Calu-3 secretome, while the membrane-tethered ones were more abundant in the NHBE secretome. MUC4 is produced by ciliated cells, and MUC1 and MUC16 are produced both by ciliated and secretory cells, which could explain their higher abundance in the NHBE secretome. MUC16 can also be secreted to the ASL [START_REF] Hattrup | Structure and Function of the Cell Surface ( Tethered ) Mucins[END_REF].

These results show the evolution of the protein secretion by Calu-3 cells over time, with a distinct composition at day 4 compared to day 11 and 18, as observed in PCA (Figure 47b). Some proteins highly secreted at day 4, such as albumin, alpha-fetoprotein (afp), alpha-2macroglobulin (a2m) and apolipoprotein A1 (apoa1), are also present in fetal bovine serum, which was used to supplement the culture medium in the basal compartment. We investigated whether these proteins were human proteins secreted by Calu-3 cells, or whether they could originate from contamination of the apical compartment by FBS. The sequence of HSA and BSA is represented in Figure 50 a and b, respectively. We selected unique peptides in the protein quantification to analyse only human proteins. The peptides chosen for protein quantifications (selected by Progenesis software) are highlighted. In total, 3 peptides were used for protein quantification. After verification, only one peptide (KVPQVSTPTLVEVSR) was identified in both protein sequences. To confirm the choice of unique peptides for protein identification, an additional analysis was performed using the Uniprot website REST API tool.

The API tool is employed to identify peptides and can be used to select unique protein peptides.

This analysis identified the peptide (KVPQVSTPTLVEVSR) only in HSA, classifying the peptide as unique for the human protein (Figure 50c, red square). This unique peptide was used for MS analysis, which confirmed the identification and quantification of HSA only in the secretome of Calu-3 cells. To explore the biological role of the proteins secreted by Calu-3 and NHBE cells and their interactions, first we focused our analysis on the 20 most abundant proteins that constituted the apical secretome of Calu-3 cells and NHBE at day 11/12 and 18. We excluded the secretome at day 4 because of the observed differences in Calu-3 model between the immature and mature secretome. The 20 most abundant proteins were selected to focus our analysis on the most representative proteins. Among the 20 most abundant proteins of each model, 14 proteins (Calu-3) and 18 proteins (NHBE) were common to days 11 and 18, and used for further analysis.

The biological pathway and gene ontology (GO) analyses were performed using g:Profiler (https:/biit.cs.ut.ee/gprofiler), a web tool that performs the analysis of functional categories enrichment based on data from the entire human proteome. The statistically enriched Reactome pathways (Figure 51a) and GO categories of cellular components (Figure 51b), biological processes (Figure 51c) and molecular functions (Figure 51d) are presented for the 14 (Calu-3) and 18 proteins (NHBE) common proteins to days 11 and 18.

The Reactome pathways associated with the secretomes of Calu-3 and NHBE cells were strongly associated with the immune response in both models (Figure 51a). This response involved pathways from the innate immune system, such as neutrophil degranulation and antimicrobial peptides. The antimicrobial peptide pathway was not significantly enriched in The GO analysis of the associated biological processes (Figure 51c) highlighted the role of the secretome in the cell activation of granulocyte, neutrophile and myeloid cells, in humoral, antimicrobial and defence responses, in cell secretion and exocytosis, and in response to external and biotic stimuli.

Finally, the analysis of the molecular functions of the secreted proteins (Figure 51d) showed that several processes of binding to enterobactin and macrolide were overrepresented in both secretomes. However, differences were observed between the two cell models. NHBE secretome was more enriched in proteins involved in ion-, metal-and lipid-binding. Proteins with high binding affinity to ions as Ca 2+ (e.g. annexin-1 [START_REF] Mailliard | Calcium-Dependent Binding of S100C to the N-Terminal Domain of Annexin I[END_REF], calmodulin [START_REF] Sachyani | Structural Basis of a Kv7.1 Potassium Channel Gating Module: Studies of the Intracellular C-Terminal Domain in Complex with Calmodulin[END_REF]) and gelsolin [START_REF] Huff | Gelsolin Domain 2 Ca2+ Affinity Determines Susceptibility to Furin Proteolysis and Familial Amyloidosis of Finnish Type[END_REF])) were present in higher abundance in NHBE compared to Calu-3. By contrast, Calu-3 secretomes were enriched in peptidase regulator and inhibitor activities, which were not enriched in NHBE analysis due to the lack of serpina-1 in the 20 most abundant proteins. 

Comparison of the secretomes from in vitro models with human bronchoalveolar lavage (hBAL)

To evaluate the biological relevance of the in vitro models of the human bronchial epithelium in the production of lung lining fluid (here at the bronchial level), we compared the composition of the secretome of Calu-3 and NHBE cells to one clinical sample of broncho-alveolar lavage (hBAL) from a healthy donor. Extracellular proteins (413 proteins) only were considered in this analysis, though intracellular proteins (1237 proteins) were also identified in the hBAL (representing 34% of the total proteins in protein number).

This preliminary analysis was performed on one clinical sample only, due to limited access to hBAL samples from healthy donors. Therefore, only qualitative MS analysis of hBAL could be performed (3 biological replicates are needed for quantitative MS analysis). We identified 413 extracellular proteins in the hBAL, compared to 408 in the apical secretome of Calu-3 and NHBE cells. The Venn diagram (Figure 52) shows that 231 extracellular proteins were common to hBAL and secretomes from cell models, corresponding to 39.2% similarity. 177 proteins (30%) and 182 proteins (30.8%) were specific to the cell culture secretome and to hBAL, respectively. The biological roles of the common and unique proteins identified in the cell secretome and the human BAL were analysed using the Reactome pathway functional enrichment (Figure 53).

Enrichments in pathways involved mainly in the innate immune responses, vesicle secretions, homeostasis, post-translational protein modifications, protein metabolism were observed for the 232 common proteins. The common proteins included gel-forming mucins (MUC5AC and MUC5B), antimicrobial peptides (lcn2, lyz, clu, s100a8, s100a9, bpifa1, and bpifb1) and antioxidant proteins (glutathione S-transferase A1 (gsta1), alb, apolipoprotein E (apoe)). The proteins exclusively present in the hBAL were implicated in pathways restricted to the alveolar region, such as surfactant metabolism. Indeed, the cell types responsible for their production are absent from our bronchial epithelium models. The surfactant-associated proteins A1, A2, B and D were identified in the hBAL sample. Pathways involved in parasite infections, infectious diseases and the adaptive immune response were also enriched. These results suggest a possible infection of this donor. Samples from other donors would be necessary to give conclusive results on this point. 

Discussion

The aim of this part was to characterize and compare the apical secretomes of the Calu-3 and NHBE human bronchial epithelium models and to validate the use of Calu-3 cells as a relevant model for nanotoxicology studies.

The apical secretome of Calu-3 cell cultures supplemented with 4% FBS was compared to the apical secretome of NHBE cells. The total protein and glycoprotein concentrations of the two models were quantified up to 18 days at ALI. No statistically significant difference in total protein concentration in the secretome was observed during the experimental time. We also measured the concentration of glycoproteins, which include the mucin family. Mucins are a key component of the epithelial lining fluid at the bronchial level that ensures the protection against and clearance of pathogens and inhaled particles (Bals, Weiner, and Wilson 1999). The glycoprotein quantified in Calu-3 and NHBE apical secretome presented no significant differences between the two models. Statistically significant differences in glycoprotein concentrations were observed in Calu-3 cultures at day 4 only, compared to cells that stayed longer at ALI, a difference that we attributed to the ongoing epithelial differentiation of Calu-3 cells up to 11 days at ALI.

Mass spectrometry analysis identified 1685 different proteins in the apical secretomes of Calu-3 and NHBE cells, a large part of which are intracellular proteins (1277 proteins). We chose to analyse the total secretome collected in HBSS at the cell surface by gentle washing, without a centrifugation step to remove cells debris, in order to retain all of its components. The presence of mucus in the samples makes their manipulation more difficult. The centrifugation favours the sedimentation of high molecular weight proteins such as mucins, which can trap others proteins leading to their removal from the analysed sample. When considering the total proteins (both intracellular and extracellular), the secretomes of the two models shared more than 99% of the proteins identified (qualitatively), but showed significant differences in relative protein abundances. When considering extracellular proteins only, selected after the data analysis using the proteome discoverer database, the qualitative proteome analysis showed 100% similarity between the apical secretome of Calu-3 and NHBE cells from day 4 to day 18. These results

were surprising, considering the different cellular composition of Calu-3 and NHBE epithelium.

However, the secretion of the proteins that form the ASL are mainly produced by secretory cells, corresponding to the Calu-3-derived cell type.

Gupta et al. analyzed the exosomes collected in the apical secretions of Calu-3 and primary human tracheobronchial (HTBE) cells following sample centrifugation. Approximately 50% similarity in terms of proteins identified was reported for the exosomes isolated from the two cultures [START_REF] Gupta | Intercellular Communication between Airway Epithelial Cells Is Mediated by Exosome-like Vesicles[END_REF]. We compared the proteins identified by Gupta et al. with our results. Common proteins were identified in both studies, especially proteins involved in the innate defense, such as polymeric immunoglobulin receptor (pigr), alpha-1-antichymotrypsin (serpina3), complement 3 (c3), MUC5AC, MUC5B, and albumin. However, Gupta et al.

observed larger differences in the exosomal composition of the Calu-3 compared to the HTBE cells, compared to our analysis of the full apical secretome of Calu-3 and NHBE cells. This difference could be explained by several factors: i) the authors used primary human tracheobronchial (HTBE) cells while we used NHBE cells in our model, ii) cell differentiation was performed in their lab, which could lead to differences in culture differentiation (Rayner et al. 2019) and iii) the analysis of a specific secretome fraction (exosomes). Gupta et al.

specifically analysed the proteins forming exosomes isolated from the total secretome, whereas we considered the whole secretome. In addition, different software and databases were employed for MS data analysis. Using different software can lead to slight differences at the protein identification step, due to different peptide analysis methods [START_REF] Gonzalez-Galarza | A Critical Appraisal of Techniques, Software Packages, and Standards for Quantitative Proteomic Analysis[END_REF][START_REF] Shweiki | Assessment of Label-Free Quantification in Discovery Proteomics and Impact of Technological Factors and Natural Variability of Protein Abundance[END_REF].

Furthermore, our quantitative proteomic analysis revealed differences in protein abundances in the apical secretomes of Calu-3 and NHBE cells. In the case of NHBE cells, the protein composition and abundance were very similar between donors and over time. By contrast, for Calu-3 secretome, the relative abundance of the secreted proteins changed with the time of culture. An immature secretome was produced during the first days at ALI, while a mature secretome was reported in our experiment from day 11 following full epithelial differentiation.

These results support the hypothesis that the secretome changed in terms of protein abundance during the epithelial differentiation, even if a tight barrier had already been formed. The mature secretome of Calu-3 was closer to the NHBE secretome than the immature secretome. In addition, the NHBE secretome was stable for the duration of the experiment (here 18 days).

Proteins such as neutrophil gelatinase-associated lipocalin (lcn2), polymeric immunoglobulin receptor (pigr), serum albumin (alb), alpha-1-antichymotrypsin (serpina3), galectin-3-binding protein (lgals3bp), clusterin (clu) and annexin A2 (anxa2) were present in the apical secretome of both Calu-3 and NHBE cultures. These proteins are involved in the innate immune response against bacterial infection (LCN2 [START_REF] Chan | Lipocalin 2 Is Required for Pulmonary Host Defense against Klebsiella Infection[END_REF], PIGR [START_REF] Borrok | Enhancing IgG Distribution to Lung Mucosal Tissue Improves Protective Effect of Anti-Pseudomonas Aeruginosa Antibodies[END_REF])), and against viruses (LGALS3BP (Xu et al. 2019), ANXA2, CLU [START_REF] Tripathi | Influenza A Virus Nucleoprotein Induces Apoptosis in Human Airway Epithelial Cells: Implications of a Novel Interaction between Nucleoprotein and Host Protein Clusterin[END_REF]).

The fold-enrichment Reactome pathway analysis showed a high representation of the immune system pathways in the mature apical secretomes of both Calu-3 and NHBE cells. In particular, several proteins identified in the secretome could be involved in the innate immune response.

In the case of NHBE, among the innate defence protein, we identified the BPI fold containing family A and B member 1, which are anti-microbial peptides [START_REF] Liu | SPLUNC1/BPIFA1 Contributes to Pulmonary Host Defense against Klebsiella Pneumoniae Respiratory Infection[END_REF].

Surprisingly, the Reactome pathways involved in hemostasis, platelet activation, signaling and aggregation were also enriched in the secretomes of Calu-3 and NHBE cells, as well as in the hBAL. Proteins involved in these pathways, such as CALM1 [START_REF] Yu | Arrhythmogenic Calmodulin Mutations Impede Activation of Small-Conductance Calcium-Activated Potassium Current[END_REF]) and ALB [START_REF] Majorek | Structural and Immunologic Characterization of Bovine, Horse, and Rabbit Serum Albumins[END_REF], present a high capacity in modulating ion channels, which may contribute to the regulation of the osmotic pressure in the cell culture.

The analysis of one human BAL that we were able to carry out revealed that 232 extracellular proteins were common to the hBAL sample and the secretomes of the in vitro models of the bronchial epithelium, including gel-forming mucins (MUC5AC and MUC5B), antimicrobial peptides (lcn2, lyz, clu, s100a8, s100a9, bpifa1 and bpifb1) and antioxidant proteins (gsta1, alb and apoe). Moreover, the analysis of this hBAL revealed that it was in line with the composition of human bronchoalveolar lavages from healthy donors reported in the literature [START_REF] Chen | Exploration of the Normal Human Bronchoalveolar Lavage Fluid Proteome[END_REF]. hBAL is composed of proteins such as albumin, complement C3, polymeric immunoglobulin receptor, galectin-3-binding protein between others [START_REF] Foster | Proteomic Analysis of Human Bronchoalveolar Lavage Fluid after Subsgemental Exposure[END_REF].

The gene ontology analysis confirmed the role of the secreted proteins in the epithelium defence. The GO biological processes were enriched in innate defence response and in immune cell activations. Other glycoproteins, such as olfactomedin-4, can be involved in the recruitment of neutrophils [START_REF] Xiao | Cathepsin C Promotes Breast Cancer Lung Metastasis by Modulating Neutrophil Infiltration and Neutrophil Extracellular Trap Formation[END_REF]. The molecular functions enriched in the secretome were related to the binding of ions, lipids, and metals, which are important processes for cell recognition. In addition, peptidase regulator and inhibitor activity were also enriched. The balance of proteases and antiproteases is essential in the respiratory inflammation homeostasis following viral infections [START_REF] Meyer | Respiratory Protease/Antiprotease Balance Determines Susceptibility to Viral Infection and Can Be Modified by Nutritional Antioxidants[END_REF].

Finally, the extracellular localization of the proteins was confirmed by GO cellular compartment analysis, with an enrichment for vesicles and extracellular proteins, suggesting that part of the identified proteins can be involved in exosomes.

The high relative abundance of serum albumin in the secretome of Calu-3 cells at day 4 raised the question of a potential contamination by FBS proteins from the culture medium, for example in case of an immature barrier or through protein exchange (A. [START_REF] Cox | Evolution of Nanoparticle Protein Corona across the Blood-Brain Barrier[END_REF]. The quantification of HSA in Calu-3 secretome was performed using Progenesis QI software. This software allows for the discrimination of unique peptides for proteins of human vs bovine origin, reducing protein quantification mismatch. This analysis confirmed that HSA was secreted by Calu-3 cells in vitro. This result is consistent with the study of Chen et al, which identified HSA in the hBAL of 6 healthy donors [START_REF] Chen | Exploration of the Normal Human Bronchoalveolar Lavage Fluid Proteome[END_REF]. Finally, the identification of common proteins in Calu-3 secretome, NHBE secretome, and hBAL emphasized the high similarity of the Calu-3 secretome with the epithelial lining fluid at the bronchial level (Jinzhi [START_REF] Chen | Exploration of the Normal Human Bronchoalveolar Lavage Fluid Proteome[END_REF]).

Conclusion

In this part of the work, we used the 3D bronchial epithelium model previously developed using Calu-3 cells (Chapter 3) to analyze the composition of the apical secretome and to compare its composition and evolution with the secretome of normal human bronchial epithelium (NHBE).

We characterized the protein secretion of Calu-3 and NHBE cultures. We observed high similarities in the protein composition of both cultures, but differences in relative protein abundances. We have identified two stages in the evolution of the apical secretome of Calu-3, corresponding to the ongoing differentiation of the epithelium after ALI. After full epithelial differentiation was established, a mature secretome could be maintained for at least 18 days.

The Calu-3 model was also able to produce a functional secretome with protective functions highly similar to the ones associated with the secretome of NHBE in vitro models and one human bronchoalveolar lavage.

Because the secretome may have an impact on the NP-cell interaction and NP toxicity following protein-NP interaction, the formation of the protein corona on silver nanoparticles in the mature Calu-3 secretome was investigated in the last part of this thesis.

Table 11:List of the 20 most abundant proteins identified in Calu-3 and NHBE secretome at the different time points (22 total number, 14 common).

In green and blue are highlighting the protein exclusively found in the most abundant for Calu-3 and NHBE, respectively. 

Chapter 5: Formation of the protein corona on silver nanoparticles in the Calu-3 secretome and its biological implications

As soon as nanomaterials (NMs) enter the body, they are coated by biomolecules, particularly proteins, forming a so-called protein (or biomolecular) corona, which modulates their fate and biological effects. The protein corona formation is influenced by the surface chemistry of the NM, its shape and size, and by the composition of the surrounding physiological media [START_REF] Walkey | Understanding and Controlling the Interaction of Nanomaterials with Proteins in a Physiological Environment[END_REF]. The protein corona can affect processes such as NM-cell interaction and NM uptake, depending on the adsorbed proteins [START_REF] Park | Protein-Nanoparticle Interaction: Corona Formation and Conformational Changes in Proteins on Nanoparticles[END_REF]. For example, it was shown that the presence of clusterin in the protein corona of silver and silica nanoparticles (NPs) inhibited their cellular uptake by human macrophage-like cells (THP-1 cells) [START_REF] Aoyama | Clusterin in the Protein Corona Plays a Key Role in the Stealth Effect of Nanoparticles against Phagocytes[END_REF]. Because of the protein corona influence on the biological effects and toxicity of NMs, the study of the protein corona formation on NPs in relevant biological media has become necessary.

Until now, the formation of the protein corona has mainly been investigated in the presence of serum and plasma proteins, either in cell culture media supplemented with FBS or directly in human serum or plasma [START_REF] Lundqvist | Three Decades of Research about the Corona Around Nanoparticles : Lessons Learned and Where to Go Now[END_REF][START_REF] Böhmert | Isolation Methods for Particle Protein Corona Complexes from Protein-Rich Matrices[END_REF]). These studies have allowed the identification of the adsorbed proteins following NP separation with their protein corona from the free proteins in the medium by centrifugation (in most cases). The analysis of the protein corona by proteomics compared to the composition of the biological medium, that is identifying the adsorbed versus non-adsorbed proteins, led to the identification of the physical, chemical and biochemical determinants associated with protein adsorption and the formation of the protein corona in biological media [START_REF] Mathé | Structural Determinants for Protein Adsorption/Non-Adsorption to Silica Surface[END_REF]. They include parameters related to the properties of the NMs (size, chemistry, shape, charge, crystallinity...)

and parameters related to the proteins present in these fluids (sequence, structure, flexibility…) (see chapter 1.4-1).

The main routes of exposure to NMs are ingestion, inhalation and direct contact with the skin.

In all of these scenarios, the composition of the biological medium in which the biomolecular corona will first form differs from human plasma. Regarding the inhalation route, the airway epithelial secretions are mainly composed of mucins, antimicrobial peptides, proteases and antiproteases, while the most abundant plasma proteins are albumin, globulin, fibrinogen and regulatory proteins. Until now, little is known about the protein corona formed on inhaled NMs.

The aim of our study was to characterize the protein corona that forms on AgNPs when they encounter the airway fluid, and to determine how it would influence the effects of AgNPs on macrophages. For this purpose, we used the apical secretome of the Calu-3 epithelial barrier, described in chapter 4, as the airway biological fluid. Moreover, the interaction of AgNPs with the apical secretome was studied in two different conditions called "acellular" and "cellular" conditions. For the "acellular protein corona", AgNPs were incubated in the apical secretome of Calu-3 cells (previously collected) in Eppendorf tubes for 10 min to 1h (Figure 54a), whereas for the "cellular protein corona", the Calu-3 cells were exposed at ALI to AgNPs for 1 to 48h

and AgNPs were recovered with their protein corona by washing the apical compartment (Figure 54b). In the first case, the NPs were exposed to a secretome which composition remained constant with time, whereas in the second case, NPs were exposed to a dynamic airway fluid, which composition can be modified by living cells' response to AgNP exposure. The particularity of the airway fluid is the presence of mucus, which contributes to trapping and eliminating the inhaled particles by mucociliary clearance. From a methodological point of view, the presence of mucus has complicated the separation of NPs from the airway secretions for protein corona studies. Until now, the methods used to separate NPs (with their adsorbed protein corona) from the surrounding biological fluid (containing free proteins only) have not been standardized. The most commonly used methods for NP isolation are centrifugation and magnetic separation (for magnetic NPs only), and less frequently, size exclusion chromatography (SEC). These methods and others were recently reviewed by different authors [START_REF] Weber | Possibilities and Limitations of Different Separation Techniques for the Analysis of the Protein Corona[END_REF][START_REF] Böhmert | Isolation Methods for Particle Protein Corona Complexes from Protein-Rich Matrices[END_REF]. The selection of the most appropriate separation method depends on the type of NPs and the biological fluid studied.

Selecting the appropriate method will reduce artefacts that may occur following the precipitation of free proteins (false positives) or the loss of adsorbed proteins during the separation step (false negative). The separation methods we considered for this study of protein corona formation in mucus were centrifugation, magnetic separation and size exclusion chromatography.

In this chapter, first we describe the different methodologies we tested in order to improve the recovery of NPs from the mucus produced by the Calu-3 epithelial barrier. Then, we analyzed the composition of the acellular and cellular protein corona formed on AgNPs using proteomics and we investigated the cellular effects of AgNPs on Calu-3 cells at ALI. Finally, we studied the role of the protein corona in the cellular effects of AgNPs on macrophages.

Strategies to separate AgNPs from the secretome to analyse the protein corona

The most widely used method for NP separation for protein corona analysis is centrifugation.

It is easy to implement with standard equipment and it can be applied to most nanomaterials.

The main limitation of this method is the modification of the protein corona during the separation step: the "hard corona" composed of tightly bound proteins is preserved, whereas the "soft corona" that contains loosely bound proteins may be lost [START_REF] Winzen | Complementary Analysis of the Hard and Soft Protein Corona: Sample Preparation Critically Effects Corona Composition[END_REF]. In the Calu-3 secretome, the formation of a mucus layer in the secretome and the presence of highly

Aims:

-To determine the appropriate NP separation method in airway epithelial mucus for protein corona study -To analyse the protein corona composition following incubation of AgNPs in the secretome with ("cellular") and without ("acellular") Calu-3 cells -To monitor the cellular responses of Calu-3 cells to AgNP exposure at ALI -To study the role of the protein corona in the cellular effects of AgNPs on THP-1 macrophages glycosylated proteins make NP separation by centrifugation more difficult. Indeed, free proteins tend to precipitate during centrifugation, impairing the separation between NPs and free proteins from the medium. The drawbacks of the centrifugation method can be solved by using the magnetic separation instead. However, the latter is restricted to magnetic NPs and therefore it cannot be applied to bare AgNPs. Another alternative is the size exclusion chromatography, which is less frequently used due to higher cost and lower throughput [START_REF] Böhmert | Isolation Methods for Particle Protein Corona Complexes from Protein-Rich Matrices[END_REF].

The application of these 3 methods to NP separation in the secretome, for either the acellular or the cellular protein corona analysis, is presented below.

5.1-1 Standard centrifugation protocol for NP separation

First, we used a standard centrifugation protocol to isolate AgNPs with their adsorbed protein corona from the free proteins in the Calu-3 secretome. Briefly, the samples were centrifuged at 4°C for 20 min at 14,000g following AgNP incubation in the secretome (acellular protein corona), or their recovery from the apical compartment of the Calu-3 culture (cellular protein corona) (Figure 55a). The pellet, containing AgNPs with their protein corona, was resuspended in 500 µL HBSS and centrifuged for 20 min at 14,000g (washing step). Three washing steps were done in order to remove all the free proteins. This step also likely removed the proteins weakly bound to AgNPs. The free proteins (from the first supernatant) and the adsorbed proteins (AgNP-protein corona) were mixed with NuPAGE TM -LDS buffer with 0.05M of DTT, heated 10 min at 95°C, and loaded in the SDS-PAGE electrophoresis gel. This treatment induced both protein denaturation and desorption from AgNPs. The nanoparticles were subsequently trapped in the well and they did not migrate into the gel. Sypro ® Ruby was used for protein staining as it can achieve high sensitivities in the 0.25-1 ng range for most of the proteins (Figure 55b andc).

For the analysis of the acellular protein corona formation, we selected two different incubation times in the Calu-3 secretome: 10 min and 1 h (Figure 55b). All the samples were incubated at 37°C with gentle shaking. In addition, we also analysed a sample containing the secretome only as a control, using the same centrifugation and washing protocol before running the gel electrophoresis (Figure 55a). One control was always analysed for each condition (acellular and cellular corona). The control showed the presence of free proteins that precipitated by centrifugation. These proteins correspond to false positives that will be excluded from the protein corona analysis.

The acellular protein corona formed after 10 min or 1 h exhibited a similar profile. The same protein profile was also observed in the supernatant corresponding to non-adsorbed proteins for the two time points. We identified an enrichment of proteins in the protein corona which was composed of proteins with different sizes (ranging from 31 to 97 kDa). However, small proteins (<50 kDa) were highly enriched in the corona, and were absent in the supernatant protein profile. The effect of a longer incubation time (e.g., 24 or 48h) on the composition of the acellular protein corona could not be analysed due to the higher protease activity in the samples at 37°C.

In the case of the cellular protein corona, a first striking observation was the high protein content in the pellet of the secretome control. This result shows that the centrifugation favored the protein sedimentation, likely due to the presence of highly glycosylated proteins. However, we observed that the pellets of freshly collected secretomes differed from the pellets of secretomes frozen at -80°C for storage before the analysis (Figure 55b andc). Fewer proteins precipitated in the latter condition. It suggests that freezing could alter the structure of the mucus network.

The modification or disruption of the mucus network may prevent a high protein loss during secretome centrifugation. We further tested this hypothesis by implementing an advanced centrifugation protocol. 

5.1-2 Advanced centrifugation protocol for the separation of AgNPs in mucus samples

We modified the centrifugation protocol to reduce protein sedimentation in the absence of NPs.

As we did not observe a large sedimentation of free proteins from the secretomes that were frozen at -80°C (Figure 55b) compared to fresh secretomes (Figure 55c), an additional freezing/thawing step was included before NP isolation by centrifugation for the analysis of the cellular protein corona. First, the secretome collected on Calu-3 cells following AgNP exposure (cellular conditions) was frozen at -80°C. Then, two centrifugation steps were used to separate AgNPs from the free proteins in the secretome (Figure 56a). First, centrifugation was performed at low speed (3,000g) to separate AgNPs while reducing the sedimentation of free proteins (Figure 56b). The supernatants of the first centrifugation step (Ctl and AgNP) were analysed by SDS-PAGE (Figure 56b, red square). A low amount of protein was detected due to large samples volumes, which diluted the protein content. Then, the supernatant was removed and 3

washing steps of the AgNPs at high centrifugation speed was performed as before. The following supernatants obtained during the washing steps were also analysed by SDS-PAGE.

No proteins were detected (large volumes of buffer were also used for the washing step).

Finally, the secretome alone and AgNP pellets were analysed by SDS-PAGE gel (Figure 56b, blue dotted square). Proteins were only detected in the pellet of AgNP samples and none were detected in the pellet of the secretome alone. We selected this protocol for the study of the acellular and cellular protein corona analysis. The samples were frozen at -80°C. Thawed samples were centrifuged in two steps, at 3,000g for 20 min at 4°C, then at 14,000g for 20 min at 4°C, followed by 3 washes in HBSS. (b) SDS-PAGE analysis of the cellular protein corona on AgNPs. NP-free sample (Ctl) and exposure to 10µg AgNPs (AgNP). Proteins were stained with SYPRO ® Ruby. Red square shows supernatants of the first separation step (samples highly diluted). Green square shows supernatants for each wash (samples highly diluted). Blue square with a dotted line shows the pellet from a NP-free secretome (Ctl) and AgNP-protein corona (AgNP).

5.1-3 Comparison of methods for the NP separation from the mucus

In parallel to our work on the improvement of the centrifugation method, we explored other methods to isolate NPs with their protein corona from the mucus. A collaboration has been set up in this perspective with Dr. Marco Monopoli and his team at RCSI, Dublin, where I moved for a 3-week secondment.

As the centrifugation step may induce modifications of the protein corona (loss of weakly bound proteins and reshuffling of the corona during the manipulation), I compared the protein corona formed in the mucus following NP separation by centrifugation or magnetic separation.

For this experiment, I used magnetic iron oxide NPs in addition to AgNPs. The iron oxide NPs were Fe3O4-PEG-PLGA NPs from Colorobbia, which are also studied in the framework of the EU BIORIMA project. The biological medium was the Calu-3 secretome collected and frozen at -80°C before use.

The acellular protein corona was formed by mixing 10 µg Fe3O4 NPs with 200 µL of Calu-3 secretome. The centrifugation protocol was done as described before, except that the centrifugation speed for the second step was set to 18,000g, which is required for Fe3O4 NPs.

For magnetic separation, the Fe3O4 NPs were mixed with metallic beads (extracted from chromatography columns) following incubation with the secretome, and separated using a strong magnet through the Eppendorf tube (F329, Magnet expert LTD, 14kg pull) (Figure 57a).

3 washes were performed in HBSS using the magnet. Finally, the Fe3O4NPs were resuspended in 20 µL HBSS and 3-4 back and forth movements were done with the pipet to detach NPs from the metallic beads. Then, the protein corona was analysed by SDS-PAGE following the same protocol as before (Figure 57b). As observed with AgNPs, the Fe3O4NPs were trapped in the well during the electrophoresis.

The SDS-PAGE profiles of the protein corona formed on Fe3O4NPs in the secretome and analysed following either magnetic or centrifugation separation were very similar (Figure 57b).

The profiles of the controls (secretome without NPs) revealed the presence of free proteins in the pellet for the centrifugation method, whereas no proteins were detected in the control for the magnetic separation method.

Interestingly, the protein profiles of the corona formed on Fe3O4 and AgNPs in the secretome were very similar. Further analysis by mass spectrometry would be needed to investigate the effect of surface chemistry on the protein corona composition in the mucus.

Although these experiments were performed with Fe3O4NPs, which behaviour can be different from AgNPs, the results suggest that the centrifugation method we set up provides relatively comparable results with the magnetic separation method. The most visible difference was the precipitation of some free proteins in the pellet during NP isolation by centrifugation. A second secondment was planned at Dr. Monopoli's laboratory to develop the size exclusion chromatography method, which is a promising technique for NP separation in different samples (MONOPOLI et al. 2013). However, due to the Covid-19 travel restrictions, it was canceled.

Instead, I developed a preliminary study on AgNP separation by SEC in our laboratory in Paris.

A XK16-40 column (GE28-9889-38) was packed with the gel filtration Superdex 200 prep grade (GE-17-1043-01, Ge Healthcare) following manufacture's instruction and connected to a FPLC AKTA (Ge Heathcare). The column was equilibrated with PBS 1mM EDTA (the elution buffer) before used.

First, 200 µL of secretome (without NPs) were loaded in the column at a constant flow rate of 1mL/min. Proteins were monitored by measuring the absorbance at 280 nm with a detector coupled to the column. Unfortunately, no proteins were detected due to low protein concentration in the sample and the dilution associated with the elution. Using the same settings, a secretome sample incubated with 10 µg of AgNPs was loaded in the column. The column was disconnected from the UV detector (to avoid blocking the system with aggregates).

The eluted volumes were collected in 1 mL fractions. The passage of AgNPs through the column was confirmed by absorbance measurement at 400 nm, corresponding to the characteristic plasmon band of AgNPs. The collected NPs were concentrated, but we could not recover enough proteins for analysis by SDS-PAGE. We concluded that the sample size (volumes of secretome, NP mass) was too small to apply SEC. SEC requires large volumes of buffer to perform the separation, resulting in a highly diluted sample. Hence, the large volume used to elute the protein corona was not compatible with further proteomic analysis in which concentrated proteins are needed. Further protocol optimization is required before applying this technique.

Characterization of the acellular protein corona on AgNPs

The formation of the acellular protein corona on AgNPs in the Calu-3 secretome was analyzed by LC-MS/MS. Two AgNP concentrations, corresponding to two protein/NP ratio were used. and to maximize the amount of proteins collected from the corona (50 µg AgNPs).

The total protein concentration of the secretome was 250 µg/mL in average, corresponding to a protein/NP ratio of 5 and 1 mg (protein)/mg (NP) for 10 and 50 µg AgNPs respectively. The specific surface area of NM300K AgNP was estimated to 38 m²/g, so that the total available surface could be estimated to 3.8 10 -4 m² for 10 µg AgNPs and 1.9 10 -3 m² for 50 µg AgNPs.

The corresponding protein/NP ratio expressed in surface area can be estimated to 132 mg (protein)/m² for 10 µg AgNPs and 26 mg (protein)/m² for 50 µg AgNPs.

The secretome was collected from 3 independent cultures after 10 days at ALI, and frozen at -80°C before use. Briefly, 200 µL secretome was mixed with 10 or 50µg AgNP for 1 h at 37°C with gentle mixing. The AgNPs were separated using the centrifugation protocol described in section 5.1-2. Then, all the samples, including the secretome control without NPs, were treated as described for SDS-PAGE analysis. This step was performed to desorb the proteins from the NP surface. Instead of running the electrophoresis until full protein separation was obtained, the electrophoresis was run for a short time (approximately 10 min) at 100 V, allowing proteins to migrate into the gel, while AgNPs remained in the wells. A gel band (approximately 1 cm wide, at the top of the gel) was cut and digested before LC-MS/MS analysis. Loading buffer contained Coomassie G250 and Phenol red dyes, which were used to confirm that no proteins could be detected in the remaining gel.

5.2-1 Mass spectrometry analysis of the protein corona

Only the proteins identified in at least two replicates in each condition were considered. 1,297 proteins were identified in the control including mucins (MUC5AC, MUC5B, MUC13), lipocalin-2, BPI-fold containing family, clusterin, annexins between others. Proteins that were detected in the control (false-positives) were excluded from the analysis of the protein corona.

Following subtraction, 73 proteins were identified in the protein corona formed with 10 µg AgNP, and 90 in the protein corona formed with 50 µg AgNP. These included 8 unique proteins in the first condition, and 25 unique proteins in the second condition, plus 65 common proteins (Figure 58). In the common proteins, we found proteins with transporter function, such as the aquaporin-1 (AQP1), the growth factor midkine (MDK); proteins involved in chromatin or cytoskeletal proteins binding; and proteins with different catalytic activities, such as proteases, protease inhibitors, ligases transferase. In the 10 µg AgNP protein corona, we identified 8

exclusive proteins, such as the transporter phosphatidylinositol transfer protein beta isoform (PITPNB), the phospholipase monoglyceride lipase (MGLL), and the glia maturation factor beta (GMFB) that is involved in intracellular signaling. By contrast, in the 50 µg AgNP protein corona, 25 proteins were exclusively present. Among them we found two subunits of the transporter importin (KPNA1 and KPNA4) and different binding proteins, such as TATAbinding protein-associated factor 2N (TAF15).

The uses of two AgNP concentrations allowed following the protein corona formation using 2 different protein/NP ratio. The higher protein/NP ratio (10 µg AgNP condition) led to the formation of a protein corona with a lower protein diversity. By contrast, the lowest protein/NP ratio (50 µg AgNP condition) led to the adsorption of a higher diversity of proteins on the surface, suggesting that the larger available surface allowed binding of a larger number of different proteins, perhaps with a different affinity for the surface. The effect of protein/NP ratio on the protein pattern and protein abundance of the protein corona was also reported for silica NPs incubated in human plasma [START_REF] Monopoli | Physical-Chemical Aspects of Protein Corona: Relevance to in Vitro and in Vivo Biological Impacts of Nanoparticles[END_REF]. These results suggest that competitive protein binding took place during the formation of the protein corona on AgNPs in the secretome, possibly driven by different affinities for the surface. Here, all the proteins identified by mass spectrometry were considered in the analysis, meaning that both intracellular and extracellular proteins were considered. We chose not to exclude the intracellular proteins from this analysis as they could be part of the protein corona, both in vitro and in vivo, following cell death and the renewal of the epithelial barrier. To determine which proteins in the corona may originate from the intracellular or extracellular compartments, a cellular component enrichment analysis was performed (Figure 59). For the enrichment analysis, 73 proteins and 90 proteins were used for 10 µg and 50 µg AgNP, respectively. Only the first 20 most enriched cellular components are represented. This analysis showed that, in both conditions, the proteins forming the corona come from different intracellular and extracellular compartments. We identified extracellular proteins (released in the extracellular space, or associated to vesicles and exosomes), membrane proteins (from the plasma membrane or organelles), and cytoplasmic proteins. Interestingly, some cellular compartments were only enriched in one of the two conditions. With 10 µg AgNP, we found proteins associated to peptidase and endopeptidase complex, contrarily to the protein corona formed with 50 µg AgNP where we found nuclear, cytosolic, and proteins associated with intracellular anatomical structures. The proteins with their respective relative abundances are represented in a sphere diagram for each acellular protein corona in Figure 60. Each sphere corresponds to one protein whose size reflects their relative abundance in the corona. In the 50 most abundant proteins identified in both protein coronas, we identified proteasome proteins, such as proteasome subunit proteins (PSMB3, PSMB4 and PSM7); cytokines, such as interleukin-18 (IL-18); proteins with enzyme condition were used for the functional enrichment analysis. In both coronas, we found pathways involved in DNA damage and apoptosis regulations, with a low number of proteins identified in each pathway. However, when selecting proteins identified in each condition (but not specific to), we found that pathways involved in the metabolism of RNA and amino acids were significantly enriched with a higher number of proteins identified. Reactome pathway functional enrichment were analysed for the 73 proteins identified in 10 µg, the 90 proteins identified in 50µg acellular protein corona, and the 65 proteins common to both conditions.

Characterization of the cellular protein corona following exposure of

Calu-3 cells to AgNPs

The formation of the protein corona on AgNPs was also investigated while NPs were in direct contact with Calu-3 cultures ("cellular" protein corona). Calu-3 cells were exposed to HBSS, 10 and 50 µg of AgNPs for 1 h, 24 h and 48 h.

The UV-vis spectra of AgNPs were measured before and after incubation in the secretome.

Changes in the optical properties of AgNPs were observed after incubation with Calu-3 cells (Figure 62a). AgNPs present a characteristic absorption peak around 400nm, which corresponds to the surface plasmon band. The surface plasmon depends on the size and the aggregation state of the AgNPs. The intensity of the plasmon band decreased and shifted following incubation of AgNPs in the Calu-3 secretome, possibly due to aggregation in the presence of mucus (Figure 62b-d). One hour after treatment, no changes were observed compared to stock AgNP solutions (Figure 62b). By contrast, after 24 and 48 h of exposure, large changes of the AgNP UV-vis spectra were observed (Figure 62c andd), suggesting an effect of the incubation in the presence of cells on the aggregation state of AgNPs (Figure 62a).

The cellular protein corona was analysed by SDS-PAGE gel (Figure 62e). Curiously, similar protein profiles were observed after 1, 24 and 48 h exposure for both AgNP concentrations (10 and 50 µg). We only observed an increase in protein amount in the corona with time, especially between 1 h and 24-48 h. Some proteins were also identified in the control samples, but at lower concentrations. 

5.3-1 Mass spectrometry analysis of the cellular protein corona

The cellular protein corona was characterized by LC-MS/MS. For this analysis, the cellular protein corona formed after 1 h and 24 h exposure of Calu-3 cells to two NPs concentration (10 µg and 50 µg of AgNPs) were selected. Only proteins identified in at least two replicates in each condition were considered. The LC-MS/MS analysis identified 1,266 and 1,001 proteins in the control samples (false-positives) at 1 h and 24 h, respectively. These proteins were excluded from the analysis.

Following subtraction, 100 proteins were identified in the cellular protein corona of 10 µg AgNP and 104 proteins in the cellular protein corona of 50 µg AgNP after 1 h exposure. These included 88 common proteins, and 12 and 16 exclusive proteins for 10 and 50 µg AgNPs, respectively (Figure 63a). After 24 h exposure, 367 proteins were identified in the cellular protein corona of 10 µg AgNP and 377 proteins for 50 µg AgNPs. These included 341 common proteins, and 26 and 36 unique proteins for 10 and 50 µg AgNPs, respectively (Figure 63b).

Additionally, common proteins identified for both NP concentrations and exposure time were investigated (Figure 63c). A common protein core of 38 proteins was identified. 1 and 3 proteins were identified exclusively at 10 and 50 µg AgNPs, respectively, independently of the incubation time.

The number of different proteins in the cellular protein corona increased with the exposure time.

The maximum protein diversity in the protein corona was observed at 24 h (377 proteins identified for 50 µg AgNPs) compared to 1 h (104 proteins identified for 50 µg AgNPs), suggesting an evolution of the secretome and/or the protein corona during cell exposure.

As observed for the acellular protein corona, both intracellular and extracellular proteins were identified. Especially for the cellular corona, the intracellular proteins could be released following cell injury induced by NPs. To determine which proteins in the corona may originate from the different cellular compartments, a cellular component enrichment analysis was performed (Figure 64). All proteins identified exclusively in the corona by mass spectrometry were considered for this analysis, following removal of the false positives identified in the control. Only the first 20 most enriched cellular components are represented for each condition.

This analysis showed that the proteins present in the cellular protein corona come from different intracellular and extracellular compartments. At both time points (1 h and 24 h), we identified adsorbed extracellular proteins (associated to vesicles, organelle or exosomes), membrane proteins (from enclosed lumen or organelles), proteins associated to complexes (such as ribonucleoprotein, protein-containing complexes), intracellular proteins (associated to organelle lumen or anatomical structure), and cytosolic proteins. At 1 h, there was an enrichment in proteins associated to the proteasome complex that was not observed at 24 h. By contrast, at 24 h, there was an enrichment of proteins from ribosomes, mitochondria and the organelle envelopes. In addition, an increase in the number of intracellular proteins was observed in this condition. Cellular components functional enrichment was performed using the proteins identified in the cellular protein corona: 100 proteins for 1 h 10 µg AgNP, 104 proteins for 1 h 50 µg AgNP, 367 proteins for 24 h 10 µg AgNP and 377 proteins for 24 h 50 µg cellular protein corona.

In addition, a quantitative analysis of the relative protein abundance was performed. It revealed changes in the protein abundance that form the corona after 1 h or 24 h exposure (Figure 65).

The sphere graphs show the composition of the cellular protein corona in each condition, with adsorbed proteins after 1 h for 10 µg AgNP (Figure 65a), after 1 h for 50 µg AgNP (Figure 65b), after 24 h for 10 µg AgNP (Figure 65c), and after 24 h for 50 µg AgNP (Figure 65d). The top 10 most abundant proteins within the corona after 1 h and 24 h incubations are also listed in Table 12 and Table 13, respectively. In addition to the changes in protein composition, the exposure time also led to differences in the relative abundance of proteins that composed the protein corona.

The short exposure time (1 h) produced a protein corona mainly formed of binding proteins, such as TATA-binding protein-associated factor 2N (TAF15), Rho-related GTP-binding protein (RHOC), chromatin-binding protein DEK (DEK), intermediate filament binding protein periplakin (PPL), and SAFB-like transcription modulator (SLTM), among others.

The long exposure time (24h) produced a protein corona, is also composed of binding proteins, such as splicing factor 3A (SF3A3) and tubulin (TUBB8), proteins involved in the immune system such as the cytokine C-C motif chemokine 20 (CCL20) and the complement component 1Q (C1QBP), as well as other proteins such as the oxidoreductase cytochrome b5 type B (CYB5B).

We observed differences in the composition of the protein corona after 1 or 24 h exposure of Calu-3 cells to AgNPs. It suggests that an evolution of the secretome composition and/or a reshuffling of the protein corona occurred. We observed an enrichment of TUB8 in the protein corona at 24h, a protein that is normally associated to microtubules in the intracellular regions which could suggest higher cell injury. Protein involved in the metabolism of xenobiotics, such as CYB5B, was also enriched in the cellular protein corona at longer exposure time. To conclude, we demonstrated the evolution of AgNP protein coronas in the secretome and showed that this evolution was highly influenced by the dynamic of the extracellular environment. To understand the biological implication of the cellular protein corona formed at different concentrations and times, we performed a Reactome pathway functional enrichment analysis (Figure 66). All the proteins identified in each condition were used for the functional enrichment analysis and only the top 20 enriched pathways are presented.

Condition Gene name Accession

Here, we investigated the effect of protein/NP ratio and the cellular response to AgNPs over time on the evolution of the protein corona. No major differences were observed between the two protein/NP ratio. However, after 1 h exposure, rRNA processing and autodegradation of the E3 ubiquitin ligase COP1 were found for 10 µg AgNP only, and pathways associated to NF-kB signalling and chromatids separation were found for 50 µg AgNP. After 24 h exposure, proteins associated with mitochondrial pathways were found for 10 µg AgNP only, and cell cycling pathways were found for 50 µg AgNP only. These proteins may be associated to the cell response to AgNPs, which is analysed in paragraph 5.3-2.

Major differences in the composition of the cellular protein corona were found as a function of the exposure time. As expected, short incubation time presented less proteins identified per pathways due to a lower number of proteins forming the corona. Interestingly, we found an enrichment of pathways associated to cell division (G1/S transition, regulation of AURKA during mitotic and mitosis), translation (cellular and mitochondrial), and metabolism of proteins and polyamines for long incubation time, that were not present after 1 h exposure.

These results emphasize the necessity to accurately study the protein corona in each biological context. The NP-cell interaction may change the composition of the extracellular environment following cell response to NP exposure. The secretion of new proteins can lead to competition in protein adsorption depending on the protein affinity for the surface and to the reorganization of the protein corona. The Reactome pathway functional enrichment was performed using the proteins identified in the cellular protein corona: 100 proteins for 1 h 10 µg AgNP, the 104 proteins for 1 h 50 µg AgNP, 367 proteins for 24 h 10 µg AgNP and 377 proteins for 24 h 50 µg cellular protein corona.

5.3-2 Comparison of the cellular and acellular protein corona formed in the secretome

It is well known that the protein corona formation is a dynamic process, and that the composition of the protein corona evolves depending on the surrounding medium. However, the evolution of the secretome composition following NP exposure of epithelial cells and its effect on the protein corona composition has been rarely investigated. The analysis of the 'cellular protein corona' during cell exposure to NPs is particularly interesting to investigate In order to determine whether AgNPs induced adverse effects on the Calu-3 epithelial barrier that could also modify the secretome composition, we evaluated the epithelial integrity, the metabolic activity of the cells as well as the expression level of mucins, tight junction proteins, pro-inflammatory, metal homeostasis, and oxidative stress markers. The experimental design is represented in Figure 68. Calu-3 cells were cultured at ALI for 10 days allowing full epithelium differentiation. One day before NP exposure, the epithelial integrity and the cell viability were checked by measuring the TEER and by using the Alamar Blue assay. The cultures rested overnight allowing the secretion of a normal apical secretome. Then, the cells were exposed to 0, 10 or 50 µg/cm 2 AgNPs diluted in HBSS. 5 µl droplets were deposited on the cells as described in Chapter 2. The secretome with and without AgNPs was collected for the characterization of the cellular protein corona after 1, 24 and 48 h of exposure. The TEER value (Figure 68b) and LY permeability (Figure 68c) did not show significant changes between the controls and the treated samples, after 1, 24 and 48 h of treatment. Additionally, the metabolic activities did not change significantly between the controls and the treated samples except for 10 µg AgNP after 48 h, where a significant reduction of the metabolic activity was observed. Overall, our results show that a short and acute treatment with AgNPs did not affect the viability and integrity of the epithelial barrier in the Calu-3 model. The mRNA expression levels of relevant target genes of pro-inflammatory and anti-oxidant responses were investigated after 1, 24 and 48 h of exposure to 10 and 50 µg AgNPs. For both AgNP concentrations, a pro-inflammatory response was triggered 1 h after the exposure. The expression of the IL-6 (Figure 70a), IL-8 (Figure 70b) and IL-1b (Figure 70c) interleukins were significantly increased after 1 h exposure. The log2-fold increase was 0.98 (IL-6), 0.7 (IL-8) and 0.75 (IL-1b) for 10 µg AgNP, and 1.2 (IL-6), 1.14 (IL-8) and 0.8 (IL-1b) for 50 µg AgNP.

This induction was no longer observed after 24 and 48 h of NPs exposure. The expression levels of TNFa (Figure 70d) did not significantly change, but tended to increase after 1 h (0.4-and 0.6-fold increase for 10 and 50 µg AgNP, respectively) as observed with the other cytokines.

Surprisingly, a decreasing tendency in the expression level of IL-8 and IL-1b, and a significant decrease of IL-6 and TNFa (1.1-and 0.8-fold decrease respectively) were observed after 24 h exposure in a dose dependent manner.

The anti-oxidant response was investigated by measuring the expression levels of the hemeoxygenase (hmox-1 gene) (Figure 70f). A significant increase in the expression level of hmox-1 was observed after 1 h of treatment in a dose-dependent manner (0.98-and 3.1-fold increase for 10 and 50 µg AgNPs, respectively), as observed for the pro-inflammatory response. This induction was transient, and was no longer observed after 24 or 48 h exposure to AgNPs.

Metallothioneins (MTs) are metal-binding proteins that contribute to heavy metal detoxification. These proteins have a high affinity for mercury, cadmium and silver, and the detoxification of heavy metal is their main biological function [START_REF] Lindeque | The Involvement of Metallothioneins in Mitochondrial Function and Disease[END_REF]). The mRNA expression levels of two MT isoforms, MT1X (Figure 70g) and MT2A (Figure 70h), were quantified. The AgNPs strongly induced the expression of mt1x and mt2a following 1 h of treatment (5.5-and 5.8-fold increase for 50 µg AgNPs). Although this expression decreased after 24 h, it remained significantly higher for the highest dose of 50 µg AgNPs (2.2-and 3fold change at 24 h and 48 h respectively for mt2a).

Surprisingly, a dose-dependent decreasing tendency was observed in the expression level of human albumin (Figure 70e). Contrary to the other genes, albumin expression decreased with time showing a longer and more general stress response. Böhmert et al. showed similar results

after the exposure of Caco-2 cells (differentiated on inserts) to AgNPs. The authors carried out a microarray analysis and reported the induction of the anti-oxidant response, pro-inflammatory and metal homeostasis genes, as well as the downregulation of albumin gene. They concluded that AgNPs induced morphological changes and oxidative stress in differentiated Caco-2 cells [START_REF] Böhmert | Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells[END_REF]. 

Impact of the protein corona on the effect of AgNPs on macrophages

In addition to the analysis of the protein corona formed on AgNPs in the Calu-3 secretome, we investigated whether it could modify the cellular interactions and effects of AgNPs on other cell types. Indeed, different in vitro studies showed that proteins adsorbed on NPs can have a strong effect on NP uptake and toxicity on cells. For example, it was shown that the serum-and plasma-protein corona inhibited the uptake of AgNPs and silica NPs by human macrophageslike cells (THP-1) [START_REF] Aoyama | Clusterin in the Protein Corona Plays a Key Role in the Stealth Effect of Nanoparticles against Phagocytes[END_REF]. For our experiments, we also used THP-1 cells that were differentiated into macrophages-like cells using Phorbol 12-myristate 13-acetate (PMA).

The cytotoxicity, pro-inflammatory responses and AgNP uptake were analyzed in THP-1

following AgNP pre-incubation in the Calu-3 secretome, FBS or HBSS:RPMI (v/v) medium, in order to investigate the effect of the protein corona formed in airway lining fluid on the biological effects of AgNPs on macrophages.

THP-1 cells were exposed in a mixed medium of HBSS:RPMI (v/v), corresponding to conditions that did not affect cell viability for at least 24 h, as opposed to HBSS alone. RPMI medium was used with 0% FBS, and the medium was supplemented with essential amino acids, glutamax, sodium pyruvate and b-mercaptoethanol essential for THP-1 growth. To address the question of the role of the protein corona in the biological effects and toxicity of AgNPs, THP-1 cells were exposed either to bare AgNPs ('NP in HBSS:RPMI'), to AgNPs incubated in the Calu-3 secretome ('secretome-NP') or 4% FBS ('4%FBS-NP') for 1 h at 37°C with gentle mixing. Controls were exposed to HBSS:RPMI medium, 4% FBS or secretome only using the same volumes and concentrations to distinguish between the effects of proteins/buffers and the effects of the protein corona.

Exposure of THP-1 cells to 1 or 5 µg/mL AgNPs (corresponding to a total mass of 0.2 µg and 1 µg Ag, respectively) with or without a pre-formed protein corona did not induce significant changes in the cell viability following 4 or 24 h of exposure (Figure 71a). Instead of a decrease of cell viability, we observed a trend of increased metabolic activity following exposure to AgNPs in all the conditions. This trend was significant following exposure to 5 µg/mL secretome-NP. Other groups reported an increase in metabolic activity following exposure of A549 cells to subtoxic doses of ZnO NPs. Those results could indicate an initial survival response to internalized NPs, which was not observed in higher NPs concentrations, where cell death is induced [START_REF] Lovén | Toxicological Effects of Zinc Oxide Nanoparticle Exposure: An in Vitro Comparison between Dry Aerosol Air-Liquid Interface and Submerged Exposure Systems[END_REF].

The pro-inflammatory response was investigated by quantifying the release of IL-8 after 24 h of exposure to AgNPs. The mean of only 2 independent biological replicates is shown for IL-8, which explains why no statistical analysis was performed (Figure 71b). We observed that the secretome alone induced a higher production of IL-8 compared to the control, either because it already contained IL-8 and/or because it had a stimulating effect on macrophages. The proteomic analysis of the Calu-3 secretome (Chapter 4) did not detected IL-8 in the secretome, however the ELISA measurement identified the production of IL-8 in Calu-3 secretome (data not shown). A tendency of a dose-dependent IL-8 release was observed in all conditions following exposure to AgNPs, whether or not AgNPs were pre-coated with a protein corona. The uptake of AgNPs by macrophage-like cells was analyzed by transmission electron microscopy (TEM) (Figure 72). The observations of black particles which size matches AgNP diameter inside the cells suggest that AgNPs were internalized by macrophages in all conditions, although a chemical analysis by ICP-MS or TEM-EDX would be needed to confirm silver uptake. NPs were located in intracellular vesicles in the cytoplasm, independently of their pre-formed protein corona. However, with this methodology, it is difficult to determine whether there is a difference in the amount of internalized AgNPs depending on the protein corona. A quantitative analysis will be necessary to determine a potential role of the protein corona in AgNP uptake by THP-1 cells. 

Discussion

In this chapter, we characterized the protein corona that forms on silver nanoparticles in an airway lining fluid, the apical secretome of the Calu-3 epithelial barrier. Two different protocols were used: AgNPs were incubated in the collected secretome ('acellular' protein corona), or directly with Calu-3 cells, allowing the secretome composition to change in response to AgNP exposure ('cellular' protein corona).

NP isolation for protein corona analysis

Reproducible methods are needed to separate NPs with their corona from the biological medium and the free proteins for the analysis of the adsorbed proteins. Ideally, NPs should be isolated without altering the composition of the protein corona, to avoid the loss of loosely bound proteins (the soft corona) or the reshuffling of the protein corona during the separation step. In the literature, different methods have been employed for NP-protein corona separation, each of them with some limitations. The most common method is centrifugation. The main limitation of this method is the loss of loosely bound proteins and the possibility to precipitate free proteins at the same time as NPs. Moreover, this method is difficult to apply to low density materials.

Protein complexes can sediment during the centrifugation process, leading to misinterpretation when some free proteins are counted as corona components. A large number of sedimented proteins (false-positives) were identified by SDS-PAGE during our first experiment with the cellular protein corona formed with Calu-3 cells in the fresh secretome (Figure 55c). The viscosity of the mucosal secretion favored the sedimentation of mucins that may trap other proteins during centrifugation. The freezing/thawing cycles improved this step by limiting the amount of proteins that precipitate during centrifugation (Figure 56b), possibly by altering the mucus network.

Moreover, the analysis of the protein corona formed on magnetic Fe3O4 NPs using Calu-3 secretome confirmed the improvement of the centrifugation protocol we set up (including freezing/thawing cycle). The use of Fe3O4 NPs allowed us to compare the magnetic and centrifugation separation methods for the analysis of the protein corona in the secretome. We obtained similar protein corona profiles with both methods, and confirmed that the freezing/thawing cycle considerably reduced the sedimentation of false positive proteins from the secretome during centrifugation. However, the high sensitivity of the LC-MS/MS analysis showed the presence of free proteins sedimented in control samples after the centrifugation (such as MUC5AC, MUC5B, LNC2) that we removed from the analysis of the proteomic data.

Nevertheless, the acellular and cellular protein corona of AgNPs were prepared following the same separation protocol, so that we can be relatively confident in the comparative analysis of their composition.

Magnetic separation is an attractive method as it can better preserve the full protein corona compared to centrifugation. However, it can be applied to magnetic NPs only. Pisani et al.

compared the composition of the protein corona formed on silica NPs with a magnetic core in human serum, using either centrifugation or magnetic separation (C. Pisani et al. 2017). The authors observed differences in the relative protein quantities in the protein corona depending on the separation method. Centrifugation applied stronger forces compared to magnetic separation, and potentially removed weakly bounded proteins, destabilizing protein-NP or protein-protein interactions in the corona, leading to a modification of the protein corona during the separation step.

Alternative methods using chromatography for NP isolation exist, such as size exclusion chromatography (SEC) and asymmetric flow-field-flow fractionation (A4F). SEC can be applied to various NPs and biological media. It is also less perturbing than centrifugation [START_REF] Cedervall | Understanding the Nanoparticle-Protein Corona Using Methods to Quantify Exchange Rates and Affinities of Proteins for Nanoparticles[END_REF]). Monopoli et al. compared centrifugation, size exclusion chromatography, and magnetic separation for the analysis of the protein corona formed on magnetic silica NPs in human plasma (MONOPOLI et al. 2013). The authors concluded that the protein corona composition remains very similar, independently of the separation method, and that none of the techniques applied promoted a strong material loss.

However, using cryoTEM for imaging the protein corona formed by purified haemoglobin on silica NPs, we observed a loss of weakly bound proteins following centrifugation (Sanchez-Guzman et al. 2020). Therefore, the effect of the separation method on the protein corona may depend on the nature of the NPs and of the adsorbed proteins.

The choice of the isolation method also depends on the biological matrix that is studied [START_REF] Böhmert | Isolation Methods for Particle Protein Corona Complexes from Protein-Rich Matrices[END_REF]. As shown in our experimental results, centrifugation may be more perturbing for viscous mucus samples compared to human serum, and additional protocol adaptation were needed. In our project, we studied pure silver nanoparticles, so that magnetic separation was not an option. However, we have started developing an isolation protocol by SEC to separate AgNPs from free proteins in the secretome. SEC has been reported as having a good potential for NP-protein corona isolation from complex matrices and it has been found less perturbating than centrifugation. The first results were not conclusive because of the high dilution factor of the sample following protein separation by chromatography. One limitation of the SEC method is the low throughput and incomplete protein recovery. In our case, we did not have large enough secretome samples (in terms of volume and protein concentration compared to human serum for example) to detect proteins following NP separation. Further developments and technical tests would be needed before we apply this technique to the analysis of the protein corona in the secretome.

Protein corona in airway lining fluid

The study of the formation and composition of the biomolecular corona on NPs is relatively recent. It has mainly started by the analysis of the protein corona in serum, cell culture media, or cell homogenates, which allowed the identification of a number of factors controlling its formation [START_REF] Lundqvist | Nanoparticle Size and Surface Properties Determine the Protein Corona with Possible Implications for Biological Impacts[END_REF][START_REF] Mathé | Structural Determinants for Protein Adsorption/Non-Adsorption to Silica Surface[END_REF]. Moreover, the effects of adsorption on protein structure and activity have been investigated at a molecular level based on single protein studies (Sanchez-Guzman et al. 2020;W. Zhang et al. 2015;[START_REF] Verma | Molecular Insights to Alkaline Based Bio-Fabrication of Silver Nanoparticles for Inverse Cytotoxicity and Enhanced Antibacterial Activity[END_REF]. Recently, the analysis of the biomolecular corona has been extended to other biological matrices, such as intestinal fluids, urine, or food components, and to a wider range of nanomaterials [START_REF] Böhmert | Isolation Methods for Particle Protein Corona Complexes from Protein-Rich Matrices[END_REF].

The In our project, we studied the formation of the protein corona in the secretome of the bronchial epithelial barrier using Calu-3 cells. Collecting the bronchial secretome in vitro has several advantages: it is less invasive than the collection of BAL in healthy individuals, it is specific to one lung level and/or cell type, it allows to expose cells to NPs and to take into account their effect on the evolution of the secretome. Secretions from other cell types were also used in another protein corona study [START_REF] Albanese | Secreted Biomolecules Alter the Biological Identity and Cellular Interactions of Nanoparticles[END_REF]. The authors investigated the effect of the protein corona on the uptake of gold NPs by A549 cells as a function of time. They observed that cells secretions in the extracellular environment changed after NP exposure, which altered NP-cell interactions by modulating the aggregation state and the biological identity of the NPs.

We identified intracellular proteins in the corona of AgNPs formed in the secretome. For the analysis of the secretome in chapter 4, we excluded the intracellular proteins from the proteomic data in order to investigate the profile of extracellular proteins responsible for the defence mechanisms of the epithelial barrier. For the protein corona analysis, it did not seem relevant to exclude the intracellular proteins because they are indeed real components of the secretome, and hence of the protein corona. These intracellular proteins were also observed in primary cultures, as well as in BAL, suggesting that the process of cell turnover both in vitro and in vivo is accompanied by the release of intracellular proteins. The fact that these proteins were observed following the incubation of AgNPs both in cellular and acellular conditions shows that their presence was not linked to AgNP cytotoxicity. Moreover, no loss of viability and no alteration of the barrier integrity were observed following exposure to 10 µg/cm 2 AgNP or 50 µg/cm 2 AgNP for 48 h, confirming that these conditions were not cytotoxic for Calu-3 cells at ALI. The comparison of the protein corona formed on AgNPs in the secretome with or without cells revealed several effects: i) the protein corona was richer in terms of protein diversity when formed in the presence of cells, ii) this diversity increased with time, iii) the fraction of intracellular and organelle proteins increased with time in the protein corona. These results

suggest that the cellular response to AgNPs induced changes in the protein corona composition, which could be triggered by a modification of the secretome following exposure. However, some differences between the acellular and cellular corona might be due to protein degradation process. The protein degradation rate is dependent on the protein type adsorbed on the NPs [START_REF] Ma | Monitoring of the Enzymatic Degradation of Protein Corona and Evaluating the Accompanying Cytotoxicity of Nanoparticles[END_REF]. For the acellular condition, the protein corona could be more affected than in cellular corona by the lacking of protein renewal.

Although we did not observe any cytotoxicity, the analysis of the gene expression associated with inflammation, metallic and oxidative stress showed that some of them were modulated when Calu-3 cells were exposed to AgNPs. This analysis was performed by RT-qPCR for a limited number of genes, but other unknown genes could be modulated as well following AgNP exposure. The microarray using Caco-2 cells exposed to AgNP and Ag + , revealed the induction of anti-oxidant response, pro-inflammatory and metal homeostasis genes [START_REF] Böhmert | Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells[END_REF].

Interestingly, we both reported a downregulation of albumin gene, which is related to cellular stress [START_REF] Böhmert | Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells[END_REF]. The analysis of the secretome by LC-MS/MS before and after exposure of Calu-3 cells to AgNPs has been performed. The analysis of the proteomic data is in progress. This experiment will help us to determine whether significant changes in the cellular secretions occurred (on the apical side) following exposure to AgNPs.

Another aspect to consider is the evolution of the protein corona with time (Cédric Pisani, Gaillard, et al. 2017;[START_REF] Monopoli | Biomolecular Coronas Provide the Biological Identity of Nanosized Materials[END_REF]. The biomolecular corona is constantly reshuffled depending on the protein affinity for the surface, the composition of the surrounding medium, and the dynamic conditions that may apply. In this respect, the acellular and cellular protein corona formed in the secretome with and without cells can help us understand the processes that trigger its evolution. We identified a higher number of different proteins in the cellular protein corona following 24 h exposure compared to 1h. In addition, the protein abundances also changed with time, as observed for example with TUBB8 and CCL20, which became more abundant in the protein corona at 24 h compared to 1 h. This observation could be explained by an increase in TUBB8 and TUBB20 protein concentration in the secretome and/or a high protein affinity for AgNPs. Indeed, one model suggests that the protein corona is formed by high abundant low affinity proteins first, which would be replaced in part by low abundance high affinity proteins with time, a competition mechanism called the Vroman effect [START_REF] Monopoli | Biomolecular Coronas Provide the Biological Identity of Nanosized Materials[END_REF]. However, the cellular role in shaping the protein corona must now be included when modeling its formation and evolution to take into account the feedback loop of the effects of NPs on cells [START_REF] Albanese | Secreted Biomolecules Alter the Biological Identity and Cellular Interactions of Nanoparticles[END_REF]. The exposure of cells to NPs induces the depletion or secretion of different biomolecules resulting in changes in the extracellular environment. The evolution of the biological fluid can in turn impact the protein corona composition and modulate its biological identity.

In addition to proteins, other biomolecules adsorbed on AgNPs may play a role, such as lipids and polysaccharides. Lipidomic analysis found different adsorbed lipids in function of the NPs nature. Lipid-NPs were able to adsorb higher amount of lipids per surface compared to PEGor PLGA-NPs, though both NPs exhibited a similar lipid corona composition [START_REF] Raesch | Proteomic and Lipidomic Analysis of Nanoparticle Corona upon Contact with Lung Surfactant Reveals Differences in Protein, but Not Lipid Composition[END_REF] These biomolecules could also compete with the proteins for the adsorption on NP surface, affecting the composition of the protein corona.

Role of the protein corona in the effects of AgNPs on macrophages

The analysis of the cellular effects of AgNPs on THP-1 macrophages following pre-incubation in HBSS:RPMI medium only, in the secretome of Calu-3 cells, or in 4% FBS, showed that different protein corona induced different inflammatory responses. These preliminary results underline the role of the biomolecular corona in NP biological effects, as shown by others.

Shaw et al. reported differences in diesel and carbon black NP uptake and pro-inflammatory response in macrophages-like cells (THP-1 cells) following incubation in human BAL or plasma. While plasma-corona did not induce inflammatory response in macrophages, BALcorona induced the secretion of IL-8 [START_REF] Shaw | Protein Corona Formation in Bronchoalveolar Fluid Enhances Diesel Exhaust Nanoparticle Uptake and Pro-Inflammatory Responses in Macrophages[END_REF]. Aoyama et al. reported that clusterin adsorbed on silver and silica NPs suppressed their uptake by THP-1 cells [START_REF] Aoyama | Clusterin in the Protein Corona Plays a Key Role in the Stealth Effect of Nanoparticles against Phagocytes[END_REF].

These studies highlight the role of the protein corona on the biological fate and toxicity of NPs, and the importance of choosing the relevant biological fluid for nanotoxicology studies.

Additional experiments will be needed to elucidate the effect of the protein corona formed in airway lining fluids on the toxicity of NPs and the underlying mechanisms. The same study could be performed on primary cell cultures to take into account the cellular response of the other bronchial epithelial cells. We could also take advantage of the long-term cell culture to investigate the evolution of the cellular response and protein corona at the same time following chronic and repeated exposure. In our experiments, macrophages could not be exposed to macrophages-like cells (monocytes-derived macrophages), which can be kept in cultures for 10 days [START_REF] He | Optimization of an Air-Liquid Interface in Vitro Cell Co-Culture Model to Estimate the Hazard of Aerosol Exposures[END_REF]. This model could be used to study the cellular response in a complex biological fluid.

Moreover, NPs may translocate through the epithelial barrier before reaching the fibroblasts, so that the protein corona formed in the secretome would probably be modified following NP uptake by epithelial cells. As the analysis of the protein corona inside cells remains a technical challenge [START_REF] Hu | Composition of Intracellular Protein Corona around Nanoparticles during Internalization[END_REF], probing its effect in advanced cell and tissue models may help getting around this difficulty.

All these studies reflect the role of the protein corona on the fate and toxic effect of different nanoparticles and the importance of choosing the correct biological fluid depending for the toxicological assessment of NP toxicity in vitro. Furthermore, the model can be used to follow NP internalization and translocation through the epithelial barrier as well as for chronic toxicity studies as the culture can be maintained over several weeks.

The originality of our study was to investigate the corona formation on NP from an airway fluid. In a biological fluid, the adsorption of proteins on the surface of NPs is an early process that leads to major changes in the physicochemical properties and biological effects of the NPs.

Proteins show different affinities for a solid surface, so that some proteins may or may not adsorb onto NPs, depending on the protein structure and biochemical properties on one hand, and the NP physicochemical properties (size, shape, and surface chemistry) on the other hand [START_REF] Lundqvist | Nanoparticle Size and Surface Properties Determine the Protein Corona with Possible Implications for Biological Impacts[END_REF]. The pH, ionic strength and medium composition also play a role in protein adsorption (Sanchez-Guzman et al. 2020). Numerous studies investigated the composition and dynamics of the protein corona using different biological systems, for example in serum or plasma [START_REF] Kumar | Enrichment of Immunoregulatory Proteins in the Biomolecular Corona of Nanoparticles within Human Respiratory Tract Lining Fluid[END_REF]C. Pisani et al. 2017), following direct cell exposure to NPs [START_REF] Albanese | Secreted Biomolecules Alter the Biological Identity and Cellular Interactions of Nanoparticles[END_REF][START_REF] Bertoli | The Intracellular Destiny of the Protein Corona: A Study on Its Cellular Internalization and Evolution[END_REF], or in vivo [START_REF] Hadjidemetriou | In Vivo Biomolecule Corona around Blood-Circulating, Clinically Used and Antibody-Targeted Lipid Bilayer Nanoscale Vesicles[END_REF]. Plasma, serum, blood and bronchoalveolar lavage have been used to study protein corona formation on different types of NPs. Cedervall et al. reported different protein adsorption patterns on Nisopropylacrylamide-N-tert-butylacrylamide (NIPAM-BAM) co-polymer NPs after incubation with varying concentrations of plasma proteins [START_REF] Cedervall | Detailed Identification of Plasma Proteins Adsorbed on Copolymer Nanoparticles[END_REF]).

Several studies using blood sample identified serum albumin, apolipoprotein, fibrinogen, coagulation factors and complement proteins among the most abundant proteins adsorbed on liposomal NPs [START_REF] Caracciolo | The Liposome-Protein Corona in Mice and Humans and Its Implications for in Vivo Delivery[END_REF]), silica NPs (Cédric Pisani, Rascol, et al. 2017), gold NPs and silver NPs (W. [START_REF] Lai | Interaction of Gold and Silver Nanoparticles with Human Plasma: Analysis of Protein Corona Reveals Specific Binding Patterns[END_REF]). The use of other biological fluids, such as the respiratory lining fluid, lead to the formation of a protein coronas with a different composition.

Kumar et al. identified an enrichment in immunoregulatory proteins on silica and poly(vinyl) acetate (PVAc) NPs after incubation in human bronchoalveolar lavage [START_REF] Kumar | Enrichment of Immunoregulatory Proteins in the Biomolecular Corona of Nanoparticles within Human Respiratory Tract Lining Fluid[END_REF]. In this study, the authors identified serum albumin, apolipoproteins, and complement proteins in the protein corona, which are common with protein coronas formed in serum. Proteins specific of bronchoalveolar lavage, such as pulmonary surfactant and BPI-fold containing families, were also identified in the protein corona. In our study, we characterized the formation of the protein corona in the secretome samples. We observed a protein pattern different from the protein corona formed in human serum or plasma reported in other studies. Here, we reported an evolution of the pattern of protein corona as a function of NP concentration, time of exposure and biological fluid (acellular or cellular corona). We did not identify serum albumin or apolipoproteins in any of the protein coronas. Instead, these coronas were formed by proteins associated to the secretome or the cells such as proteasome proteins, chemokine, complement proteins, tight junctions, among others. in vivo exhibited a larger protein variety. However, the amount of adsorbed proteins per NP was similar in vitro and in vivo, suggesting that blood composition, blood flow, and/or contacts with the endothelial and circulating cells may have an impact on the formation of the protein corona [START_REF] Hadjidemetriou | In Vivo Biomolecule Corona around Blood-Circulating, Clinically Used and Antibody-Targeted Lipid Bilayer Nanoscale Vesicles[END_REF]. In our study, we also reported differences between the acellular and cellular protein corona formed on AgNPs in the secretome, with a richer composition in the cellular conditions. In addition, the cellular protein corona formed on silver NPs following 24 h exposure of the Calu-3 cells was composed of a larger number of different proteins compared to 1 h exposure. These changes could be explained by changes in the biological fluid induced by the cell response to NP exposure. The ongoing proteomic analysis on the secretome (not absorbed onto NP) of AgNP treated and untreated Calu-3 cultures will tell us about changes in the protein profile and whether the new proteins observed after 24 hours are the result of the cellular responses to AgNPs.

The corona formation on

One limitation of the study of the protein corona in vivo is the specie difference. The effect of the specie on the composition of the protein corona was shown in vitro in biological fluids.

Caracciolo et al. reported different protein corona compositions on liposomal NPs after incubation with mice or human plasma. Since some liposomal formulations failed to reproduce the effects observed in mice to humans, changes in the protein corona suggest a possible additional explanation [START_REF] Caracciolo | The Liposome-Protein Corona in Mice and Humans and Its Implications for in Vivo Delivery[END_REF].

The corona formation on AgNPs from an airway fluid modified macrophage response.

New tools and models will help us to better understand the functions and cellular effects of the protein corona on cells exposed to NPs. In vitro models can be used to follow NP internalization and translocations. Bertoli et al. studied the evolution of the protein corona after NP internalization. The authors reported that part of the protein corona may be degraded in the lysosomes [START_REF] Bertoli | The Intracellular Destiny of the Protein Corona: A Study on Its Cellular Internalization and Evolution[END_REF]. Using the same strategy, the Calu-3 model could be used to investigate the evolution of the protein corona inside cells. The analysis of the protein corona inside cells is challenging: NPs must be recovered from the cells and/or organelles without modifying the biomolecular corona, a low number of NPs may be internalized by cells, and a lower number of NPs may be recovered for quantitative and qualitative proteomics. Further investigation is required to develop new strategies to analyse the intracellular protein corona.

In addition to the analysis of the biomolecular corona composition, other studies have investigated the changes induced by adsorption on the protein structure and activity. The changes of oxyhemoglobin secondary structure was investigated following formation of a hard or soft protein corona on silica NPs using cryoTEM and synchrotron-radiation circular dichroism (Sanchez-Guzman et al. 2020). This represents a first step towards the analysis of the protein corona in situ. Additionally, the use of molecular dynamic simulation is a promising approach to predict protein affinity and structural changes during their interaction with NPs.

Understanding NP-protein interactions is also important for the development of nanomedical With a daily inhaled volume of 10 m 3 per individual, the respiratory tract is the main route of exposure to atmospheric particles, pollutants, and respiratory pathogens. The epithelia that line the respiratory tract are covered by lung lining fluid, consisting of mucus in the upper airways and surfactant in the alveoli, which exhibits mechanical, antimicrobial, and antioxidant functions to protect the epithelium 1 . The inhalation of exogenous compounds (drugs, atmospheric particles, pollutants) or pathogens (bacteria, viruses) can induce pro-inflammatory epithelial response, release of danger signals to the immune system, cell migration, and cell death 2,3 . The agent can also translocate through the intact or damaged epithelial barrier causing potential systemic effects 4,5 .

The toxicological assessment of drugs and particles following exposure by inhalation has long relied on in vivo studies 6,7 . However, the limited number of compounds that can be tested, the interspecies variability, the associated cost and ethical concerns have supported the development of alternative in vitro models of the human upper and lower airways 8-10 . Functional bronchial epithelium models were developed to investigate the toxicity and translocation of various agents 11,12 . These models have greatly promoted our understanding of the epithelial response and supported the identification of the adverse outcome pathways of toxic compounds.

The available models of the human bronchial epithelium using cell lines can be used to study acute toxicity following short-term exposure, usually 24 or 48 h 13,14 . However there is a lack of functional models to investigate the long-term toxicity of drugs or pollutants following chronic exposure or repeated exposure at low doses. The difficulties associated with long-term cell cultures (without subculturing) are decreased cell viability, divergence and changes in cellular features, and stratification due to continuous proliferation. The development of in vitro OPEN 1 Université de Paris, BFA, UMR 8251, CNRS, 75013 Paris, France. 2 Cellular and Molecular Imaging Facility, US25 Inserm-3612 CNRS, Faculté de Pharmacie de Paris, Université de Paris, Paris, France. 3 These authors contributed equally: Armelle Baeza Squiban and Stéphanie Devineau. * email: stephanie.devineau@u-paris.fr lung models to investigate the chronic toxicity of exogenous agents by inhalation is therefore a key step in the field of predictive toxicology.

Primary normal human bronchial epithelial (NHBE) cells collected from healthy donors are commercially available. NHBE cells can be cultured on porous membranes (inserts) at the air liquid interface (ALI), which leads to their differentiation into a mucociliary epithelium after 3-4 weeks. Composed of epithelial cells, including ciliated and goblet cells, these cultures can be maintained for several weeks at ALI with minor modifications 15 . They represent one of the best options to evaluate the long-term effect of a compound on the bronchial epithelium. However, high cost, low rate of cell expansion before differentiation, time required to establish a stable differentiated epithelium, and donor variability, limit their use for high throughput toxicological screening 16,17 .

The human Calu-3 lung adenocarcinoma cell line (ATCC HTB-55) is an interesting alternative to primary cells for the development of robust and low-cost models of the human bronchial epithelium for toxicological assessment. The Calu-3 cells differentiate into a functional tight epithelium when cultured on inserts at ALI. Even though the resulting epithelium is limited to one cell type, it exhibits features specific to the human bronchial epithelium such as a tight epithelial barrier, mucus secretion, receptor expression, and cytokine production among others 9,18-23 . Expert panels and pre-validation assays have put forward the Calu-3 model of the bronchial epithelium for drug screening 24-26 . Readers may refer to reviews for more details about this cell line 25,27-29 . Other lung cell lines could be used as in vitro models, such as the epithelial BEAS-2B, NCI-H292, and 16HBE cell lines 30-32 . Contrary to BEAS-2B, NCI-H292, and 16HBE, the Calu-3 cell line can simultaneously form a tight epithelium at ALI and secrete mucus 33 . Hence, we selected the Calu-3 cell line for this study.

The mucus secreted by airway epithelial cells plays a key role in the protection against and clearance of particles and pathogens 34 . Secreted proteins in the mucus are involved in the cell-to-cell communication and the mucosal immune response 35 . Changes in cell secretions are associated with pulmonary diseases including COPD, asthma, and lung cancers 36,37 . However, little is known about the evolution of the epithelial cell secretion with time, especially for long periods (2-4 weeks) studied in the context of chronic toxicity studies. In addition, the drug or the inhaled particles may alter the epithelial cell secretion profiles, which is an important element of the epithelium response 38 .

Here, we developed a 3D model of the human bronchial epithelium using Calu-3 cells and investigated its viability, morphology, and functionality for 21 days following differentiation at ALI. Barrier function of the epithelium, protein secretion, and the composition of the apical secretome were monitored over time in the Calu-3 model of the bronchial epithelium. Reduced FBS (fetal bovine serum) supplementation was tested in the basal medium in long-term cell cultures. Minimizing the intake of exogenous proteins is important for the long-term toxicological study of both drugs and particles. FBS is composed of more than 1800 proteins and 4000 metabolites with high batch-to-batch variability 39 . Some drugs can form complexes with serum protein, which changes their bioavailability. Nanoparticles are prone to adsorb proteins on their surface, forming a so-called protein corona that drives cell-nanoparticle interactions 40,41 , an effect that is amplified when cells and serum from different species are used 42 . A minimal FBS supplementation of 4% was defined for long-term cell cultures in our Calu-3 model.

The epithelial cell secretions of models based on Calu-3 and on primary NHBE cells from three healthy donors were characterized from 4 to 18 days at ALI by quantitative mass spectrometry. We observed that the same proteins were secreted in both models, albeit with differences in abundance with time and between models. The time evolution of the secretome of the Calu-3 cells shows that a stable and mature secretome was established after 7-10 days at ALI. The Reactome pathway analysis of the Calu-3 and NHBE secretome highlighted the role of the secreted proteins in the mucosal immune response in vitro. We suggest this pre-clinical model can be used to evaluate the chronic toxicity of drugs, particles or pollutants following single or repeated exposure by inhalation, and to investigate their effect on the epithelial cell secretions.

Results

Long-term cultures of Calu-3 cells at the air-liquid interface with minimal FBS supplementation. First, we developed a protocol to establish a long-term culture of Calu-3 cells at the air-liquid interface (Fig. 1a). Calu-3 cells were grown on Transwell inserts with a 3 µm pore diameter with MEM supplemented with 10% FBS in both the apical and basal compartments (submerged conditions). We did not observe any cell migration through the pores, nor cell growth on the basal side of the insert membrane. The cultures were maintained in submerged conditions for approximately 7 days until a TEER ≥ 700 Ω cm 2 was obtained, corresponding to a confluent culture. Calu-3 differentiation was initiated by changing culture conditions from submerged to ALI by removing the apical medium, without addition of any inducer. One day after ALI, the basal medium was replaced with MEM containing 0-8% FBS corresponding to our experimental conditions. We used these conditions to determine the effect of FBS concentration on the viability and functionality of the human bronchial epithelium in our 3D model for a 4-week period. The objective was to define the minimal FBS supplementation needed to maintain a functional epithelium over a 4-week period so that the amount of exogenous serum proteins could be reduced during drug testing.

The formation of the epithelial barrier was monitored by measuring the trans-epithelial electrical resistance (TEER) before ALI and for a 4-week period (Fig. 1b). The TEER increases with the formation of tight junctions, which leads to a reduction in paracellular ion/electron transport. A TEER > 300 Ω cm 2 is associated with a tight epithelium at ALI 43 . We observed an increase of the TEER with a maximum value of 940 ± 69 Ω cm 2 at day 7 in submerged conditions. At day 8 (day 1 after ALI), the TEER decreased to 682 ± 76 Ω cm 2 . A TEER > 300 Ω cm 2 was maintained for at least 18 days after establishing ALI (corresponding to a total number of 25 days in culture) (Figs. 1b,S1). Interestingly, a TEER equal or higher to this minimal value was measured even without any FBS in the basal medium. The highest TEER value was observed with 2% FBS. Similar values were measured with 0, 4, and 8% FBS. These results show that a decrease of FBS percentage in the basal medium does not alter the barrier integrity of the bronchial epithelium in long-term cultures. We monitored the TEER of two additional Calu-3 models prepared at different cell passages to check for the variability of the TEER measurement in Calu-3 cultures (Fig. S1). The three biological replicates shown in Fig. S1 correspond to Calu-3 cells thawed and cultured independently on different days. Similar results were obtained with a TEER > 300 Ω cm 2 in all the experiments up to 21 days after ALI.

The paracellular permeability of the epithelium was measured using the Lucifer Yellow (LY) permeability assay to confirm the TEER results (Fig. 1c). A LY permeability < 2% was measured in all conditions, confirming the integrity of the bronchial epithelium for 21 days with reduced FBS supplementation in the basal medium. We compared the TEER measurement and LY permeability of 236 different samples with tight or damaged epithelial barrier (Fig. S2). This broad analysis confirmed the minimal TEER value of 300 Ω cm 2 defined for a tight epithelium in our experimental conditions. Therefore, the variations of the TEER above this limit (e.g. between 300 and 800 Ω cm 2 ) do not reflect alteration in the barrier function of the epithelium. Higher values may be due to differences in the epithelium thickness or in ion secretion 28 . The EdU (5-ethynyl-2′-deoxyuridine) cell proliferation assay confirmed that Calu-3 cells can proliferate with reduced FBS supplementation in the basal medium (Fig. S3).

Then, we studied the effect of reduced FBS supplementation on protein secretion by epithelial cells for 17 days at ALI. The total protein and glycoprotein concentrations of the apical secretome of the Calu-3 cells were measured at day 3, 10, and 17 after ALI (Fig. 2a,b). The apical secretome was collected every 2 days in this experiment to avoid bias due to protein accumulation. We observed a significant increase in protein secretion both with time and with FBS percentage (Fig. 2a). This result may reflect an increasing metabolic activity of Calu-3 cells at ALI with time, and a reduced metabolic activity when cells have a lower FBS supply. However, a different trend was observed when looking at glycoproteins specifically, among which mucins would be the most abundant. The glycoprotein concentration was normalized to the total protein concentration at each day. A steady normalized glycoprotein concentration was measured over time for the 2, 4, 8% FBS conditions, while a significant increase was observed without supplementation (Fig. 2b). This result indicates that glycoprotein secretion by the epithelial cells is stable once the epithelial barrier is well established for cells cultured with reduced FBS supplementation, while a lack of FBS induces hypersecretion of glycoproteins by Calu-3 cells at ALI. To determine whether glycoprotein secretion included mucin secretion in the apical secretome, immunolabelling and confocal microscopy imaging of the gel-forming mucin MUC5AC and the tight-junction associated protein zonula occludens-1 (ZO-1) was performed on Calu-3 cells 17 days after ALI (Fig. 2c-f). MUC5AC staining appears as small dots distributed in the apical region of the cell for the 0, 2, 4, 8% FBS conditions, confirming mucus secretion in long-term Calu-3 cell cultures at ALI. Mucus secretion is usually partially or totally lost during the washes in the cell fixation protocol. Similar MUC5AC staining was observed with 4 and 8% FBS supplementation. ZO-1 staining confirmed the presence of tight junction in long-term Calu-3 cultures, making them a good model of the human bronchial epithelium for chronic toxicity studies with reduced FBS supplementation.

A distinct MUC5AC staining was observed in the case of Calu-3 cells cultured without FBS. Large patches of MUC5AC were visible on the epithelium surface, forming thick mucus filaments. The hypersecretion of mucin was confirmed by qRT-PCR with the up-regulation of muc5ac in Calu-3 cells deprived of FBS compared to cells cultured with 10% FBS in the basal medium (Fig. S4). Up-regulation of serum albumin (alb) and the tight junction associated protein, zonula occludens-1 (zo1), was also observed. Surprisingly, significant down-regulation of muc5b was seen in Calu-3 cells supplemented with 2% FBS, while no change occurred at 0% suggesting that mucus hypersecretion was mediated by MUC5AC in conditions without FBS. This feature is reminiscent of mucus hypersecretion described in respiratory diseases, including asthma, COPD, and lung cancers 44-46 . In our model, the hypersecretion of MUC5AC by Calu-3 cells, derived from a lung adenocarcinoma, was induced by deprivation of any FBS supplementation only, while no visible over-production of MUC5AC was observed in long-term cell cultures with reduced FBS supplementation (Fig. 2).

We observed that Calu-3 cells could be maintained for 18 days at ALI with reduced FBS supplementation. With 4% FBS supplementation in the basal medium, Calu-3 cells exhibit good functionality and viability, as evidenced by the TEER measurement, the LY permeability assay, the analysis of the protein secretion, and MUC5AC immunolabelling. Transmission electron microscopy images of the bronchial epithelium formed by Calu-3 cells cultured with a reduced FBS supplementation of 4% are shown 8 days after ALI in Fig. S5. Calu-3 cells formed an epithelium monolayer with visible tight junctions and a high number of secretory vesicles in some cells 33 . The release of mucus vesicles (or granules) at the apical side of the epithelium was also observed (Fig. S5e). Based on these observations, we chose a minimal FBS supplementation of 4% to characterize the epithelial cell secretions in a 3D model of the human bronchial epithelium in the second part of this study. Quantitative proteomic analysis of the secretome in Calu-3 and NHBE models. We characterized the secretome of Calu-3 cells in long-term cell cultures by label-free quantitative mass spectrometry. The apical secretome was collected in Hanks' balanced salt solution (HBSS) at day 4, 11, and 18 after ALI for analysis. We performed the same experiment with NHBE cells to compare the composition of the epithelial cell secretions in Calu-3 and NHBE models of the human bronchial epithelium. All the experiments were performed in biological and technical triplicates. In the case of primary cells, NHBE cells from 3 healthy donors were used and the apical secretome collected in HBSS at day 4, 12, and 18 after ALI. The NHBE cells were cultured on inserts with a 0.4 µm pore diameter following the provider's instructions. The commercial cell culture medium used for NHBE cells is serum free (details on growth factors or other additives were not disclosed by the provider).

A total number of 1685 proteins were identified in the apical secretome of Calu-3 and NHBE cells at all time points. The full protein list is presented in the Supplementary dataset 1. These proteins include several intracellular proteins that may originate from dead cells and cell debris, which are collected with the secretome during washes. Extracellular proteins were selected using the Proteome Discover database. We identified 408 extracellular proteins in the apical secretome of Calu-3 and NHBE cells (Fig. 3). Each protein was identified in at least two biological replicates, showing that little difference exists between cell batches (in the case of Calu-3 cell lines) or donors (in the case of NHBE primary cells). Interestingly, the same proteins were identified in the secretome of Calu-3 and NHBE cells, indicating a very high similarity in the epithelial cell secretome in the Calu-3 and NHBE model over time (Fig. 3a).

The abundance of each protein was analyzed so that we could determine whether one protein was more or less secreted in one condition, either between the Calu-3 and the NHBE model, or as a function of time. To get an overview of the proteomic pattern for each condition, a principal component analysis (PCA) of the quantitative proteomic data was performed. The plot of the two main eigenvectors PC1 and PC2 is shown in Fig. 3b. This analysis shows that the secretomes of NHBE cells form a single cluster that differs from the secretome of Calu-3 cells at all time points. No difference in the secretome of NHBE cells with time or between donors was observed in this analysis, suggesting a high stability of the NHBE culture over time and little difference in the secretions of the epithelial cells between donors. Note that both male and female healthy donors of different ages were considered in this study. On the contrary, Calu-3 secretomes form two separate clusters at day 4, and at day 11 and 18 after ALI respectively. This analysis suggests that the protein abundance in the apical secretome of Calu-3 cells may evolve during the first days at ALI until it stabilizes and forms a mature secretome. The relative abundance of the 408 extracellular proteins identified in the secretome of Calu-3 and NHBE cells is shown in a heat map in Fig. 3c. This analysis confirms the high level of similarity of the apical secretome of NHBE cells as a function of time. On the contrary, larger variations in protein abundances are observed at day 4 compared to day 11 and 18 after ALI in the case of Calu-3 cells. The detailed analysis shows that these differences are usually associated with an increase of the protein concentration with time between day 4 and day 11 after ALI. However, a cluster of proteins showed a different trend, with a higher abundance in the secretome of Calu-3 cells at day 4 compared to day 11 and 18 after ALI (Fig. 3c).

Differences in protein abundances were clearly observed between the secretome of NHBE and Calu-3 cells at each time point. This result shows that, despite a high degree of similarity in terms of protein composition, the epithelial cell secretions differ in their protein abundance and temporal evolution in the Calu-3 and NHBE models.

To get a better view of these differences, the secreted proteins of each model were represented as a function of time using a sphere diagram (Fig. 4). The most abundant protein in the secretome of Calu-3 cells at day 4 was serum albumin (ALB), which abundance then decreases at day 11 and 18 after ALI. The potential contamination of the apical secretome by bovine serum albumin from the basal medium was checked using two methods: first, the peptide sequence analysis showed higher sequence homology with Homo sapiens versus Bos Taurus serum albumin using the Swissprot database; secondly, up-regulation of HSA expression in Calu-3 cells was evidenced by qRT-PCR in Calu-3 cells (Fig. S4). Serum albumin is a major component of lung lining fluid 47 . We hypothesize that the hypersecretion of serum albumin by Calu-3 cells a few days after ALI is related to the control of the osmotic pressure in an immature epithelium. This is supported by the secretion of Hsp90, a heat shock protein secreted by normal cells in case of tissue injury that also promotes cancer cell motility 48 . A basal level of secretion of serum albumin was then observed in both models.

At day 11 and 18 after ALI, similar features were observed in the apical secretome of Calu-3 cells, suggesting that the secretome becomes more stable after 7-10 days at ALI in this model. Proteins involved in the formation of the mucus layer such as MUCA5AC, and in cell communication and defense mechanisms, such as the neutrophil gelatinase associated lipocalin (lcn2), the polymeric immunoglobulin receptor (pigr), alpha-1-antitrypsin (serpina1) and alpha-1-antichymotrypsin (serpina3) became more abundant in the mature secretome of Calu-3 cells (Fig. 4a). Clusterin (clu), an extracellular chaperone protein associated with the folding of secreted proteins; galectin-3 binding protein (lgals3bp), a glycoprotein associated with the innate immune response of epithelial cells 49 ; and annexin A2 (anxa2), which is involved in the cell secretory machinery, were also identified as main components of the mature secretome of Calu-3 cells. Annexin A2 can be trafficked across the membrane of the S1. lung epithelial cells during the secretion of extracellular vesicles (EVs) 50 , which suggests that proteins identified in the apical secretome of Calu-3 cells include exosomal proteins 35 .

The comparison of the apical secretome of Calu-3 and NHBE cells shows that neutrophil gelatinase associated lipocalin, polymeric immunoglobulin receptor, clusterin, galectin-3 binding protein, and annexin 2 were secreted at high levels in both models. Other major components of NHBE cell secretome included uteroglobin (scgb1a1) and the BPI fold containing family A (bpifa1) and B (bpifb1), which are involved in the defense mechanisms of the epithelium (Fig. 4b).

Comparison of the long-term evolution of Calu-3 and NHBE cell secretomes. In order to better understand the long-term evolution of the epithelial cell secretome, the 20 most abundant proteins secreted by Calu-3 and NHBE cells (Top 20) were compared at each time point (Fig. 5a, Table S2). The heat map highlights the temporal evolution of each protein and the differences between the main components of the secretome of Calu-3 and NHBE cells.

The NHBE secretome was broadly stable for 3 weeks, except for a few proteins whose abundance tended to decrease a little (muc5ab, muc1, serpina3). Some proteins highly abundant in the NHBE secretome are secreted at lower levels by Calu-3 cells, such as gelsolin (gsn), glutathione S-transferases (gsta, gstp1), annexin 1 (anxa1), MUC16 (muc16), insulin-like growth factor-binding protein 3 (igfbp3), Complement C3 (c3) and calmodulin-1 (calm1). Gelsolin (gsn) breaks down actin filaments released by dying cells. Its secretion by epithelial cells is triggered by interleukin-4 51 . Gelsolin was detected at a lower level in Calu-3 secretome, suggesting a basal level of secretion of gelsolin in this model. Antimicrobial peptides were also secreted by NHBE cells, such as the BPI fold-containing family A and B members 1 (bpifa1, bpifb1).

The proteins secreted by Calu-3 cells can be clustered according to their time evolution during a period of 3 weeks: (1) highly secreted proteins during the first days at ALI, (2) highly secreted proteins in the mature secretome, (3) proteins with basal level of secretion. In addition, three proteins in the Top 20 showed a transient increase in secretion at day 11 after ALI: HSP70, HSP90, and the peptidyl prolyl isomerase A (ppia), which catalyses the folding of extracellular matrix proteins 52 .

The highly secreted proteins during the first days at ALI were serum albumin, α-2-macroglobulin (a2m), α-fetoprotein (afp), and apolipoprotein A1 (apoa1). The presence of α-fetoprotein was reported in the bronchoalveolar lavage (BAL) of patients with lung adenocarcinoma 53 , suggesting its secretion could be specific to the Calu-3 cell line in the immature epithelium. This hypothesis is consistent with the higher level of secretion of albumin at this time point. α-2-macroglobulin contributes to the control of protease activity in the lung lining fluid. The secretion of apoA1 by epithelial cells was recently linked to the regulation of the innate immune response following airway inflammation 54 .

Proteins more specific to the mature secretome of Calu-3 epithelial cells include the major gel-forming mucins MUC5AC and MUC5B, and to a smaller extent the tethered mucins MUC1 and MUC16 55 . MUC1 and MUC16 are anchored to the cell membrane, which can explain their lower abundance in the analysis of the secretome. Protease inhibitors [α1-antitrypsin (serpina1), α1-antichymotrypsin (serpina3)], proteases [cathepsin C (ctsc)], immunoglobulin G (fcgbp), Complement factor B (cfb), and olfactomedin4 (olfm4), a glycoprotein involved in the innate immune response, were also secreted at higher levels after 11 and 18 days at ALI in the Calu-3 model. To explore the biological role and interactions of the main components of the epithelial cell secretions further, we performed a Reactome pathway analysis of the Calu-3 and NHBE secretomes.

Biological pathways associated with the secretome of Calu-3 and NHBE cells. The biological pathways associated with the secreted proteins were analysed using the Reactome database. We selected the proteins secreted both at day 11-12 and 18 after ALI for this analysis, which correspond to the proteins forming a stable and mature secretome in Calu-3 and NHBE models. The Reactome pathways associated with the secretome of Calu-3 and NHBE cells in long-term cultures are presented in Fig. 5b and Table 1. The secreted proteins are strongly associated with the immune response both in Calu-3 and NHBE models. This response involves the innate immune response, the neutrophil degranulation, and antimicrobial peptides (bpifa1, bpifb1, clu, lcn2) 56,57 . The proteins secreted by the epithelial cells, such as lipocalin 2, BPI fold containing family A and B members, and clusterin, are essential elements of the mucosal immune defense against pulmonary infections 58 .

Table 1. List of the biological pathways and their associated proteins identified in the secretome of NHBE and/or Calu-3 cells at day 11-12 and 18 after ALI. Only the 20 most abundant proteins were considered. Proteins are designated by their corresponding gene. The description of each protein is given in Table S2. Expression of SARS-CoV-2 receptors in preclinical 3D model of the human bronchial epithelium. The infection of Calu-3 cells by SARS-CoV-2 was recently reported 60,61 . The ACE-2 (angiotensin-converting enzyme 2) receptor and the neuropilin-1 receptor, which are involved in SARS-CoV-2 infection of the lung epithelial cells 62,63 , were both expressed by Calu-3 cells for 4 weeks in our 3D model of human bronchial epithelium (Supplementary dataset 1). Proteomic analysis of cell extracts and qRT-PCR will be performed to confirm the levels of expression of these receptors in long-term Calu-3 cell cultures. The presence of these receptors could support the use of this preclinical model for testing novel therapeutic strategies against COVID-19 64-66 .

Discussion

The objectives of this study were to develop a preclinical model of the human bronchial epithelium using the Calu-3 cell line for chronic toxicity study with minimal FBS supplementation, and to characterize the time evolution of the epithelial cell secretions. The Calu-3 cells were maintained for 21 days at ALI without subculturing and showed good viability and functionality, making it a relevant model for chronic toxicity studies of inhaled drugs, particles or pollutants. Here, we adapted the Calu-3 model for long-term nanotoxicology studies for repeated and chronic exposure to inhaled NPs by culturing cells on inserts with a 3-µm pore diameter. A larger pore size allows the analysis of NP translocation through the epithelial barrier 9 . Compared to primary cell models, the main advantages of the Calu-3 model are the availability, low cost, absence of donor variability, and the formation of a tight epithelium on inserts with a 3-µm pore diameter with excellent barrier properties without addition of any drug 15,21,22,67 . In comparison, the growth of NHBE cells is not possible on membranes with such a large porosity, and is limited to inserts with a 0.4-µm pore diameter. The disadvantages of the Calu-3 model are the presence of only one cell type, an abnormal karyotype, and the growth of polyps in certain conditions (data not shown). Some differences in anion secretion during transepithelial fluid transport were also reported 28 .

Another advantage of 3D models is the possibility to establish co-cultures to mimic cellular interactions between different cell types in vitro. For instance, co-cultures of the epithelial cells with macrophages and fibroblasts on the apical and basal side of the bronchial epithelium respectively were used to investigate the fibrogenic potential in toxicology studies 68 . Our long-term culture model could be of particular interest regarding the development of this pathology. Interestingly, in the case of silver NPs, Braakhuis et al. showed that a simple in vitro model could better predict the pulmonary toxicity when compared to in vivo inhalation studies than co-cultures with endothelial cells and macrophages 14 .

We determined a minimal FBS supplementation of 4% in the basal medium of Calu-3 cells to maintain a functional epithelium for 21 days at ALI. While cells cannot be deprived of serum, reducing the FBS supplementation is relevant in a lung model for testing drug or particle toxicity. On one hand, drugs may form complexes with serum proteins, reducing their bioavailability or triggering allergic responses; and NPs are covered by adsorbed proteins (the biomolecular corona) which defines their biological identity and cellular interactions. On the other hand, more than 1800 proteins and 4000 metabolites compose FBS, the concentrations of which vary greatly between batches 39 . Therefore, supplementation introduces a degree of complexity and variability that can have a substantial impact on the results. Here we advise to use minimal FBS supplementation for toxicity testing to reduce this risk. Future solutions may be provided with the use of serum substitutes and serum-free culture conditions.

On the apical side, the epithelial cell secretions structure the mucus that forms, with the tight epithelium, the first line of defense against particles and pathogens at the bronchial level 69 . The composition of the secretome and its evolution are therefore key elements of lung models. Our analysis of the apical secretome of Calu-3 and NHBE epithelia in long-term cultures shows high similarity between the two models, despite the difference in cell types. The same proteins are secreted, albeit with different abundances. While the NHBE secretome shows little variability with time, an evolution of Calu-3 secretions was clearly visible from 4 to 18 days at ALI. Based on this observation, we suggest that a stable and mature secretome is established after 11 days at ALI in the Calu-3 model.

The epithelial cell secretions, which include mucins and a large range of enzymes as well as antimicrobial peptides such as lipocalin 2, are key components of the mucosal immune defense against xenobiotics and pathogens. The Reactome biological pathway analysis shows their strong relation with the immune response of the epithelium. Proteins secreted by the Calu-3 and NHBE models of the bronchial epithelium were also identified in the human BAL of healthy individuals 70 . Shaw et al. showed that the biomolecular corona formed on diesel exhaust nanoparticles (DNEPs) in BAL induced an inflammatory response in macrophages and increased cell uptake, an effect unseen when the DNEPs were incubated in plasma 40 . Differences in the uptake of oxide NPs by rat alveolar macrophages in vivo was related by Konduru et al. to differences in their protein corona composition following incubation in rat lung lining fluid 41 . These studies highlight the role of the epithelial cell secretions on the mucosal immune response and on the fate of the inhaled particles.

Exosomal proteins, such as annexin A2, were also noted in the secretome of Calu-3 cells by Gupta et al., suggesting that extracellular vesicles EVs were produced by the bronchial epithelium in our model 50 . The proteomic analysis of the lung EVs was recently provided by Gupta et al. for the Calu-3 cell line 35 . The authors demonstrated that lung EVs played a central role in the epithelial cell communication in the upper airways. These results confirm the biological relevance of the Calu-3 model for long-term toxicity studies and the essential role of the epithelial cell secretions in the lung response.

Finally, diseases such as COPD and cystic fibrosis can alter mucus secretion 46 . The analysis of the BAL of atopic asthmatics showed altered proteomic profiles, which result in different biomolecular corona on inhaled particles 71 . The interaction of an inhaled agent (drug, particle, pollutant) with the mucus and its effect on mucus secretion are two essential aspects of the epithelial response, especially for chronic exposure. The secretome profile provided here can be used as a reference to investigate the effect of drugs on the epithelial cell secretions over time.

Taking advantage of microfabrication techniques, advanced lung models such as lung-on-chip have been developed to recapitulate other biological lung features such as breathing cycle, deep lung morphology, and airflow in the alveoli 72,73 . Using the Calu-3 cell line, functional and mucus producing lung-on-chip models could be developed to investigate the effect of exogenous compounds on mucus evolution and/or alteration in vitro. The immortalized BSi-NC1 cells developed by Crystal's group also represent an interesting model to establish a tight epithelium with both ciliated and non-ciliated cells following differentiation at ALI 74 .

To conclude, a functional in vitro model of the human bronchial epithelium using Calu-3 cell line was developed as an alternative to primary NHBE cells. A minimal FBS supplementation in the basal medium was defined to maintain a functional epithelium for 21 days at the air liquid interface, so that the amount of exogenous serum proteins could be reduced during drug testing. The nature and the biological pathways associated with the secreted proteins confirmed their key role in the mucosal immune response of the lung. We suggest this preclinical 3D model can be used to evaluate the long-term toxicity of drugs or particles on the human bronchial epithelium, and subsequently to investigate their effect on the epithelial cell secretions.

Methods

3D model of the human bronchial epithelium with Calu-3 cell line. The Calu-3 human adenocarcinoma epithelial cell line (ATCC HTB-55, LGC Standard, France) was used for the experiment at cell passage 24-40. All products used for cell culture were provided by Thermo Fisher Scientific unless stated otherwise. Calu-3 cells were cultured in Eagle's Minimum Essential Medium (MEM) supplemented with 10% v/v fetal bovine serum (FBS) (F7524, Sigma-Aldrich), 1% non-essential amino acids (NEAA) 100×, 1% sodium pyruvate, 1% Glutamax, 1% penicillin streptomycin 100×, and 1% HEPES buffer 100×. Cells were culture at a density of 40,000 cells/cm 2 in 25 or 75 cm 2 culture flasks (Corning) at 37 °C in a humidified 5% CO 2 atmosphere and passaged weekly before confluence. To form the epithelial barrier, Calu-3 cells were seeded on Transwell polyester inserts with a 3 µm pore diameter (Corning Costar) at a density of 500,000 cells/insert (with 500 µL of cell suspension in the apical compartment and 1.5 mL of medium in the basolateral compartment). The culture medium was changed every 2-3 days in both compartments until TEER > 700 Ω cm 2 . The medium was removed from the apical compartment to create an air-liquid interface. The medium in the basolateral compartment was replaced by 0, 2, 4 or 8% FBS one day after ALI. Calu-3 cells cultured on Transwell membrane were maintained for 21 days after ALI.

MucilAir 3D lung tissue model. MucilAir 3D lung tissue model is a fully differentiated bronchial epithelium reconstituted from human bronchial airway epithelial cells of healthy donors. The MucilAir cultures were purchased from Epithelix (Genève, Switzerland). Cells were obtained from 3 healthy non-smoking Caucasian donors, two men and one woman, of different ages. The primary cells were cultured on Transwell polyester inserts with 0.4 µm pore diameter using MucilAir serum-free cell culture medium with penicillin/streptomycin (EP04MM, Epithelix).

Trans-epithelial electrical resistance.

To assess the integrity of the epithelial barrier, the trans-epithelial electrical resistance (TEER) was measured with an EVOM2 ohmmeter (World Precision Instruments, Sarasota, USA) with STX2 electrodes. First, the culture medium was replaced by 1.5 mL and 0.5 mL Hanks' Balanced Salt Solutions supplemented with calcium and magnesium (HBSS Ca2+/Mg2+ , ThermoFisher Scientific, France) in the basal and apical compartment, respectively. HBSS was warmed at 37 °C before addition. For each experiment, the TEER was also measured in a cell-free Transwell (blank) and subtracted to values measured in cell seeded Transwell. Final TEER values are multiplied by the surface area of the inserts and expressed in Ω cm 2 . We considered that a tight epithelium was formed if TEER > 200 Ω cm 2 for MucilAir following the provider's guidelines, and > 300 Ω cm 2 for Calu-3 cells. This latter value was determined by combining TEER and Lucifer Yellow permeability assay results in our cell culture conditions (Fig. S2).

Lucifer Yellow permeability assay. The integrity of the barrier formed by Calu-3 cells at the air-liquid interface was checked with the Lucifer Yellow (LY) paracellular permeability assay (Sigma-Aldrich). LY is a 452 Da fluorescence dye which paracellular transport through the epithelium is prevented when tight junctions are formed (in the case of a short exposure time of the cell layer to LY). 0.5 mL LY (0.1 mg/mL), diluted in HBSS Ca2+/Mg2+ , were added to the apical compartment. The basal compartment was filled with 1 mL HBSS Ca2+/Mg2+ . LY was also added to a cell free well (blank). Following 1 h incubation at 37 °C, 0.1 mL of the apical and basal solutions were transferred to a 96-well microplate (µClear, Greiner Bio-One, Germany). The fluorescence intensity was measured with λ exc = 485 nm and λ em = 535 nm on a Flex microplate reader (Molecular Devices). This analysis was performed in triplicate. The permeability was calculated as follow:

Permeability (%) = I sample -I Blank I LY -I Blank × 100 
Monovalent peptides or peptides with unassigned charge state were excluded from the analysis. The maximum ion accumulation times were set to 50 ms and 45 ms for MS and MS/MS acquisition respectively. Label Free quantitation was performed with Progenesis QI (Waters) using HI-3 method for protein quantification. Data were processed with Proteome Discoverer 2.2 software (ThermoFisher Scientific). The mass tolerance was set to 6 ppm for precursor ions and 0.02 Da for fragments.

Proteomic data analysis. The MASCOT software (Matrix Science,v. 2.4) was used for protein identification on the Homo sapiens and Bos Taurus Swissprot databases (2019). Post-translational modifications were searched in dynamics parameters: oxidation (M) phosphorylation (S/T/Y), acetylation (Protein N-terminal).

The maximum number of missed cleavages was limited to two for trypsin digestion. P-values of peptides were calculated using the percolator algorithm and a 5% threshold was applied. Filters used in the MASCOT software correspond to: proteins identified with a minimum of 2 peptides, AND a MASCOT score > 40, AND P < 0.05. Extracellular proteins were identified using the extracellular compartment database of the Proteome Discoverer software. Bioinformatics analysis and figures were developed with R Software (v.3.6.2) 75 . Heat maps were generated with the 'pheatmap' package 76 , where correlation clustering distance row was applied. PCA was calculated from the abundance of the extracellular proteins identified in each replicate and the results presented using the 'ggbiplot' package 77 . The 'packcircles' package 78 was used to represent protein abundance, where the circle area is proportional to each protein abundance. The Reactome pathway fold enrichment analysis was performed with PANTHER (v15.0) software using Fisher's test and Bonferroni correction for multiple testing. Statistically significant results were selected using P < 0.05.

Statistical analysis.

The statistical analysis was performed with Prism GraphPad Software (v. 
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 1 Figure 1: Main routes of nanoparticle entry into the body.(a) The 3 principal routes of entry of NPs are inhalation, ingestion and skin contact. (b) The potential exposure pathways from the expected normal use of consumer products grouped by NM composition. Adapted from (Vance et al. 2015).
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 2 Figure 2: Anatomy of the respiratory tract showing the airways (upper and lower respiratory tract) and the respiratory zone with the alveoli where gas exchange occurs. The right part shows the evolution of the structure and cell composition of the epithelium that lines the respiratory tract from the upper airways to the alveoli. Adapted from (LeMessurier et al. 2020).
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 3 Figure 3: Schematic representation of the bronchial epithelium with airway liquid secretion.The pseudostratified epithelium of the tracheo-bronchial zone is composed of basal, ciliated and secretory cells. It is covered by an airway surface liquid (ASL) formed by a periciliary layer, which is in close contact with cells in the ciliated zone, and the gel-like mucus layer, containing different types of mucins. From[START_REF] Wallace | Respiratory Mucus as a Virus-Host Range Determinant[END_REF]).
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 4 Figure 4: Schematic structure of secreted mucins and the mucus mesh. (a) General scheme of secreted mucins highlighting the cysteine-rich region and serine-rich regions. (b) Illustration of the mucus mesh established by the secreted gel-forming mucins. Disulfide bonds, hydrophobic and electrostatic interactions maintain the structure and the tightness of the mucus mesh. From (Wagner, Wheeler, and Ribbeck 2018).
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 5 Figure 5: Heme-oxygenase-1 enzymatic pathway.HMOX-1 is induced by different stimuli such as cytokines, growth factors, nitric oxide and heavy metals. This enzyme works with NADPH P450 cytochrome to degrade heme and produce three bioactive products: Fe 2+ ion, carbon monoxide and biliverdin (which is converted to bilirubin by the action of biliverdin reductase (BVR)). The products act as pro-angiogenic, antioxidant or anti-inflammatory factors that contribute to the tissue protection. (From[START_REF] Loboda | Role of Nrf2/HO-1 System in Development, Oxidative Stress Response and Diseases: An Evolutionarily Conserved Mechanism[END_REF]).
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 6 Figure 6: PAMPs and DAMPs signaling cascade activation in the respiratory epithelial cells after inhalation of pathogens, allergens or toxicant.Pathogen-associated molecular patterns (PAMPs) activated for pathogens and damageassociated molecular patterns (DAMPs) generated from damage and/or cell stress are recognized via membrane associated pattern recognition receptors (PRRs). The binding of ligands to PRRs receptors activate the signaling pathways for the production of cytokines, chemokines and antimicrobial proteins that recruit and activate cells of the innate and adaptive immune systems. From[START_REF] Whitsett | Respiratory Epithelial Cells Orchestrate Pulmonary Innate Immunity[END_REF].
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 121 molecular and pathophysiological mechanisms (Upadhyay and Palmberg 2018). In vitro systems are cost-effective, time-efficient and easy to use. They allow the investigation of detailed cellular and subcellular functions, cell-to-cell communication, and specific molecular mechanisms. Different in vitro models of respiratory epithelium Cell-based assays have been widely used for toxicological studies using either cell lines or normal cells. Classically, 2D cell cultures have been used to assess the toxicity of a wide range of compounds in vivo. Though 2D cultures has shown good results in terms of toxicological assessment, they present several limitations, such as the loss of the tissue architecture, cellular interactions between different cell types, and mechanical constraints, or the lack of the airliquid interface for respiratory models, which limit their relevance to predict the pulmonary toxicity of nanomaterials. The development of 3D cell culture models, together with the use of primary cells to obtain differentiated tissues, recreates in vivo characteristics such as the combination of different cell types, tissue architecture and cell-to-cell interactions that may improve the results of in vitro toxicity studies. a) From 2D to 3D cultures
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 7 Figure 7: Different strategies for 2D and 3D cell cultures of airway cells.
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 8 Figure 8: Workflow to setup triple co-culture model. (a) A549 cells were seeded and grown for 7 days in the apical size of the insert to establish the epithelial barrier. Human peripheral blood monocytes were differentiated into dendritic cells (DCs) or airway macrophage (AMs). (b) Differentiated DCs were added for 2h to the basal side of an inverted inserts (with A549 barrier). (c) Differentiated AMs were added for 2h to the apical side of the insert. Nonadherent DCs or AMs cells were removed during washing. From(B. M. Rothen-Rutishauser, Kiama, and Gehr 2005).
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 9 Figure 9: Workflow to setup a co-culture system with 4 cell types.

Figure 10 :

 10 Figure 10: Commercial primary co-cultures of the upper and alveolar airways.(a) Human upper bronchial epithelial barrier co-cultured with human fibroblast on inserts. (b) Human alveolar barrier co-cultured with fibroblast (in the apical part) and human endothelial cells in the basal part of the insert. (Images from Epithelix and MatTek websites).

  Advanced aerosol exposure systems are now commercially available, allowing static or dynamic exposure of cells at ALI. These systems can be used either for individual cultures or for several cultures at the same time. The most commonly used systems come from VITROCELL[START_REF] Mülhopt | Toxicity Testing of Combustion Aerosols at the Air-Liquid Interface with a Self-Contained and Easy-to-Use Exposure System[END_REF]) and CULTEX[START_REF] Aufderheide | Improvement of the CULTEX® Exposure Technology by Radial Distribution of the Test Aerosol[END_REF]) (Figure11).

Figure 11 :

 11 Figure 11: Two of the commercially available exposure systems from Vitrocell and Cultex.

Figure 12 :

 12 Figure 12:In vitro comparison of cell exposure in submerged conditions or at ALI in inserts or plates.Alveolar A549 cells were grown in inserts or plates and exposed to an aerosol at ALI (left) or in submerged conditions to NP suspension in a large volume (middle and right).(From[START_REF] Loret | Air-Liquid Interface Exposure to Aerosols of Poorly Soluble Nanomaterials Induces Different Biological Activation Levels Compared to Exposure to Suspensions[END_REF] 

Figure 13 :

 13 Figure 13: Number of commercial products containing nanomaterials listed by the Consumer Products Inventory (CPI) in 2014. (a) Nanomaterial chemistry. (b) Elemental composition of metal nanomaterials. (c) Different types of carbonaceous nanomaterials. CNT: carbon nanotubes.

Figure 14 :

 14 Figure 14: Predicted fractional deposition of inhaled particles in the different regions of the airways.

  also affect the interaction and internalization by the cells. Poly(lactic acid-co-glycolic acid) (PLGA) NPs coated with CS (positively charged NPs) or with PF68 (negatively charged NPs) exhibited differences in internalization by Calu-3 cells. PF68 conferred a hydrophilic surface minimizing hydrophobic entrapment in the mucus (Mura et al. 2011; S. K. Lai, Wang, and Hanes 2009).

Figure 15 :

 15 Figure 15: Nanoparticle properties that can influence their toxicity.

Figure 16 :

 16 Figure 16: Schematic showing the mechanism of the inflammatory response following AgNP inhalation.After inhalation, AgNP can arrive at the bronchial or alveolar region. In the alveolar region, the alveolar macrophages phagocyte the NPs to clean out the alveolar space. The activation of these cells induces the secretion of pro-inflammatory cytokines and chemokines, which promote the recruitment of other cell types such as neutrophils. Long NPs exposure derivate in epithelial injury-causing oxidative stress and inflammation. Adapted from[START_REF] Yang | Assessing Human Exposure Risk and Lung Disease Burden Posed by Airborne Silver Nanoparticles Emitted by Consumer Spray Products[END_REF] 

  et al. observed a reprogramming of the energy metabolism in HEK293T cells for sublethal concentrations of AgNPs. The cells shift from oxidative phosphorylation-based aerobic metabolism to anaerobic glycolysis to satisfy the cell energy demand (Y. Chen et al. 2014). Microarray analysis highlighted some molecular and cellular mechanisms involved in the toxicity of AgNPs on epithelial intestinal cells. Böhmert et al. observed morphological changes and oxidative stress in Caco-2 cells grown on inserts after exposure to AgNPs. The authors did not observe the induction of apoptosis, instead cells underwent necrosis, which can trigger inflammation. The morphological changes were reflected by the downregulation of tight and adherent junction (tight-junction protein-3, claudin-3 and occludin) genes as well as cell-cell and cell-matrix proteins (actin and tubulin) (Böhmert et al. 2015). Additionally, silver exposure increases the oxidative stress. It participated in the induction of the transcriptional factors like nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), Nrf2 and the activator protein-1 (AP-1).

Figure 17 :

 17 Figure 17: Overview of the effect of AgNP on Caco-2 cells.The arrows represent upregulation (red) or downregulation (green) of the different genes based on the transcriptomic analysis. AgNP exposure affected Caco-2 cells at different levels. i) Increasing the production of ROS, which induces the activation of the anti-oxidants response through the transcription factors (NKkB, Nrf2 and AP-1). Oxidative stress genes (HMOX1, GSSG), and metal detoxification (MT1 and MT2) were upregulated. Cell morphological changes were reflected by up and downregulation of tight-and adherens-juntions (VCL, ZYX, TJP3n CLDN3, OCLN), cytoskeleton (ACTB, CTTN and TUBB3), and focal adhesion (ACTN2, MMP10, MMP7 and MMP1) genes. From[START_REF] Böhmert | Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells Molecular Mechanism of Silver Nanoparticles in Human Intestinal Cells[END_REF] 

Figure 18 :

 18 Figure 18: Schematic representation of the protein corona. (a) Protein corona structures formed by hard corona tightly bound to the NP and the soft corona cloud. (b) Protein corona formation and evolution with time according to the competition model. An initial corona forms by the binding of the most abundant proteins(green). Then the most abundant proteins can be replaced by less abundant proteins which exhibit a higher affinity for the surface (yellow).

  Biological fluid: the NP-protein interactions are mostly driven by non-covalent interactions (ionic interactions, hydrogen bonding, Van der Waals forces and hydrophobic interactions). The biological fluids contain different electrolytes, metabolites, peptides, hormones, lipids, sugars and nucleotides which might deploy different interactions with the surface (Monopoli et al. 2011; Maiorano et al. 2010). AuNPs exhibited different protein coronas when they were incubated in Dulbecco's Modified Eagle Medium (DMEM) or Roswell Park Memorial Institute (RPMI) culture media containing 10% FBS in both cases, highlighting the importance to study protein corona formation on specific fluid. Similarly, the extracellular composition of a biological fluid may change after cell exposure to NPs, triggering the evolution of the protein corona composition (Figure 19). Secretion of metabolites and proteins to the extracellular matrix conditionate the biological fluid, hence new proteins can interact with NPs producing changes in the protein corona. The new protein corona can drive different NP-cell interaction and change the NP aggregation state, resulting in different NP uptake (Albanese et al. 2014).

Figure 19 :

 19 Figure 19: NP evolution in the extracellular environment.Initial NP exposure created a first protein corona with its biological identity. After NP-cell interaction, cell response led to the secretion of proteins. A new protein corona was formed, and the NP aggregation state was altered. This new biological identity can change NP-cell interaction, for example by increasing NP uptake. From[START_REF] Albanese | Secreted Biomolecules Alter the Biological Identity and Cellular Interactions of Nanoparticles[END_REF] 

Figure 20 :

 20 Figure 20: Schematic of the extracellular and intracellular events caused by protein-NP interactions.

Figure 21 :

 21 Figure 21: Schematic overview of the different separation methods for NP isolation before the analysis of the protein corona (1) centrifugation, (2) magnetism separation, (3) chromatography separation by asymmetric flow-field-flow fractionation (A4F) or size exclusion chromatography (SEC). From (Böhmert et al. 2020).

Figure 22 :

 22 Figure 22: Characterization of NM300K stability (a) and dissolution (b). Data provided by JRC. (a) UV-Vis spectra of NM-300K after 0 and 12 month storage in the dark at 4°C. The material was preserved in an aqueous dispersion buffer with 4% (v/v) Tween-20 stabilizing agent. (b) Silver concentration (ng/10mL) following dispersion of NM300K in 0.5 % nitric acid, deionized water or physiological buffer. 580 mg of NM-300K was embedded into 460mm 2 of poly-acrylic matrix. The release of Ag + in the solution was measured during 12 days without removing or changing the elution medium.

  Dynamic Light Scattering: The size of AgNPs was measured in HBSS Ca2+/Mg2+ at 37°C by DLS on a Zetasizer Nano Series (Malvern Instruments) using a particle concentration of 0.01 mg/mL. Each measurement was repeated 3 times. Data analysis was performed using standard procedures. The quality of the fit of the correlation function was checked for each measurement. c) Small Angle X-ray Scattering: AgNP size was also measured in biological media by SAXS. The SAXS experiments were performed by Olivier Taché at NIMBE, CEA Saclay. AgNPs at a concentration of 0.5 mg/mL were incubated in HBSS Ca2+/Mg2+ , in MEM+4% FBS MEM, or in the apical secretome of Calu-3 cells for 18 days at 37°C. Controls without NPs were incubated in the same conditions for each medium. 100 µL of the solution was transferred to a Kapton capillary for SAXS measurements. The analysis was performed on a on a Xeuss 2.0 high resolution X-ray spectrometer (Xeoxs) using an exposure time of 1h per sample. SAXS data were fitted with a Gaussian polydisperse sphere model using the following parameters: ρ(Ag) = 10.5 g/cm 3 , scattering length density (SLD) = 9.39 x 10 -10 cm -2 for water, SLD = 7.76 x 10 -11 cm -2 for silver. The size distribution was calculated both by curve fitting and by Monte Carlo simulation. The number of particles in the samples was estimated to 7 x 10 13 NP/mL after 18 days, in good agreement with the initial concentration of 0.5 mg/mL. AgNP size distribution was measured by TEM on dry particles and by DLS and SAXS in different media. TEM measurements showed a monodispersed NP population with an average size of 25 ± 5 nm (Figure23a). Two representative TEM images show the spherical shape of the NM-300K AgNPs with a relatively homogeneous size (Figure23c-d). DLS results indicated 2 populations in HBSS with a hydrodynamic diameter of 4.5 ± 0.8 and 35 ± 10 nm respectively (Figure23a). The SAXS results indicated a diameter d = 14.1 ± 0.5 nm in the secretome of Calu-3 cells and d = 15.4 ± 0.2 nm in MEM+4% FBS following 18 days incubation, while aggregation was observed in HBSS at this time point (out-of-range for SAXS analysis) (Figure23b). The NP size measured at 18 days in the different media was compared to the size measured in the stock solution diluted in water by SAXS in the same conditions: d = 15 ± 0.1 nm. This result suggests that little or no dissolution of AgNPs occurred in the secretome or in MEM+4%FBS at 37°C for this period. Monte Carlo simulation of the particle size distribution indicated that some larger aggregates (around 38-40 nm in diameter) may be present, as observed by DLS.

Figure 23 :

 23 Figure 23: Characterization of AgNPs by TEM, DLS and SAXS in different media. (a) Size distribution of AgNPs measured by TEM on dried samples (continuous line) and DLS hydrodynamic size distribution in HBSS Ca2+/Mg2+ (discontinuous line). (b) Monte Carlo simulation of particle size distribution in the secretome of Calu-3 cells following 18 days incubation based on the SAXS measurement. (c-d) Representative images of AgNPs by TEM.

Figure 24 :

 24 Figure 24: SAXS raw data. SAXS curves represented as the scattering intensity as a function of the structure factor q(1/nm). AgNPs were incubated in HBSS (black), MEM+4% FBS (green), or the apical secretome of Calu-3 cells (blue) for 18 days at 37°C. The SAXS curves (dot lines) of the media without NPs following 18 days incubation at 37°C are shown.

Calu- 3

 3 cells were purchased from the American Type Culture Collection (ATCC ® HTB-55 TM ) and used for the experiments between passages 27 and 40. This cell line has been derived from a metastatic human lung adenocarcinoma of a 25-year-old Caucasian man.

Figure 25 :

 25 Figure 25: Submerged and air-liquid interface (ALI) cultures of Calu-3 cells (a) Low-density of Calu-3 cells grown in corning flasks in MEM supplemented with 10% FBS. (b) Calu-3 cells grown on 3µm porous inserts 8 days after ALI in MEM supplemented with 4% FBS.

Figure 26 :

 26 Figure 26: Overview of the inserts. (a) Images of Transwell ® (left) and Millipore ® (right) inserts. (b) Schematic insert view in a culture well with the corresponding medium volumes in the insert (in blue, called the apical compartment) and in the receiving well (in pink, called the basal compartment). (c-d) Bright field images of inserts from (c) Corning and (d) Millipore showing the distribution of the 3-µm diameter pores.

Figure 27 :

 27 Figure 27: Schematic and representative images of MucilAir TM cultures on Transwell inserts with a 0.4-µm porosity. (a) Schematic of MucilAir TM with the 3 different cell types: basal, ciliated and goblet cells. b) Transmission and scanning electron microscopy images: 1-Radial section. 2-Cross-section of cilia. 3-Tight junction structures. 4: Beginning of ciliogenesis. (C: ciliated cell, M: Mucus cell and B: Basal cell). Source: Epithelix website.

Figure 28 :

 28 Figure 28: Bright field images of THP-1 cells before and after differentiation into macrophages. (a) THP-1 monocytic cells (source: ATCC-TIB202) (b) THP-1 derived macrophages following differentiation with PMA.

Figure 29 :

 29 Figure 29: NP deposition strategy. Pictures of two inserts after deposition of 50 µg AgNPs in the form of 4 droplets (5µL) of AgNP suspension in HBSS directly on Calu-3 cells at ALI. Pictures were taken immediately after deposition. The brown colour comes from AgNPs.

Figure 30 :

 30 Figure 30: Preparation of the acellular protein corona on AgNPs. Secretome of Calu-3 or NHBE cells or FBS proteins were mixed with AgNPs in Eppendorf tubes. 200 µL of protein solutions were generally mixed with 10 µg AgNPs and incubated for 1h at 37°C under gentle mixing.

Figure 31 :

 31 Figure 31: Preparation of the cellular protein corona.

Figure 32 :

 32 Figure 32: Isolation of AgNPs with their protein corona by centrifugation.

  cm 2 (Mura et al. 2011) for Calu-3 cells, and 200 W.cm 2 for MucilAir TM (following the manufacturer's recommendations). 2.4-2 Paracellular permeability of Lucifer Yellow (LY) Lucifer Yellow is a fluorescent dye that crosses the barrier only paracellularly following short incubation time. The formation of tight junctions between epithelial cells impairs the passage of the dye through the paracellular route and indicates the establishment of a tight barrier. 0.5 mL Lucifer yellow (0.1 mg/mL) was added to the apical compartment and 1 mL HBSS Ca2+/Mg2+ to the basal compartment followed by 1h incubation at 37°C and 5% CO2. After incubation, 0.1 mL of apical and basal solutions were transferred to a clear bottom 96-well microplate s (Greiner Item-No. 655090, µClear ® ) in triplicate. The fluorescence intensity (I) was measured on a FlexStation 3 microplate reader (Molecular Devices) with lexc = 485 nm and lem = 535

2. 6 - 2

 62 Gel electrophoresis for protein characterization and protein corona extractionThe SDS-PAGE was used[START_REF] Webster | Slippery When Wet: Airway Surface Liquid Homeostasis and Mucus Hydration[END_REF] to characterize the protein profile of the apical secretome and the protein corona, and (2) to isolate the protein corona from AgNPs before complete proteomic analysis by mass spectrometry.a) The characterization of the apical secretome and the protein corona was performed by gel electrophoresis first. 10 µg proteins (secretome) or adsorbed proteins (AgNP corona) (see2.3-5) was resuspended in 20 µL of lithium dodecyl sulfate (LDS) (1x) loading buffer (NP0007, Invitrogen) with 50 mM DTT and heated at 100°C for 5 min. All samples were loaded in 10% SDS-PAGE gel and run at 100-120 V for 1-1h30 until the migration front reached the bottom of the gel.

2. 6 - 3

 63 Proteomic analysis by LC-MS/MS a) Analysis of the apical secretome of Calu-3 and NHBE cells Quantitative proteomic analysis was performed on the apical secretome of the Calu-3 and NHBE cells collected at day 4, 11-12 and 18 after ALI. For each cell type, three biological replicates were analyzed at day 4 and day 11-12, and 2 biological replicates were analyzed at day 18. Each biological replicate corresponded to the apical secretome collected from:

Figure 33 :

 33 Figure 33: Schematic of Calu-3 cultures at the air-liquid interface for the study of NP toxicity and translocation through the bronchial epithelium.Calu-3 cells were seeded on inserts having a membrane with a 3-µm porosity in diameter, with culture medium added both in the apical and basal compartment. When the culture reached confluence, the apical medium was removed, and cells were kept at ALI, letting cell to differentiate, formation of a tight epithelium a and mucus secretion (here denoted as the apical secretome).

  explored the possibility to reduce the FBS concentration in the basal medium without affecting the epithelial barrier properties. Another change we made compared to the classical Calu-3 cultures was to grow cells on inserts having a membrane of large porosity (3 µm in pore diameter instead of the standard 0.4 µm) in order to have a model suitable for NP translocation studies.The results presented in this chapter were part of the results published in Scientific Reports(Sanchez-Guzman et al. 2021). µm pore inserts are the most commonly used to grow Calu-3 cells, but it may impair the translocation of NPs from the apical to the basal compartment. NPs could accumulate in the pores or between the epithelial barrier and the membrane, preventing their crossing to the basal compartment and the accurate quantification of NP translocation. To have a model suitable for future NP translocation studies, it was necessary to establish the Calu-3 culture using larger pores (d = 3 µm). However, the large porosity of the insert membrane may prevent the establishment of an efficient tight epithelium. This effect was evaluated by measuring the transepithelial electrical resistance (TEER) and the permeability of Lucifer Yellow (LY), both in submerged conditions and at ALI. Because of the development of tight junctions, the TEER increased and contrary, the paracellular transport of LY through the epithelium decreased. Indeed, following a short incubation time (60 min), LY can cross the epithelial barrier via the paracellular route only, which occurs in case of leakiness of the epithelium induced by dysfunction of tight junctions[START_REF] Lemmer | Paracellular Drug Absorption Enhancement through Tight Junction Modulation[END_REF][START_REF] Cornu | Small Silica Nanoparticles Transiently Modulate the Intestinal Permeability by Actin Cytoskeleton Disruption in Both Caco-2 and Caco-2/HT29-MTX Models[END_REF]).

Figure 34 :

 34 Figure 34: Scheme of the protocol for Calu-3 culture on inserts. Culture established on a 3-µm porosity, from the seeding of the cells to the culture at ALI with different FBS supplementation in the basal culture medium.

Figure 35

 35 Figure 35 Determination of TEER and Lucifer Yellow permeability baselines (a) TEER and LY permeability in submerged cultures 2, 4 ,6, and 7 days after seeding. (b) The TEER and LY permeability were measured on 236 different samples in ALI culture with tight or leaky epithelial barriers. The vertical dotted line corresponds to the maximum LY permeability defined by the manufacturer for a tight epithelium (LY permeability < 2%). The horizontal dotted line corresponds to the minimum TEER value we defined for a tight epithelium with Calu-3 cells in our experimental conditions based on our data (TEER > 300 Ω.cm²). Red dots correspond to samples with LY permeability > 2% and green dots correspond to samples with LY permeability < 2%.

Figure 36 :

 36 Figure 36: Morphological analysis of the Calu-3 epithelium by TEM. TEM images of Calu-3 cells grown with 4% FBS in the basal medium and fixed 8 days after ALI. (a) Overview of the bronchial epithelium with the insert membrane at the bottom and the apical surface at the top right. (b-c) Tight junctions and desmosomes. N nucleus, TJ tight junctions, D desmosomes, M mitochondria, AC apical compartment, MV microvilli.

16, 17

 17 and 18, and restoration of normal values at day 21. The highest TEER values were observed when cells were grown with 2% FBS in the 3 biological replicates. These values were significantly different to the other conditions in replicates 1 (day 21) and 2 (day 14).

Figure 37 :

 37 Figure 37: Time course study of the epithelial barrier integrity as a function of FBS supplementation (0, 2, 4, 8%) in the basal medium after ALI (a-c) TEER measurement of 3 independent experiments. Error bars represent the variability of the 3 technical replicates expressed as mean ± SEM. (d) Lucifer Yellow (LY) permeability assay at 11, 17 and 21 days after seeding of replicate 2. Empty insert was used as a negative control for LY measurement. n= 3. * p-value < 0.05, *** p-value < 0.001.

  increase in the metabolic activity, which could be due to a more advanced stage in the differentiation of the epithelium.A representative protein profile of the apical secretome of Calu-3 cells at ALI obtained by SDS-PAGE is shown in Figure38b.The same amount of proteins was loaded in each well. 3 technical replicates per conditions are shown. The proteins were detected by SYPRO ruby staining. No difference in the protein profile was observed between the different experimental conditions.

Figure 38 :

 38 Figure 38: Effect of reduced FBS supplementation (0, 2, 4, 8%) on the protein content of the apical secretome of Calu-3 cultures from day 1 to day 17 after ALI. (a) Concentration of total proteins in the apical secretome at different time points after ALI. (b) SDS-PAGE protein profile of the apical secretome at day 14 after ALI: 10 µg of protein were loaded in each well. Proteins were detected with SYPRO ® ruby. 2 to 3 technical replicates were loaded in each well for each serum condition (c-d) Western blots using (c) anti-MUC5AC and (d) anti-MUC5B primary antibodies. (e) Glycoprotein concentration of the apical secretome at different time points after ALI. (f) Glycoprotein concentration normalized by the total protein concentration in the apical secretome. Orange squares are the means of two biological replicates. Red and blue squares are the means of 3 technical replicates for replicate 1 and replicate 2, respectively. One-way ANOVA statistical analysis was used for each time point.

Figure 39 :

 39 Figure 39: Characterization of mucus secretion by Calu-3 cells as a function of FBS percentage by fluorescence confocal microscopy, TEM and SEM.(a-d) Immunolabelling of ZO-1 tight junction associated protein (green) and MUC5AC gelforming mucin (red). Cells were fixed 17 days after ALI. (a) 0% FBS, (b) 2% FBS, (c) 4% FBS and (d) 8% FBS. All the cultures were co-stained with DAPI (blue). (e) TEM image of one Calu-3 cell containing mucus vesicles. (f) Detail of a mucus vesicle fusing with the plasma membrane at the apical surface. (g-h) SEM images of Calu 3 cells cultured with 4% FBS and fixed 21 days after ALI with OsO4 to preserve the mucus layer. (g) Overview of the culture, (h) detail of the mucus layer. Mucus is highlighted in green. AC: apical compartment, MV: mucus vesicles, N: nucleus.

Figure 40 :

 40 Figure 40: Optical microscopy images of Calu-3 cells on inserts with a 3µm-pore polyester membrane. (a) 2 days after seeding, (b) 5 days after ALI, (c) 7 days after ALI. Scale bar 100 µm.

Figure 41 :

 41 Figure 41: Fluorescence confocal images following live/dead cell staining of the Calu-3 epithelium at ALI 5 days after ALI. Living cells were detected by DAPI staining (blue) and dead cells by a green fluorescent dye (green). (a-b) Different regions of Calu-3 culture: top view (top) and transversal view (bottom). (c) 3D reconstruction of image b.

Figure 42 :

 42 Figure 42: Scanning electron microscopy images of Calu-3 cultures at ALI (SEM). (a) Panoramic view of Calu-3 cultures 8 days after ALI (b) detailed view of microvilli. (c-d) Calu-3 cultures observation 21 days after ALI using a specific protocol for mucus fixation. (c) General view and (d) microvilli details.

Figure 43 :

 43 Figure 43:TEER measurement and optical microscopy imaging characterization of the NHBE epithelia from 3 different donors provided by Epithelix. (a) Table with the age and sex of the donors. (b) TEER measurements during the culture time in our laboratory. (c-e) Optical microscopy images from (c) donor 1, (d) donor 2 and (e) donor 3, 4 days after reception (top) and 18 days after reception (bottom). Black dots and vesicles are highlighted in the image of the cells from donor 2 (d).

  -e, bottom images), exhibiting high cilia beating. The paraffin sections showed a well-developed pseudostratified columnar epithelium, that is a single cell layer with irregular shape and columnar cells of different sizes, composed of goblet cells containing mucins (Figure 44c, red), ciliated cells stained evidenced by the GT335 cilia marker (Figure 44d, magenta), and flat basal cells on the insert membrane.

Figure 44 :

 44 Figure 44: Characterization of the NHBE epithelium and paraffin-embedded z sections by immunolabelling 18 days after reception. Images form donor 1 and 2. (a-b) Top view of two cultures immunolabelled for ZO-1 tight junctions associated proteins (green) and MUC5AC gel-forming mucin (red). The bottom image corresponds to the z-stack. (c-d) Inserts were embedded in paraffin and cut in 7-µm sections. Immunolabelling of (c) MUC5AC and (d) GT335 ciliated marker. All cultures were co-stained with DAPI (blue).

  The trans-epithelial electrical resistance has been commonly used to monitor the epithelium functionality and integrity. During the first stage of the epithelium development, the TEER values increased following cell growth and the establishment of the barrier. Immediately after ALI induction, the TEER values dropped, as reported by others(Grainger et al. 2006;[START_REF] Stentebjerg-Andersen | Calu-3 Cells Grown under AIC and LCC Conditions: Implications for Dipeptide Uptake and Transepithelial Transport of Substances[END_REF][START_REF] He | Optimization of an Air-Liquid Interface in Vitro Cell Co-Culture Model to Estimate the Hazard of Aerosol Exposures[END_REF], with higher TEER values measured in submerged compared to ALI conditions. The TEER values reported in the literature for Calu-3

Figure 45 :

 45 Figure 45: Total protein and glycoprotein concentrations in the apical secretome of NHBE and Calu-3 cells measured using BCA and ELLA assays respectively from day 4 to day 18 after ALI. (a) Total protein concentration in the apical secretome of NHBE and Calu-3 cells after 4, 12 and 18 days at ALI. (b) Glycoprotein concentration in the apical secretome of Calu-3 and NHBE cells after 4, 9 or 12, and 18 days at ALI. (n=3) # statistically different between days, P < 0.05. ns not significant between the 2 models.

  Figure 46d. It shows 3 distinct clusters when comparing the first two components, PC1 (48%) and PC2 (18%): one cluster for NHBE secretomes, which includes the secretomes of the 3 donors collected at day 4, 12 and 18 (corresponding to the 2 blue circles on the figure); and 2 clusters for Calu-3 secretomes, one for the secretome collected at day 4 and a second one for the secretome collected at day 11 and 18. These results revealed a time evolution of the secretome in the Calu-3 model, with cells producing an immature secretome 4 days after ALI and a stable and mature secretome from day 11 at ALI.

Figure 46 :

 46 Figure 46: Proteomic analysis by LC-MS/MS of the apical secretome of the human bronchial epithelium in Calu-3 (green) and NHBE (blue) models. Both extracellular and intracellular proteins were considered in this analysis. (a) Venn diagram showing the total number of proteins identified in at least 2 biological replicates of Calu-3 secretome at day 4, day 11 and day 18 after ALI. (b) Venn diagram showing the total number of proteins identified in at least 2 donors of NHBE secretome at day 4, day 12 and day 18 after ALI. (c) Common proteins identified at all time points both in Calu-3 and NHBE secretomes. (d) Principal Component Analysis (PCA) of the quantitative MS data. The secretomes of the 3 donors (NHBE cells) and of the 3 biological replicates (Calu-3 cells) are represented for each condition. Circles correspond to different time points. The first two principal components (PC) are shown, representing47.8% and 18%, respectively. 

Figure 47 :

 47 Figure 47: Proteomic analysis of the extracellular proteins of the apical secretome of the human bronchial epithelium in Calu-3 and NHBE models by LC-MS/MS. (a) Qualitative analysis of the extracellular proteins of Calu-3 and NHBE cells at day 4, day 11 (Calu-3) or 12 (NHBE), and day 18 after ALI. The total number of proteins and the percentage of common proteins are shown in a Venn diagram. (b) PCA analysis of the quantitative MS data for the extracellular proteins only. The analysis was performed at day 4, day 11 (Calu-3) or 12 (NHBE), and day 18. The different donors (NHBE cells) and biological replicates (Calu-3 cells) are represented for each condition. Circles correspond to different time points. The percentage associated with each PC is indicated in the axis legend. (c) Heat map of the extracellular proteins identified in the apical secretome of Calu-3 cells and NHBE cells at day 4, 11-12, and 18 after ALI. Colours correspond to low (blue) or high (red) relative protein abundance. A protein set showing larger differences at day 4 compared to day 11 and 18 in the secretome of Calu-3 cells is surrounded by a black rectangle.

  Contrarily to the secretome of Calu-3 cells, the relative abundance of proteins in the secretome of NHBE (Figure48d-f) was stable during the culture time. In NHBE, proteins such as LCN2, PIGR, Bactericidal Permeability Increasing (BPI) fold containing family A and B member 1 (BPIFA1, BPIFB1) and uteroglobin (SCGB1A1), were the main proteins contributing to the apical secretome. They are all involved in the epithelium innate immune responses.

Figure 48 :

 48 Figure 48: Time evolution of the secretome of Calu-3 and NHBE cells.Sphere diagram representing the relative abundance of proteins secreted by and NHBE (blue) cells at day 4 (a-b),11-12 (c-d), and 18 (e-f) after ALI. A larger sphere denotes a higher protein abundance. Proteins are referred to by the gene name.

Figure 49 :

 49 Figure 49: Heatmaps of the 20 most abundant extracellular proteins. (a) antimicrobial peptides (b) and mucins (c) identified in Calu-3 and NHBE secretomes at day 4, 11-12 and 18 after ALI.

Figure 50 :

 50 Figure 50: Proteomics peptides search of human and bovine serum albumin. Search for protein homologies in peptides used for protein quantification using Uniprot Proteins REST API. (a) HSA and (b) BSA sequences with corresponding MS peptides used for relative abundance quantification. Peptides identified in only one protein are highlighted in yellow. Peptides identified in both HSA and BSA are highlighted in green.

Calu- 3

 3 secretomes due to the lack of BPI fold containing family A and B in the 20 most abundant proteins. Proteins such as lipocalin 2, clusterin and BPI fold containing family are essential in the mucosal immune defense against pulmonary infections[START_REF] Guglani | Lipocalin 2 Regulates Inflammation during Pulmonary Mycobacterial Infections[END_REF][START_REF] Liu | SPLUNC1/BPIFA1 Contributes to Pulmonary Host Defense against Klebsiella Pneumoniae Respiratory Infection[END_REF] and are present in the epithelial lining fluid. In addition, biological pathways associated with hemostasis and platelet activation were enriched due to the presence of albumin, calmodulin-1, serpina 3, clusterin and galectin-3 binding proteins in the secretome. These proteins may contribute to the regulation of the osmotic pressure in the epithelium through their ionic interactions with Ca 2+ , Na + and K +[START_REF] Yu | Arrhythmogenic Calmodulin Mutations Impede Activation of Small-Conductance Calcium-Activated Potassium Current[END_REF][START_REF] Majorek | Structural and Immunologic Characterization of Bovine, Horse, and Rabbit Serum Albumins[END_REF].The cellular structures associated with the secreted proteins are shown in Figure51b. As expected, an enrichment in the extracellular location and vesicle-associated proteins was observed. These results confirmed the correct selection of the extracellular proteins based on existing databases.

Figure 51 :

 51 Figure 51: Functional enrichment analysis of gene ontology and Reactome pathways of the cell secretomes using g:GOST. (a) Statistically significant enrichment of reactome pathways, (b) cellular components, (c) biological processes and (d) molecular functions of the 20 most abundant proteins identified at day 11/12 and 18 in the Calu-3 and NHBE secretomes. g:SCS threshold was set to 0.05. The circle size reflects the number of identified proteins in each pathway. The color scale corresponds to the adjusted p-value (expressed as -log10).

Figure 52 :

 52 Figure 52: Qualitative proteomic analysis of one sample of human bronchoalveolar lavage from a healthy donor compared to the secretomes collected in cell cultures. The total number of proteins and the percentage of common proteins are shown in a Venn diagram. 231 protein(39.2%) were common to hBAL and the cell secretomes. 177 proteins (30%) and 182(30.8%) were specific to the cell culture secretomes and hBAL, respectively. Only extracellular proteins were used in the analysis.

Figure 53 :

 53 Figure 53: Functional enrichment analysis of Reactome pathways of hBAL and in vitro secretomes using g:GOST.Statistically significant reactome pathways enrichment of the common and unique proteins identified in the cell culture secretomes and in the hBAL. g:SCS threshold was set to 0.05. The circle size represents the number of identified proteins involved in each reactome pathway. The color scale represents the adjusted p-value (expressed as -log10).

Figure 54 :

 54 Figure 54: Schematic representation of the protocol we used for the acellular and cellular protein corona formation on AgNPs in the secretome of Calu-3 cells. (a) For the acellular corona, the secretome was collected from Calu-3 cultures at ALI in 200µL HBSS Ca2+/Mg2+ before AgNPs were incubated in the secretome in Eppendorf tubes at 37°C for 10 min or 1h. (b) For the cellular corona, the Calu-3 cells were directly exposed to AgNPs. After 1 to 48h exposure, AgNPs with their protein corona were recovered by washing the apical compartment with 200 µL HBSS Ca2+/Mg2+ .

Figure 55 :

 55 Figure 55: Centrifugation protocol for the separation of AgNPs from the Calu-3 secretome. (a) Schematic of the centrifugation protocol used for the study of the acellular and cellular protein corona. For the acellular corona, the frozen secretome was thawed and mixed with 10 µg AgNPs for 10 min or 1 h at 37°C. For the cellular corona, Calu-3 cells were exposed to 10 µg AgNPs for 24 h. At the end of the incubation period, the samples were centrifuged to separate AgNPs with their protein corona. The remaining free proteins were removed by 3 washes. (b) SDS-PAGE analysis in the acellular condition. A secretome sample was used as a control. (c) SDS-PAGE analysis in the cellular condition. A culture treated with HBSS was used as a control. Proteins were stained with SYPRO ® Ruby. Super: supernatant, Not Ads: free proteins. Cor: Protein corona.

Figure 56 :

 56 Figure 56: Modified centrifugation protocol for the separation of AgNPs in the secretome. (a) Schematic of the centrifugation protocol used for the analysis of the cellular protein corona on AgNPs. AgNPs were collected in 200µL HBSS in the apical compartment of Calu-3 cells.The samples were frozen at -80°C. Thawed samples were centrifuged in two steps, at 3,000g for 20 min at 4°C, then at 14,000g for 20 min at 4°C, followed by 3 washes in HBSS. (b) SDS-PAGE analysis of the cellular protein corona on AgNPs. NP-free sample (Ctl) and exposure to 10µg AgNPs (AgNP). Proteins were stained with SYPRO ® Ruby. Red square shows supernatants of the first separation step (samples highly diluted). Green square shows supernatants for each wash (samples highly diluted). Blue square with a dotted line shows the pellet from a NP-free secretome (Ctl) and AgNP-protein corona (AgNP).

Figure 57 :

 57 Figure 57: Magnetic versus centrifugation separation of Fe3O4 NPs in the secretome. (a) Picture of the sample attached to the magnet. The Fe3O4NPs were mixed with metallic beads to enhance Fe3O4NP separation (red dotted circle). (b) SDS-PAGE analysis of the protein corona on Fe3O4NP following magnetic and centrifugation separation. 10µg Fe3O4 NPs were used for the acellular protein corona analysis. A sample without NPs was used as a control (AE NPs). Proteins were detected with silver stain (Insight, 2D-silver Stain kit II, 167997). AENPs: control, NPs: protein corona.

10 and 50 µg

 50 AgNPs were mixed with 200 µL of the secretome. The AgNP concentrations were chosen to reproduce the conditions of AgNP toxicity testing on Calu-3 cells (10 µg AgNPs)

Figure 58 :

 58 Figure 58: Mass spectrometry analysis of the acellular protein corona formed on AgNPs in the secretome. LC-MS/MS analysis of the acellular protein corona on 10 µg AgNP and 50 µg AgNP in the secretome. The total number of proteins and the percentage of common proteins are shown in a Venn diagram. False positive proteins identified in the control were excluded from the analysis.

Figure 59 :

 59 Figure 59: g:GOST functional enrichment analysis of gene ontology cellular components applied to the acellular protein corona. Statistically significantly enriched gene ontology cellular components are shown for proteins identified in the 10 µg and 50 µg acellular protein corona.

Figure 61 :

 61 Figure 61: g:GOST functional enrichment analysis of Reactome pathways of the acellular protein corona.

Figure 62 :

 62 Figure 62: Characterization of AgNPs and the cellular protein corona following exposure to Calu-3 cultures. (a) Images of the samples after collection. (b, c, d) UV-vis spectra of AgNPs in HBSS and in the secretome following 1, 24, 48 h exposure of Calu-3 cells. (e) SDS-PAGE analysis of the cellular protein corona. AgNPs were isolated from the secretome by centrifugation and the protein corona was analyzed by SDS-PAGE gel using SYPRO ® Ruby staining.

Figure 63 :

 63 Figure 63: AgNP cellular protein corona analysis after 1 h and 24 h exposure of Calu-3 cells. The total number of proteins and the percentages of common proteins are shown in a Venn diagram. (a,b) Qualitative analysis of the cellular protein corona identified at 1 h and24 h for 10 µg AgNPs and 50 µg AgNP samples. (c) Qualitative comparison of the cellular protein corona after 1 h and 24 h exposure.

Figure 64 :

 64 Figure 64: g:GOST functional enrichment analysis of gene ontology cellular components of the cellular protein corona.

Figure 65 :

 65 Figure 65: Cellular protein corona formation using 10 and 50 µg of AgNPs during 1 h and 24 h. Sphere diagram representing adsorbed proteins in the surface of AgNPs using (a-b) 10 µg or (c-d) 50 µg during (a and c) 1 h and (b and d) 24 h. The size of the sphere changes proportionally to the relative abundance. Proteins are designated by their corresponding gene names.

Figure 66 :

 66 Figure 66: g:GOST functional enrichment analysis of Reactome pathways for the cellular protein corona.

3

 3 Cellular responses of the Calu-3 epithelial barrier to AgNP exposure

Figure 68 :

 68 Figure 68: Investigation of Calu-3 epithelial integrity following exposure to AgNPs at ALI. (a) Experimental design for cell exposure to AgNPs and characterization of the cellular protein corona. (b) TEER (c) LY permeability and (d) Alamar blue cell viability assay. All measurements were performed 1 day before, 1 h, 24 h and 48 h after AgNP exposure. An empty insert was used as a negative control for LY measurement (Blk). N=3. * p-value < 0.05.

Figure 69 :

 69 Figure 69: Gene expression levels of mucins and proteins associated to tight junctions. The gel-forming mucins (a) muc5ac and (b) muc5b and tight junctions (c) ZO-1 and (d) Ecadherin associated proteins were quantified by qRT-PCR. Gene expression was analyzed by the 2 -DDCt method and normalized to the rpl19 housekeeping gene. Data shown as Log2 foldchange normalized to the control for each time point. Results are expressed as mean ± SEM, n= 3.

Figure 70 :

 70 Figure 70: Gene expression levels for pro-inflammatory, anti-oxidant responses and metal homeostasis proteins. Target genes for the pro-inflammatory response (a) il-6, (b) il-8, (c) il-1b and (d) tnf-a,; for the anti-oxidant response (e) hmox-1, and for metal detoxification and homeostasis (f) mt1x and (g) mt2a, were quantified by qRT-PCR. Gene expression was analyzed by the 2 -DDCt method and normalized to the rpl19 housekeeping gene. Data shown as Log2 fold-change normalized to the control for each time point. Results are expressed as mean ± SEM, n= 3.

Figure 71 :

 71 Figure 71: Macrophage viability and cytokine release following exposure to bare AgNPs or to AgNPs pre-incubated with Calu-3 secretome (secretome-NP) or FBS (4%FBS-NP). THP-1 cells differentiated into macrophage-like cells were exposed to bare AgNPs (grey), secretome-AgNPs (blue), 4%FBS-AgNPs (orange), diluted in HBSS:RPMI medium. Cells exposed to HBSS:RPMI, secretome, or 4% FBS without NPs were used as controls. (a) THP-1 metabolic activity measured after 4 h and 24 h of exposure using WST-1 assay. Expressed in % compared to the control (exposed to HBSS:RPMI only). (b) The secretion of IL-8 (pg/mL) measured by ELISA after 24 h exposure to AgNPs. Metabolic activity data: mean ± SEM of 4 biological replicates. ELISA data: mean ± SEM of 2 biological replicates.

Figure 72 :

 72 Figure 72: Transmission Electron Microscopy observation of AgNP internalization by THP-1 cells following the formation of a protein corona in the secretome or in FBS. As a control, cells were treated with (a) HBSS:RPMI, (b) secretome and (c) 4% FBS. For the treatments, cells were exposed to 5 µg/mL of AgNP pre-incubated with (d) HBSS:RPMI (bare-NP), (e) secretome (secretome-NP) and (f) 4% FBS (FBS-NP) for 4 h. White arrows indicate NPs, FBS: fetal bovine serum, M: mitochondria, N: nucleus, V: vesicles, G: Golgi apparatus.

  inhaled NPs encounter the biological fluids present at the different levels of the respiratory tract, such as the epithelial lining fluid and the surfactant. The analysis of the broncho-alveolar lavage (BAL) revealed a different protein composition compared to blood fluids, with specific proteins such as mucins and clusterin surfactant proteins that form specific structures (mucus at the bronchial level and lamellar bodies in the alveoli) (Jinzhi Chen et al. 2008). Serum albumin, complement proteins and apolipoproteins, among others, are both present in blood and broncho-alveolar fluids. To date, very few studies have investigated the formation of the protein corona on NPs in the airway lining fluid. Kumar et al. investigated the protein corona formation on silica and poly(vinyl) acetate NPs using hBAL from healthy donors. The authors identified surfactant proteins (A and B), serum albumin and complement proteins (C3 and C4) among the most abundant proteins of the corona. Furthermore, they observed an enrichment of immunoregulatory proteins, which can promote phagocytosis.

  AgNPs with their 'cellular protein corona' due to the limited amount of material available. Coculture cellular models could be used in vitro to study the response on different cell types at the same time, while preserving the protein corona formation in relevant airway lining fluids. Such model could include macrophages on the apical side of the epithelial barrier, and fibroblasts on the basal side. Recently, He et al. established a co-culture model using Calu-3 cells and human

Chapter 6 :Figure 73 :

 673 Figure 73: Summary of the main results obtained during my thesis.

  NP from an airway fluid was investigated in presence or not of cells showing a dynamic process related to cell responses to NP exposure.Pisani et al. previously showed that the formation of the protein corona is a dynamic process and that the composition of the protein corona evolves with time(Pisani et al., 2017). To address more accurately the formation of the protein corona formation in complex biological fluids, in vitro and in vivo experiments have been developed.Cox et al. investigated the evolution of the protein corona evolution using an in vitro model of the blood-brain-barrier (A.[START_REF] Cox | Evolution of Nanoparticle Protein Corona across the Blood-Brain Barrier[END_REF]. The establishment of the model on inserts allowed the investigation of the evolution of the protein corona after NP translocation. The authors observed a different protein corona on the same NPs before and after translocation, supporting the evolution of the protein corona with its biological environment. In our study, we investigated the formation of the protein corona during the exposure of the bronchial epithelium to AgNPs in vitro. Our Calu-3 model was developed on inserts with a 3 µm porosity, so that NP translocation through the epithelium could be later investigated. The use of in vitro models to analyze the protein corona provides more relevant results compared to the analysis of acellular protein corona (that is in biological fluids but without cells). Cell exposure to NPs can induce cellular responses producing changes in the biological fluid composition. These changes may lead to a modification of the protein corona, which can result in changes in NP internalization, translocation, or toxicity. One limitation of in vitro models is the use of cell culture media, which are usually supplemented with FBS, potentially bringing exogenous proteins to the system.The composition of the protein corona has also been investigated in vivo, though it can be challenging to collect NPs in the whole organism. Circulating NPs were collected from the blood in most cases.Hadjidemetriou et al. reported differences in the composition of the protein corona formed onto liposomal NPs either in vitro or in vivo in mice. The protein corona formed

  applications.Richards et al. presented a gold NPs functionalized with bovine serum proteins, which provide protection against NPs fouling and improved the delivery of Ontruzant (an antibody against tumoral biomarkers) specifically to the tumoral tissue[START_REF] Richards | Employing Defined Bioconjugates to Generate Chemically Functionalised Gold Nanoparticles for: In Vitro Diagnostic Applications[END_REF].Mixing inactivated influenza viral particles with silver NPs promoted mice protection against lethal viral infections. AgNPs boosted the immune system and favoured the production of mucosal antibodies against the influenza virus (Sanchez-[START_REF] Sanchez-Guzman | Silver Nanoparticle-Adjuvanted Vaccine Protects against Lethal Influenza Infection through Inducing BALT and IgA-Mediated Mucosal Immunity[END_REF]). Thus, it would be interesting to know whether adsorption of viral particles, viral proteins, and/or host proteins participated in the building of the immune response. The cellular model and the methodologies that have been developed in this thesis could contribute to the development of such studies. epithelium is the first line of defense against atmospheric particles, pollutants, and respiratory pathogens such as the novel SARS-CoV-2. The epithelial cells form a tight barrier and secrete proteins that are major components of the mucosal immune response. Functional in vitro models of the human lung are essential for screening the epithelial response and assessing the toxicity and barrier crossing of drugs, inhaled particles, and pollutants. However, there is a lack of models to investigate the effect of chronic exposure without resorting to animal testing. Here, we developed a 3D model of the human bronchial epithelium using Calu-3 cell line and demonstrated its viability and functionality for 21 days without subculturing. We investigated the effect of reduced Fetal Bovine Serum supplementation in the basal medium and defined the minimal supplementation needed to maintain a functional epithelium, so that the amount of exogenous serum proteins could be reduced during drug testing. The long-term evolution of the epithelial cell secretome was fully characterized by quantitative mass spectrometry in two preclinical models using Calu-3 or primary NHBE cells. 408 common secreted proteins were identified while significant differences in protein abundance were observed with time, suggesting that 7-10 days are necessary to establish a mature secretome in the Calu-3 model. The associated Reactome pathways highlight the role of the secreted proteins in the immune response of the bronchial epithelium. We suggest this preclinical 3D model can be used to evaluate the long-term toxicity of drugs or particles on the human bronchial epithelium, and subsequently to investigate their effect on the epithelial cell secretions.

Figure 1 .

 1 Figure 1. Development of a 3D model of the human bronchial epithelial using Calu-3 cells for long-term toxicity studies. (a) Schematic of the experimental protocol to establish long-term cultures of Calu-3 cells. Cells were grown on Transwell inserts with a 3-µm pore diameter. Cell differentiation was induced by changing culture conditions from submerged to ALI. The barrier integrity of the epithelium was assessed by the measurement of the trans-epithelial electrical resistance (TEER) and the paracellular permeability (Lucifer Yellow (LY) permeability assay). (b) Evolution of the TEER for 21 days in a representative experiment (n = 3). A TEER > 300 Ω cm 2 (horizontal line) is associated with a tight epithelium (n = 3). (c) Measurement of the paracellular permeability with the LY assay at 11, 17, and 21 days. An empty Transwell insert was used as a negative control. A LY permeability < 2% (dotted line) is associated with a tight epithelium (n = 3). Significant differences between conditions (FBS %) *P < 0.01. **P < 0.05, ***P < 0.001.

Figure 2 .

 2 Figure 2. Effect of lower FBS supplementation on the apical secretion by Calu-3 cells in long-term cultures. (a) Total protein and (b) glycoprotein concentration in the apical secretome of Calu-3 cells supplemented with 0, 2, 4, 8% FBS at day 3, 10 and 17 after ALI. The glycoprotein concentration was normalized to the total protein concentration. (c-f) Immunolabelling of ZO-1 (green) and MUC5AC (red) in DAPI-stained Calu-3 cells at day 17 after ALI. The cell cultures were supplemented with 0 (c), 2 (d), 4 (e), and 8% FBS. Each image is the z-projection of 10 slides. (n = 3) *P < 0.01 a,b statistically different between days.

Figure 3 .

 3 Figure 3. Proteomic analysis of the apical secretome of the human bronchial epithelium in Calu-3 and NHBE models. (a) Qualitative analysis of the extracellular proteins of Calu-3 and NHBE cells at day 4, day 11 (Calu-3) or 12 (NHBE), and day 18 after ALI. The total number of proteins and the percentage of common proteins are shown in a Venn diagram. (b) Comparison of the abundance of extracellular proteins by Principal Component Analysis (PCA). The analysis was performed at day 4, day 11 (Calu-3) or 12 (NHBE), and day 18. The different donors (NHBE cells) and biological replicates (Calu-3 cells) are represented for each condition and circled on the graph. The percentage associated with each principal component is indicated in the axis legend. (c) Heat map of extracellular proteins identified in the apical secretome of Calu-3 cells and NHBE cells at day 4, 11-12, and 18 after ALI. A protein set showing a large difference at day 4 in the secretome of Calu-3 cells is highlighted by a black rectangle.

Figure 4 .

 4 Figure 4. Time evolution of the secretome of Calu-3 and NHBE cells. Schematic representing the proteins secreted by Calu-3 (a) and NHBE (b) cells as a function of their abundance at day 4, 11-12, and 18 after ALI. A larger sphere denotes a higher protein abundance. Proteins are designated by their corresponding gene. Human serum albumin (alb), neutrophil gelatinase-associated lipocalin (lcn2), polymeric immunoglobulin receptor (pigr), alpha-1-antitrypsin (serpina1), BPI fold containing family B member 1 (bpfib1). The full protein list is detailed in TableS1.

Figure 5 .

 5 Figure 5. Analysis of the biological pathways associated with the secreted proteins in the Calu-3 and NHBE models. (a) Heat map of the 20 most abundant proteins secreted by Calu-3 and NHBE cells at day 4, 11-12, and 18 after ALI. Proteins are designated by their corresponding gene. (b) Reactome pathways associated with the extracellular proteins identified in the apical secretome of Calu-3 cells (in green) and NHBE cells (in blue) at day 11-12 and 18 after ALI. (P < 0.05 for each fold enrichment).

  7.0). Data are expressed as mean ± standard deviation. All data passed the D' Agostino and Pearson or the Shapiro-Wilk normality test (α = 0.05). When comparing groups, multiple comparison two-way ANOVA corrected with Benjamini, Krieger and Yekutieli test were used. For comparing time variability within group, three-way ANOVA corrected with Benjamini, Krieger and Yekutieli test were used. For Lucifer yellow assay, Boneferroni-Dunn t-test method was applied. P < 0.05 was used as a threshold for statistically significant results.veau foetal (SVF) afin de diminuer l'impact de protéines exogènes dans les interactions NPprotéines et NP-cellules.L'intégrité de la barrière épithéliale a été mesurée pendant 17 jours de culture en IAL en utilisant une supplémentation de 0, 2, 4 et 8% de SVF dans le compartiment basal. La mesure de la résistance électrique trans-épithéliale (TEER) et de la perméabilité au jaune de Lucifer (LY) n'a pas montré de différences significatives entre les conditions, montrant que la culture sur un insert de large porosité n'empêchait pas l'établissement d'une barrière. Seuls de légers changements de TEER ont été observés, la condition 2% SVF présentant les valeurs de TEER les plus élevées. La formation de jonctions serrées a été confirmée par l'immunomarquage de la protéine zonula occludens-1 (ZO-1) associée aux jonctions serrées, ce qui montre que l'intégrité de l'épithélium a été maintenue pendant les 17 jours de culture en IAL. Par ailleurs, la sécrétion des protéines vers le compartiment apical a été étudiée en rinçant le pôle apical des cellules avec 200 µL de tampon HBSS. Dans ce sécrétome, nous avons observé que la concentration de protéines était plus élevée lorsque le pourcentage de SVF était plus élevé. Les cellules Calu-3 se différenciant in vitro en un phénotype muqueux, les mucines ont été dosées dans le sécrétome par un test ELLA. De manière surprenante, une sécrétion exacerbée de glycoprotéines a été mesurée dans les cultures sans supplémentation de SVF qui s'accentuait avec le temps. En revanche, alors que les cultures en présence de 4% et 8% de SVF n'ont pas présentées de changements dans la production de glycoprotéines, celles réalisées en présence de 2% de SVF produisaient moins de glycoprotéines au fil du temps. La sécrétion de mucines a été confirmée par l'immunomarquage de MUC5AC, une des principales mucines au niveau bronchique avec cependant un profil d'expression différencié. En effet, les cultures en l'absence de SVF présentaient un réseau de mucus très dense alors que celles réalisées en présence de 2%, 4% et 8% de SVF montraient un marquage punctiforme avec des différences dans les intensités de marquage.Pour poursuivre nos travaux, nous avons sélectionné la culture complémentée avec 4 % de SVF qui permet de réduire l'apport en protéines exogènes sans affecter la sécrétion de protéines par les cellules Calu-3 ni l'intégrité de la barrière épithéliale, et ce sur plusieurs semaines de culture. La caractérisation du modèle Calu-3 a été poursuivie en le comparant à des épithéliums bronchiques humains normaux (MucilAir TM de chez Epithelix) provenant de 3 donneurs différents. Une analyse protéomique par LC-MS/MS a été réalisée pour déterminer la composition du sécrétome apical des 2 types de cultures et son évolution pendant les 18 jours de culture en IAL. Au total, 408 protéines extracellulaires communes ont été identifiées dans les modèles Calu-3 et MucilAir TM , soit 100% de similitude entre les protéines sécrétées dans les deux modèles. Parmi les protéines extracellulaires, des mucines gélifiantes (MUC5AC, MUC5B) et associées à la membrane (MUC1, MUC4 et MUC16), ainsi que des peptides antimicrobiens (lysozyme, lipocaline-2, lactotransferrine et clusterine) ont été identifiés. La présence de ces protéines a permis de démontrer la fonctionnalité du modèle Calu-3. Cependant, des différences dans les abondances relatives des protéines ont été observées entre les 2 modèles. Alors qu'aucune différence n'a été observée entre les 3 donneurs pour le modèle MucilAir TM , des différences dans les abondances relatives ont été observées dans les sécrétomes des cultures Calu-3 selon le temps de culture en IAL. Une évolution entre les cultures récemment placées en IAL et celles y étant depuis plus de 11 jours est observée en lien avec la différenciation cellulaire en cours. Après 11 jours, la composition du sécrétome se stabilise, traduisant un sécrétome mature. Afin d'aller plus loin dans l'interprétation des données de protéomique, nous avons utilisé la base de données Reactome Pathway pour identifier un enrichissement fonctionnel de certaines voies au niveau des sécrétomes matures de Calu-3 et de MucilAir TM . Ceci nous a permis d'identifier un enrichissement en protéines impliquées dans les réponses immunitaires innées, soulignant le rôle de défense du sécrétome dans l'épithélium des voies respiratoires. Nous avons également pu faire une analyse LC-MS/MS d'un lavage broncho-alvéolaire (LBA) humain où nous avons retrouvé les protéines identifiées dans les sécrétomes in vitro, sans pouvoir toutefois réaliser une comparaison quantitative n'ayant pu disposer que d'un seul LBA. Néanmoins, les données de la littérature confirment ce que nous avons retrouvé dans les modèles in vitro d'épithélium bronchiques humains, avec la présence de protéines impliquées dans le système immunitaire inné dans différents LBA. Lorsque les NP entrent en contact avec un fluide biologique, elles interagissent avec les différentes biomolécules présentes et notamment les protéines. Une couronne de biomolécules adsorbées à la surface des particules se forme qu'on appelle traditionnellement « corona ». Cette couronne protéique fournit une nouvelle identité biologique à la NP. Les protéines adsorbées peuvent modifier les interactions entre les NP et les cellules, augmenter ou diminuer leur internalisation, et jouent un rôle important dans la toxicité des NP. L'étude de la composition de la corona protéique a surtout été réalisée ces dernières années en utilisant du sérum ou du plasma sanguin comme fluide biologique pour déterminer le rôle des propriétés physico-chimiques des NP et celles des protéines disponibles dans le fluide dans leur adsorption. Par contre, la nature de la corona qui se forme sur les NP inhalées a fait l'objet de très peu de travaux. C'est la raison pour laquelle nous avons exploité notre modèle cellulaire 3D pour étudier les interactions entre NP et protéines du fluide respiratoire, riche en mucines. Nous avons analysé la composition de la couronne de protéines qui se forme sur les AgNP lorsqu'elles sont incubées dans le sécrétome apical des cellules Calu-3. Cette analyse a nécessité de tester différentes approches pour isoler les NP avec leur corona du sécrétome (protéines libres). Une séparation efficace est rendue difficile par la viscosité du sécrétome due à la présence de mucus. Nous avons adapté un protocole de séparation utilisant la centrifugation en ajoutant une étape de congélation à -80°C. La formation de la couronne protéique sur les AgNP a ensuite été étudiée en utilisant deux stratégies : i) la première nous a permis d'analyser ce que nous avons appelé la « couronne acellulaire » : les AgNP ont été incubées dans un sécrétome qui avait été préalablement récolté sur des cultures Calu-3 non exposées à des NP. Dans ces conditions, l'incubation est dite statique car la composition du sécrétome est stable dans le temps et les NP interagissent avec les protéines préexistantes. La composition de la corona peut toutefois évoluer au cours du temps en fonction de l'affinité des protéines pour la surface ; ii) la seconde nous a permis d'étudier la « couronne cellulaire » qui s'est formée sur les NP après qu'elles aient été utilisées pour traiter les cultures de Calu-3 pendant 1 h ou 24 h. Dans ces conditions, le système est dynamique car la composition et/ou l'abondance des protéines dans le sécrétome évoluent du fait des réponses cellulaires à l'exposition aux AgNP. Les effets liés aux interactions NP-cellule et NP-protéines se combinent alors pour façonner et remanier la corona, ce qui se rapproche des conditions réelles d'exposition. La « couronne acellulaire » formée sur les AgNP après 1 h d'incubation est composée de 73 ou 90 protéines, selon que l'expérience est réalisée en présence de 10 µg ou 50 µg d'AgNP. La diversité protéique est donc plus faible lorsque la surface disponible est la plus faible et la compétition pour l'adsorption la plus élevée (ratio protéines/NP le plus élevé correspondant à 50 µg protéines pour 10 µg AgNP, soit une surface de 3.8 10 -4 m²). La composition de la couronne protéique change également selon le ratio protéines/NP. Ainsi quand il est faible, la couronne présente un enrichissement en protéines impliquées dans le métabolisme des ARN et des acides aminés, tandis que lorsque la surface disponible augmente, nous observons également des protéines impliquées dans la signalisation induite par le récepteur des cellules B. Enfin, quel que soit le ratio, un enrichissement en différentes sous-unités du protéasome (PSMB3, PSMB4 et PSM7), en cytokines (IL-18) entre autres est observé. La « couronne cellulaire » formée lors de l'exposition des cellules Calu-3 aux AgNP est composée de 100 et 104 protéines, selon que l'expérience est réalisée en présence de 10 µg ou 50 µg d'AgNP après 1 h d'exposition. Au contraire, après 24 h d'exposition, la couronne protéique est composée de 367 et 377 protéines en présence de 10 µg ou 50 µg d'AgNP respectivement. Des différences dans la composition de la couronne de protéines ont été observées après 1 ou 24 h d'exposition de Calu-3 indépendamment de la concentration en NPs. Cela suggère une évolution de la composition du sécrétome et/ou un remaniement de la couronne protéique. Après 1 h d'incubation, la couronne « cellulaire » présente un enrichissement en protéines associées au métabolisme de l'ARN, mais aussi d'autres liées au cycle cellulaire, à la réplication de l'ADN (DEK), entre autres. Après 24 h d'exposition, nous avons observé un enrichissement des protéines associées aux microtubules (TUB8), des protéines impliquées dans le métabolisme des xénobiotiques et des protéines (CYB5B, famille RPL), et des protéines associées aux mitochondries (TXN2, PPA2). De plus, des protéines extracellulaires et intracellulaires ont été identifiées aussi bien dans la couronne acellulaire que cellulaire. Les protéines intracellulaires pourraient provenir du renouvellement de l'épithélium (extrusion de cellules au pôle apical) (conditions sans exposition) et du remaniement de l'épithélium suite à une exposition aux AgNP. La comparaison de la composition de la couronne protéique formée sur les AgNP dans le sécrétome en présence ou non de cellules a mis en évidence plusieurs éléments : i) la couronne protéique est plus riche, en termes de diversité protéique, lorsqu'elle se forme en présence de cellules ; ii) la fraction de protéines intracellulaires et issues d'organelles augmente avec le temps dans la couronne protéique cellulaire, iii) cette diversité augmente avec le temps. Ces résultats suggèrent que la réponse cellulaire aux AgNP a induit des changements dans la composition de la couronne protéique, qui pourraient être liés à la modification du sécrétome induite par l'exposition. Nous avons vérifié que les concentrations d'AgNP (10 μg/cm 2 et 50 μg/cm 2 ) utilisées pour exposer les cellules n'avaient aucun effet sur la viabilité des cellules ni sur l'intégrité de la barrière épithéliale jusqu'à 48 h. Cependant, une surexpression des gènes impliqués dans la défense antioxydant, la réponse proinflammatoire et le stress métallique telles que l'hème-oxygénase, les cytokines IL-6 et IL-8, et la métallothionéine respectivement, a été observée, suggérant que l'exposition aux AgNP stimule les mécanismes de défenses cellulaires, probablement accompagnés de mécanismes sécrétoires. La composition du sécrétome des cellules exposées aux AgNP est actuellement en cours d'analyse afin de déterminer dans quelle mesure le traitement affecte celle-ci. Des macrophages dérivés de THP-1 ont été utilisés pour étudier le rôle de la couronne de protéines sur les AgNP dans les interactions cellulaires. Les macrophages ont été exposés dans le milieu HBSS:RPMI aux AgNP seules, ou pré-incubées dans le sécrétome des cellules Calu-3 ou dans le SVF (4%). Les AgNP pré-incubées dans le sécrétome ont induit une activité métabolique plus élevée et une réponse pro-inflammatoire différente dans les cellules THP-1 par rapport aux AgNP nues ou incubées dans le SVF. La nouvelle identité biologique des AgNP acquise dans le sécrétome bronchique pourrait ainsi favoriser l'activation des cellules immunitaires et faciliter l'internalisation des NP par les macrophages. L'internalisation des AgNP par les macrophages a été confirmée dans toutes les conditions par microscopie électronique à transmission. Toutefois une analyse quantitative serait nécessaire pour déterminer dans quelle mesure la nature de la couronne protéique influence l'internalisation. Des expériences supplémentaires seront aussi nécessaires pour élucider son rôle sur la toxicité des AgNP et les mécanismes sous-jacents. En conclusion, un modèle fonctionnel in vitro de culture 3D d'épithélium bronchique humain a été développé à partir de la lignée Calu-3. Il est actuellement mis en oeuvre pour évaluer la toxicité à long terme des NM in vitro puisque nous avons pu établir des conditions de culture permettant le maintien de la barrière épithéliale sur plusieurs semaines. Nous avons montré que les cellules Calu-3 produisent un sécrétome ayant une fonction protectrice liée à l'immunité innée, très similaire à celui produit par l'épithélium bronchique humain normal et à celui produit in vivo. Nous avons décrit pour la première fois la composition et l'évolution de la couronne protéique qui se forme sur des AgNP au contact des secrétions épithéliales des voies aériennes et mis en évidence un effet spécifique de cette couronne protéique sur la réponse des macrophages aux AgNP Ce travail met en lumière la nécessité de poursuivre l'analyse de la couronne protéine dans le cadre de son implication dans la réponse immunitaire aux NM dans le poumon.
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Table 1 :

 1 Advantages and disadvantages of different 3D cell culture techniques.

Adapted from

(Fang and Eglen 2017) 

Table 2 : Different cell types used to form airway and alveolar epithelium Cell name Type Culture condition Days in culture

 2 

	MucilAir (Commercially available)	Primary bronchial cells ALI	Up to one year
	SmallAir (Commercially available)	Primary bronchial cells ALI	Up to one year
	BEAS-2B	Immortalized cell line	Submerged/ALI	
	16HBE140o	Immortalized cell line	Submerged/ALI	
	NCI-H292	Tumoral cell line	Submerged	
	BCi NS1	Immortalized cell line	ALI	Up to 28 days
	Calu-3	Tumoral cell line	Submerged/ALI Up to 28 days
	A549	Tumoral cell line	Submerged/ALI --
	NCI-H441	Tumoral cell line	Submerged/ALI Up to 30 days
	hAELVI	Immortalized cell line	Submerged/ALI Up to 30 days

Table 3 :

 3 Size distribution of NM300K. Data from JRC expressed as average ± standard deviation. Diameters 1 and 2 correspond to the mean diameter of two NP populations identified in the samples.

	Technique	Laboratory	Diameter 1 (nm)	Diameter 2 (nm)	Max diameter (nm)
	TEM	IUTA	5.2 ± 1.7	15 ± 1.1	32.6
	TEM	VAR	3-4	17.3	
	TEM	EMPA	17.2 ± 3.2		
	SEM	IUTA	14 ± 1.4		66
	NTA	EMPA	52.3 ± 26		
	DLS	Several	50-70		

TEM: transmission electron microscopy. SEM: scanning electron microscopy. NTA: nanoparticle tracking analysis. DLS: Dynamic Light Scattering. IUTA German institute of Energy and Environmental Technology. VAR: Veterinary and Agrochemical Research Centre (Belgium). EMPA: Swiss Federal Laboratories for Materials Science and Technology.

Table 5 :

 5 Analysis of AgNP size distribution by TEM, DLS and SAXS.

Table 6 :

 6 Detailed information about the 3 donors and the corresponding MucilAir TM models.

	Reception	Donor	Age	Sex	TEER (Ω.cm 2 )	Date of seeding on TW (Epithelix)	Date of ALI (Epithelix)	Days at ALI upon reception
		1 (MD076801)	59	Female	208 ± 4	06/05/19	13/06/19	12
	25/06/19	2 (MD072001)	41	Male	293 ±6	23/04/19	29/04/19	26
		3 (MD067001)	15	Male	207 ± 6	06/05/19	13/06/19	12

Data from Epithelix. TEER: Transepithelial electric resistance. TW: Transwell.

  Leica Ultracut S microtome equipped with a diamond knife (Diatome ultra-45) and transferred on Cu grids. Only control cultures (not exposed to nanoparticles) were stained with lead citrate to enhance the image contrast. Unstained control and treated cells were observed for the analysis of NP uptake. Samples were imaged with a JEM-100S microscope (Jeol Ltd

	Antibody Anti-MUC5AC Anti-ZO-1 with a Tokyo, Japan) operating at 80 kV. Images were acquired with an Orius 200 digital camera Type Specie Dilution Reference Primary Mouse 1/500 ThermoFisher (45M1-12178) Primary Rabbit Santa Cruz Biotechnology (SC-1/500 10804) Anti-E-Cadherin Primary Rabbit (Gatan-Roper Scientific, Evry, France) using Gatan software and treated using ImageJ 1/500 ThermoFisher (PA5-32178) tubulin (GT335) Primary Mouse 1/10000 Gift Anti-glutamylated software.
	Anti-mouse-AF594	Secondary	Donkey	1/1000	Jackson ImmunoResearch (715-585-150)
	Anti-rabbit-AF488	Secondary	Goat	1/1000	Jackson ImmunoResearch (111-545-144)
	Anti-mouse-AF647	Secondary	Donkey	1/1000	ab150107
	for 45 min at 4°C and incubated in 1% v/v aqueous uranyl acetate solution for 2 h at room
	temperature. The samples were dehydrated in ethanol solutions of increasing percentage (30%,
	50%, 70%, 95% and 100%, 3 x 10 min each), in ethanol:propylene oxide mix (1:1 v), and
	finally in propylene oxide (3 x 10 min).		
	a) TEM				
	For transmission electron microscopy, each sample was embedded in Epon epoxy resin. Epoxy

Cell fixation was done in 2.5% v/v glutaraldehyde and 2% v/v paraformaldehyde in 0.1M sodium cacodylate pH 7.3 with 45 min incubation at room temperature. After washing three times with sodium cacodylate buffer, the samples were treated with 1% v/v osmium tetroxide infiltration was done overnight. Epoxy was replaced by fresh resin twice, and incubated for 3 hours each time at room temperature. Samples were transferred to a mold with fresh resin and the polymerization was done at 60°C for 48 h. Ultra-thin sections of 80 nm thickness were cut

Table 8 :

 8 Reverse transcriptase thermal cycler cycles

		Step 1	Step 2	Step 3	Step 4
	Temperature (°C)	25	37	85	4
	Time (min)	10	120	5	∞

Table 9 :

 9 Sequences of the primers used for RT-qPCR

	Gene name	Forward (5

'-3') Reversed (5'-3')

  

	2.6 Methods for protein analysis	
	2.6-1 Total protein quantification: BCA assay	
	The protein concentration in the apical secretome was measured using the bicinchoninic acid
	(BCA) protein assay (PierceTM BCA protein assay kit, ThermoFisher Scientific) following the
	manufacturer's protocol. Briefly, 25 µL of sample previously diluted in HBSS Ca2+/Mg2+ and the
	standard (working range 20-2000 µg/mL) were deposited in a 96-well plate in duplicate. 200
	µL working reagent solution (reagent A and reagent B, 50:1 v/v) was added to each well and
	incubated for 30 min at 37°C. The absorbance was measured at 562 nm on the FlexStation 3
	microplate reader (Molecular Devices). The protein concentration was estimated by
	interpolation of the standard curve.	
	Housekeeping	rpl19	GGCTCGCCTCTAGTGTCCTC	GGCTCGCCTCTAGTGTCCTC
	Mucins	muc5ac muc5b	AACTACTCCCAGCCCTGTTC GGGATCTTCCTGGTCATCGA	GTAGAGGCAGGGGTTGTTCT GCTACGCGTGGCAAAGTCAT
		il-1a	CTCACGGCTGCTGCATTACA	CTTCAGCAGCACTGGTTGGT
	Pro-inflammatory cytokines	il-1b il-6 il-8	GGACAAGCTGAGGAAGATGC TGGTCTTTTGGAGTTTGAGG AGACAGCAGAGCACACAAGC	CGTGCACATAAGCCTCGTTA CGCAGAATGAGATGAGTTGTC ATGGTTCCTTCCGGTGGT
		tnf-a	GCTCCCCAAGAAGACAGG	GCCAGAGGGCTGATTAGA
	Tight junctions	zo-1 cdh-1	TGCAGCCAAGGAAGGCTTAGA GGTCAAGCAGGAAAAGGACGG GGACAGGGACTGATTTTGAGC GTGAAGGGAGATGTATTGGG
	Metallic	mt1x	ACTCCTGCTTCTCCTTGCCTC	TGCACTTGTCTGACGTCCCTT
	detoxification	mt2a	TCCTGCAAATGCAAAGAGTGC AAAATCCAGGTTTGTGGAAGTCG
	Oxidative stress	hmox-1	CGTTCCTGGTCAACATCC	CTGTCGCCACCAGAAAG
	Osmotic pressure	alb	TAGAGAAGTGCTGTGCCGCT	AGTTGGAGTTGACACTTGGGGT

Table 10 :

 10 List of primary and secondary antibodies used for western blots. MUC5AC: mucin 5AC. MUC5B: mucin 5B.

  Da, and an AGC target of 2.10 5 . MS/MS data were acquired in a data-dependent mode with a dynamic exclusion of 30 s. Monocharged peptides or peptides with unassigned charge states were excluded from the analysis. The maximum ion accumulation times were set to 50 ms and 45 ms for MS and MS/MS acquisition respectively. blade, the protein band was cut from the gel and kept in microcentrifugation tube prewashed with acetonitrile (ACN). The gel was distained using 40% methanol and 10% acetic acid in water for 10 min, and dehydrated with 2 serial incubations of 200 mM ammonium bicarbonate/ACN (2:3 V/V) and 100% ACN for 10 min at 37°C. Then, the proteins were

	Proxeon 1000 Nano-LC (ThermoFisher). Peptides were separated by liquid chromatography
	using the following specifications: Acclaim PepMap100 C18 pre-column (2 cm, 75 μm i.d., 3
	μm, 100 Å); Pepmap-RSLC Proxeon C18 column (50 cm, 75 μm i.d., 2 μm, 100 Å); 300 nL/min
	flow rate, 98 min gradient going from 95% solvent A (water, 0.1% formic acid) to 35% solvent
	B (100% acetonitrile, 0.1% formic acid) followed by column regeneration (total time 120 min). denatured with 10 mM DTT in 100 mM ammonium bicarbonate for 1 h at 56°C followed by
	Peptides were first analyzed in positive mode in the Orbitrap cell at high resolution, with an reduction and alkylation step with iodoacetamide (144-48-9, Sigma-Aldrich) for 30 min in the
	m/z range of 375-1500. MS/MS data were acquired in the Orbitrap cell in a Top20 mode with dark. After the gel was rinsed with ammonium bicarbonate and ACN at 37°C, 20 µg/mL
	an AGC target of 3.10 6 for full MS. Fragments were obtained by Higher-energy C-trap Trypsin Gold (V5280, Promega) diluted in 50 mM ammonium bicarbonate was added, and the
	Dissociation (HCD) activation with a collisional energy of 27%, a quadrupole isolation window samples were incubated overnight at 37°C with gentle mixing. Peptides were extracted and
	Antibody Anti-MUC5AC Anti-MUC5B Anti-mouse-HRP Anti-rabbit-HRP of 1.4 b) Analysis of the acellular and cellular protein corona Type Specie Dilution Primary Mouse 1/500 Primary Rabbit 1/500 Secondary Goat 1/3000 Secondary Goat 1/3000 recovered from the gel by 2 incubations with 30% ACN/0.2% trifluoroacetic acid. All the Reference ThermoFisher, 45M1-12178 Sigma, HPA008246 Jackson ImmunoResearch 115-035-003 Jackson ImmunoResearch 111-035-003
	AgNPs with their protein corona were isolated from the secretome by centrifugation (see 2.3-
	5) and proteins were separated from the nanoparticles by SDS-PAGE as described before (see
	2.6-2 b). Label-free quantitative proteomic analysis of acellular and cellular protein corona was
	performed by LC-MS/MS following protein digestion with trypsin on the Orbitrap Fusion

Label-Free quantitation was performed with Progenesis QI software (Waters) using the HI-3 method for protein quantification. Data were processed with Proteome Discoverer 2.2 software (ThermoFisher Scientific). The mass tolerance was set to 6 ppm for precursor ions and 0.02 Da for fragments. The MASCOT software

(Matrix Science, v. 2.4) 

was used for protein identification on the Homo sapiens and Bos Taurus Swissprot databases (2019).

The following post-translational modifications were searched in dynamics parameters: oxidation (M), phosphorylation (S/T/Y), acetylation (Protein N-terminal). The maximum number of missed cleavages was limited to 2 for trypsin digestion. P-values of peptides were calculated using the percolator algorithm, and a 5% threshold was applied. Filters used in the MASCOT software correspond to proteins identified with a minimum of 2 peptides, a MASCOT score > 40, and a p-value < 0.05. Extracellular proteins were identified using the extracellular compartment database of the Progenesis software.

Tribrid MS at the National Institute for Cellular Biotechnology (NICB)-Dublin City University.

Each analysis was performed in triplicates. Peptides were separated by liquid chromatography for 60 min in high-resolution mode. Before LC-MS/MS, proteins were digested. Briefly, using a clean razor extracted peptides were pooled in a new tube. Purification and concentration of extracted peptides were done using Pierce ® C18 tips (87783, Thermo Scientific).

  7.0). Data were expressed as mean ± standard error of the mean. All data passed the D'Agostino and Pearson or the Shapiro-Wilk normality test (a = 0.05). When comparing groups, multiple comparison two-way ANOVA corrected with Benjamini, Krieger and Yekutieli test was used. For comparing time variability within the group, three-way ANOVA corrected with Benjamini, Krieger and Yekutieli test was used. For Lucifer yellow permeability, the Bonferroni-Dunn t-

test method was applied. P-values < 0.05 were considered as statistically significant.

Table 12 :

 12 Top 10 of the most abundant proteins in the cellular protein corona after 1 h exposure of Calu-3 cells.

	Condition Gene name Accession	Description
		RHOC	P08134 Rho-related GTP-binding protein RhoC
		DEK	P35659 Protein DEK
		TAF15	Q92804 TATA-binding protein-associated factor 2N
		NUP205	Q92621 Nuclear pore complex protein Nup205
		STX7	O15400 Syntaxin-7
	10 µg AgNP	NDUFB10	O96000	NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10
		CLDN4	O14493 Claudin-4
		RCC2	Q9P258 Protein RCC2
		NDUFB6	O95139	NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 6
		RPL36	Q9Y3U8 60S ribosomal protein L36
		YBX1	P67809 Nuclease-sensitive element-binding protein 1
		SLTM	Q9NWH9 SAFB-like transcription modulator
		MTX1	Q13505 Metaxin-1
		SUB1	P53999 Activated RNA polymerase II transcriptional coactivator p15
	50 µg AgNP	SEC61G	P60059 Protein transport protein Sec61 subunit gamma
		RPL36	Q9Y3U8 60S ribosomal protein L36
		EIF3E	P60228 Eukaryotic translation initiation factor 3 subunit E
		SNRPD2	P62316 Small nuclear ribonucleoprotein Sm D2
		PPL	O60437 PPL

Table 13 :

 13 Top 10 of the most abundant proteins in the cellular protein corona after 24 h exposure of Calu-3 cells.

Table 14 :

 14 Common proteins identified in the acellular and cellular protein corona for 10 and 50 µg AgNPs.

	Condition Gene name Accession Description
	PSMB4	P28070	Proteasome subunit beta type-4
	GDI1	P31150	Rab GDP dissociation inhibitor alpha
	All		
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regulator activity, such as activator of 90 kDa heat shock protein (AHSA1) and Rab GDP dissociation inhibitor alpha (GDI1); proteins with receptor regulator activities, such as midkine (MDK) pancreatic prohormone (PNP); proteins with transcription regulation activities, such as RNA-binding protein EWS (EWSR1) and hepatoma-derived growth factor (HDGF); proteins with binding activities, such as tight junction protein ZO-2 (TJP-2), actin-related protein 2/3 (ARPC1B), putative RNA-binding protein (LUC7L2); and proteins with catalytic activities, such as fumarylacetoacetase (FAH), pterin-4-alpha-carbinolamine dehydratase (PCBD1), phosphoserine aminotransferase (PSAT1) and purine nucleoside phosphorylase (PNP).

Besides, the protein CDGSH iron-sulfur domain-containing protein 2 (CISD2), which is involved in cellular autophagy regulation at the endoplasmic reticulum [START_REF] Chang | Antagonism of Beclin 1-Dependent Autophagy by BCL-2 at the Endoplasmic Reticulum Requires NAF-1[END_REF], was also identified in the protein corona in both conditions . The biological role of the adsorbed proteins was further investigated by functional enrichment analysis of the Reactome pathways (Figure 61). Common and unique proteins for each NP-cell interaction and NP uptake. as the extracellular environment will be conditionate via the secretion of biomolecules by the exposed cells [START_REF] Albanese | Secreted Biomolecules Alter the Biological Identity and Cellular Interactions of Nanoparticles[END_REF].

The acellular and cellular protein corona formed after 1h incubation/exposure to 10 µg and 50 µg AgNPs are presented in Figure 67. We observed differences between the cellular and acellular protein corona formed in the secretome for the same incubation or exposure time (1 h). For 10 µg AgNP corona, 10 proteins were common to the 2 conditions, whereas 63 were unique to the acellular corona and 90 were unique to the cellular corona (Figure 67a). For 50 µg AgNP corona, 16 proteins were common to the 2 conditions, whereas 74 were unique to the acellular corona and 88 were unique to the cellular corona (Figure 67b). Among the 10 and 16 common proteins identified for 10 and 50 µg AgNPs, 9 proteins were common to the all conditions, only 1 was unique to 10 µg AgNP, while 7 were unique to 50 µg AgNP (Table 14). This effect could be due to differences in the secretome composition following Calu-3 cell exposure to AgNPs. The analysis of the secretome after treatment by AgNPs is in progress to document this effect. 

Conclusion

We established a method to isolate NPs and adsorbed proteins from the mucus samples reducing false positive and negative results. However, further improvements are needed by implementing other techniques such as size-exclusion chromatography.

We analysed the composition of the protein corona formed on AgNPs in the secretome of Calu-3 cells. We compared the corona formation as a function of protein/NP ratio, incubation time, and cellular responses. These results highlighted the necessity of studying the formation of the protein corona under physiological conditions due to their high capacity of change and evolution. In addition, the cellular responses to NP exposure, not taken in consideration under acellular condition, are playing an important role in the modification of the biological fluid inducing changes in biological media composition and therefore in the protein corona.

Then, we investigated the biological role of the protein corona in the cellular interactions of AgNPs with macrophages. The presence or not of a protein corona formed by incuation with secretome or FBS proteins seems to induce different pro-inflammatory responses and highlighted the specific functions of some of the proteins involved.
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Sanchez-Guzman, Daniel, Sonja Boland, Oliver Brookes, Claire Mc Cord, René Lai Kuen, Valentina Sirri, Armelle Baeza Squiban, and Stéphanie Devineau. where I LY , I sample , and I blank are the fluorescence intensities of the dye, the sample and the blank (cell-free sample) respectively. A permeability of < 2% was used as a threshold to define a tight epithelium.

Long-Term

BCA assay. The total protein concentration of the apical secretome was measured by the bicinchoninic acid (BCA) protein assay (Pierce BCA protein assay kit, ThermoFisher Scientific) following the manufacturer's protocol. Briefly, all samples were diluted in HBSS Ca2+/Mg2+ . After 30 min incubation at 37 °C, the absorbance at 562 nm was measured on the Flex microplate reader. The analysis was performed in duplicate.

Enzyme-linked lectin assay. The glycoprotein concentration of the apical secretome of Calu-3 cells and MucilAir was measured by the enzyme-linked lectin assay (ELLA). A 96-well plate (9018, Corning) was coated with 6 µg/mL lectin from Triticum vulgaris (L0636, Sigma-Aldrich) in PBS (ET330-A, Euromedex) and incubated for 1 h incubation at 37 °C. After washing the plates with PBS buffer supplemented with 0.5 M NaCl (S3014, Sigma-Aldrich) and 0.1% Tween 20 (P1379, Sigma-Aldrich), 50 µL of the apical secretome were added and incubated for 1 h at 37 °C. Known concentration of porcine stomach mucin (2378, Sigma-Aldrich) were added to the same plate to measure the calibration curve [78.1 ng/mL-10 µg/mL]. After washing, the detection solution composed of 1 µg/mL lectin peroxidase conjugated (L2650 Sigma-Aldrich) was added to each well and incubated for 1 h at 37 °C. Finally, tetramethylbenzidine (TMB) substrate reagent (555214 BD OptEIA, BD Bioscience) was added and incubated for 20 min in the dark at room temperature. The enzymatic reaction was stopped with 2 N H 2 SO 4 (84727, Sigma-Aldrich) and the absorbance at 490 nm was measured. Each analysis was performed in duplicates.

MUC5AC and ZO-1 immunolabelling. qRT-PCR. RNA was isolated from Calu-3 cells 20 days after ALI using NucleoSpin RNA kit (740955.250, Macherey-Nagel) and converted to cDNA using the high-capacity cDNA reverse transcription kits (4368814, Applied Biosystems). Primers for the selected genes of interest (muc5ac, muc5b, zo1, alb) were designed with Primer-Blast software (NCBI) and synthesized by Eurofins Genomics (zo-1, hprt, muc5ac), Oligo (tbp) and Invitrogen (muc5b). The sequence of the primers is detailed in Table S1. qRT-PCR was performed on a LightCycler 480 instrument II (Roche Diagnostics, France). Gene expression was analyzed by 2 -ΔΔCt method and normalized to RP19 and TBP housekeeping genes. Fold change was expressed using 10% FBS cell culture condition as the reference. Results are expressed as mean fold change ± standard deviation for three biological replicates.

LC-MS/MS.

Label-free quantitative proteomic analysis of the Calu-3 and NHBE apical secretome was performed by LC-MS/MS following protein digestion with trypsin. 3 biological replicates were analyzed at day 4 and day 11, 2 biological replicates were analyzed at day 18. One biological replicate corresponds to the secretome collected from three different Transwell from the same donor pulled together in the case of the NHBE model, and to the secretome collected from three different Transwell from two different culture batches in the case of the Calu-3 model. Briefly, 16 µg of protein were precipitated in cold acetone, then resuspended in 25 mM NH 4 HCO 3 buffer prior to tryptic digestion overnight (sequencing-grade Trypsin, Promega). Peptides were desalted and concentrated with 10 μL ZipTip µ-C18 Pipette Tips (Millipore,). Peptides were analyzed on a Q-Exactive Plus mass spectrometer coupled to a Proxeon 1000 Nano-LC (ThermoFisher). Peptides were separated by chromatography using the following specifications: acclaim PepMap100 C18 pre-column (2 cm, 75 μm i.d., 3 μm, 100 Å); Pepmap-RSLC Proxeon C18 column (50 cm, 75 μm i.d., 2 μm, 100 Å); 300 nL/min flow rate, 98 min gradient going from 95% solvent A (water, 0.1% formic acid) to 35% solvent B (100% acetonitrile, 0.1% formic acid) followed by column regeneration (total time 120 min). Peptides were first analyzed in positive mode in the Orbitrap cell at a 70,000 resolution with a m/z range of 375-1500. MS/MS data were acquired in the Orbitrap cell in a Top20 mode with an AGC target of 3.10 6 for full MS. Fragments were obtained by Higher-energy C-trap Dissociation (HCD) activation with a collisional energy of 27%, a quadrupole isolation window of 1.4 Da, and an AGC target of 2.10 5 . MS/MS data were acquired in a data-dependent mode with a dynamic exclusion of 30 s. 
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Résumé long en française

Au cours des dernières années, la production industrielle de nanomatériaux (NM) et leur 
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