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Les tests toxicologiques des produits cosmétiques étaient classiquement réalisés sur des modèles animaux. Les coûts prohibitifs et l'évolution de la perception de l'expérimentation animale dans le grand public ont encouragé le développement de tests in vitro capables de prédire la toxicité de composés potentiellement classables "CMR" (Cancérigène, Mutagène et/ou Reprotoxique). Plus récemment, en cosmétique, les tests basés sur l'expérimentation animale ont été interdits dans l'Union européenne.

Dans ce travail, nous avons comparé les signatures transcriptomiques de composés cancérigènes non génotoxiques sur des épithéliums pulmonaires en utilisant des cultures bi-dimensionnelles (telles que les cellules d'épithélium bronchique humain normal, BEAS-2B) et tri-dimensionnelles (3D). Les cultures 3D sont des cellules cultivées en "interface air liquide" (ALI) reconstituant un épithélium différencié composé de différents types de cellules (cellules ciliées, cellules en gobelet, etc.). Trois cancérigènes non génotoxiques connus (chlorure de cadmium (CdCl2), hydroquinone (HQ) et acétate de myristate de phorbol (PMA)) ont été sélectionnés dans cette étude pilote. Les cultures d'ALI et de BEAS-2B ont d'abord été analysées par l'établissement du profil d'expression génétique des puces à ADN lors de l'incubation avec les substances toxiques. Cette analyse transcriptomique réalisée sur une population totale a révélé une réponse comparable sur la base d'une signature de 200 gènes entre les deux systèmes de culture utilisés et une meilleure reproductibilité en utilisant le modèle BEAS-2B. Ensuite, nous avons effectué une analyse transcriptomique sur cellules uniques afin d'identifier les biais potentiels liés aux systèmes de culture ALI et les différences dans la réponse biologique au traitement au niveau des sous-populations cellulaires. Des signatures spécifiques de chaque agent toxique, ainsiq u'une hiérarchie de réponse de chaque type cellulaire ont été établies. Des signatures propres à chaque type cellulaire ont été mise en évidence, suggérant le bien-fondé basé sur une approche d'analyse transcriptomique sur cellules niques. Une comparaison entre les ensembles de données sur cellules uniques obtenues grâce au système bi-dimensionnel et au système ALI a également été effectuée, mettant en évidence un manque de corrélation entre BEAS-2B et les populations cellulaires précédemment décrites dans les cultures tri-dimensionnelles. Globalement, nos résultats montrent que le système ALI associé à une analyse transcriptomique sur cellules uniques peut fournir des informations supplémentaires par rapport à l'analyse transcriptomique sur population totale. Des expériences devront être réalisées ultérieurement sur un plus grand nombre de substances cancérigènes non génotoxiques pour déterminer si cette méthodologie peut fournir des signatures spécifiques, prédisant la nature cancérigène non génotoxique d'un composé chimique.

For hundreds of years, toxicology was focused on the study of the side effects of compounds used as medication, thus strictly overlapping with pharmacology. Nowadays while toxicology is still representing the main component of the clinical toxicology, the growing environmental pollution and the wide production of chemicals has made it emerge as a useful tool for evaluate the risk assessment and the harmful effects of the compounds that with increasing frequency are present in everyday life, notably the cosmetic products.

The cosmetic industry

Cosmetics have been around for thousands of years accompanying the life of man every day. Since the dawn of man, colours derived from mud or clay were used to paint the face for war or ceremonial purpose, bones were used to curl hair, makeup, tattoos, and adornments communicated the position in the society. With the advent of the ancient cultures such as Egyptian, Greek, and Roman, the use of cosmetic products and fragrances underwent to an expansion, occupying an important role in everyday life. The cold cream was invented by the Greek. The Romans used oil-based perfumes for the day-care of their bodies, in their baths and fountains. Crusaders of the 13th century brought fragrances back to Europe from the Far East. During the 16 th century, France became the primary centre of production of cosmetics and perfumes notably in the city of Grasse. Perfumes were made from powders or gelatinous pastes and used primarily by royalty and the wealthy to mask body odours resulting from the sanitary practices of the day [1].

Nowadays cosmetics are widely present in our life used for beautifying purposes and they can be found under several forms from powders, body makeup, soap, shampoo, toothpaste…. Etc. The cosmetic industry results to be a giant business with a revenue each year reaching billions of dollars [2].

Due to its dimension and its peculiarity of manufacturing products in contact with human body, the cosmetic industry is under strictly controls and verifications by different public organisations and institutions. The aim is to verify and assess the safety of a new cosmetic product or ingredient on the market establishing its safety profile [3].

According to the current European legislation on cosmetics:

-Article 2: "A cosmetic product put on the market within the Community must not cause damage to human health when applied under normal or reasonably foreseeable conditions of use, taking account, in particular, of the product's presentation, its labelling, any instructions for its use and disposal as well as any other indication or information provided by the manufacturer or his authorized agent or by any other person responsible for placing the product on the Community market. And to be kept readily accessible to the competent authorities."

-Article 7a (d): "Assessment of the safety for human health of the finished product. To that end the manufacturer shall take into consideration the general toxicological profile of the ingredients, their chemical structure and their level of exposure ...."

These articles set the rules for the safety assessment of the cosmetic products. Entering more into details, the European committee impose also the regulation of CMR (carcinogenic, mutagenic and toxic to reproduction) substances and the ban on animal testing for ingredients or combinations of ingredients from 30 June 2002 [4]. This last point defines a new challenge for the cosmetic industry and more in general for the toxicology field. This challenge is to move from in vivo to in vitro approaches for the risk assessment. The in vitro/in vivo comparison represents an important topic of debate in the scientific community. In vivo studies present several drawbacks especially regarding biokinetics parameters and the extrapolation of the results to human. Moreover, ethical questions arise on the use of animal models. On the other hand, in vitro procedures are mostly performed on immortalised cell lines, often cancerous cell lines, that present substantially abnormal characteristics.

Moreover, it is well established that in vitro systems do not represent the complexity of organs and even further away of an organism. Despite these criticisms, different studies proving the relevance of the in vitro results in in vivo models are available [5], [6]. The direction taken from the scientific community is to develop more sensitive in vitro tests that can replace in vivo test such in the case of in vitro test for skin sensitisation [7] and for eye irritation [8].

Despite all the restrictions about the use of harmful compounds in the cosmetic industry, it is still necessary to test all the molecules in order to look for possible contaminants or to check that the processing of these molecules inside the human body do not lead to intermediate products that can cause harmful effects. This is the frame in which our project is set. With this study thanks to the use of transcriptomic approaches, we aim to elaborate an in vitro test to predict the carcinogenic nature of chemical and natural compounds used in the cosmetic industry using lung models.

In the next sections will be presented a description of the respiratory tract as well the state of art of the chemical risk assessment and what the transcriptomic approach can bring in the field.

The Respiratory Tract

The respiratory tract is a complex system of organs, and its main function is to promote the gas exchange between the inhaled air and the blood present in the pulmonary capillaries. The tract is in contact with the external environment, meaning that it is constantly exposed to external factors such as pollutants, microorganism, and allergens capable to cause injuries. To prevent the potential damages caused by these external factors, a layer of epithelial cells covered the respiratory tract forming a physical, functional, and immunological barrier.

In this chapter, I will briefly introduce the anatomy of the human respiratory tract. Subsequently I will describe in more details the airway epithelium cell composition, structure, and functions.

The respiratory tract is composed mainly by two sections crucial for respiration and gas exchange:

the upper respiratory tract (extra-thoracic) composed by the nose and nasal cavities, paranasal sinuses of the pharynx and larynx, and the lower respiratory tract (intra-thoracic), composed by the respiratory tree (trachea, bronchi and bronchioles) and the exchange zone characterized by pulmonary alveoli. [9].

In these specific parts of the respiratory tract, the airflow is filtered, humified, warmed and channelled to the cells of alveoli where the gaseous exchange with the blood compartments takes place.

Upper airways

Nose and the nasal cavities

The nose is the first part of the respiratory tract, and it is in direct contact with the outside air. The largest particles of the inhaled air such as fibres, pollen or dust are filtered thanks to the hairs present in the nostrils. After the nose there are the two nasal fossae separated by the nasal septum. These fossae blend, through the choanae into the nasopharynx. The side walls of the nasal cavities form three structures called the nasal conchae or turbinates. They are characterized by thin bone blades rolled up on themselves. The main function of these structures is to disrupt the airflow that is reaching the olfactory epithelium. They are covered with a nasal mucosa and are highly vascularized. Another function is the conditioning and the purification of the inhaled air before it reaches the lower respiratory tract.

Different types of mucosae characterized the nose and nasal cavities. The respiratory mucosa is a pseudostratified ephithelium that cover the nasal turbinates mainly composed of multiciliated cells, basal cells, mucosecreting cells and some neuroendocrine cells. This epithelium lay on a chorion, a highly vascularized and innervated connective tissue associated with lymphoid structures and many glands that secret mucins the main component of the mucus. Located on the upper part of the nasal cavities, the olfactory mucosa is formed by a neurosensory epithelium responsible for olfaction. In the end, the squamous mucosa located at the entrance of the respiratory tract is a stratified squamous epithelium resilient to the physical and mechanical stress.

Paranasal sinuses

The paranasal sinuses are four symmetrically paired cavities. Despite their functions are still unclear they are involved in multiple processes. They would reduce the mass of the skull, resonate for the voice and warm and humidify the inhaled air. Finally, they are involved in the mucous drainage that purifies the inhaled air. In the case of allergic inflammation, or after swelling of the nasal lining that occurs during a cold, normal drainage of mucous through the sinuses can be altered, and sinusitis may occur.

Pharynx

The next part of the respiratory tract is the pharynx. It separates the nasal cavities and the larynx, and it is divided into three parts: the nasopharynx, the oropharynx, and the laryngopharynx.

The nasopharynx occupies the area from the base of the skull to the upper surface of the soft palate.

The pharyngeal tonsils, which are lymphoid tissues, are located in the upper walls. Moreover, in the side walls it is found the auditory tube. The main function is to allow the balance of the air pressure in the ear with the outside air.

The second part is the oropharynx. Located at the back of the oral cavity it collects air from both the nasal cavities and the mouth. Here it is found the epiglottis a flap of connective tissue that can close over the glottis in order to prevent the aspiration of the food when it is swallowed. A non-keratinised squamous stratified epithelium resisting physical stress cover this area. Furthermore, tonsils are in the oropharynx acting as control zone against pathogens.

In the end, there is the laryngopharynx occupying the most distal part of the pharynx. It is here where the respiratory and digestive tracts deviate.

Larynx

The larynx is a duct communicating with the laryngopharynx and the trachea. Nine different cartilages form the structure of this duct among these the largest one forms the Adam's apple. The main function of the larynx is to channel the air-flow to the trachea avoiding food aspiration thanks to the cartilage movements. The majority of the larynx is covered by a mucous membrane. The epiglottis and the vocal cords instead are characterised by a squamous epithelium. As in the case of the epithelium of the nose and of the pharynx, the epithelium of the larynx undergoes physical and mechanical stress for example during the mucociliary clearance, and for this a specific epithelium is required. Another function of the larynx is the phonation since it protects the vocal cords.

Lower respiratory tract 2.2.1 Trachea

The trachea is a duct formed by cartilage that connects the larynx to the bronchi. The average size change from 10 to 12 cm long with a lumen diameter of about 2.5 cm. The structure of the trachea is peculiar, characterized from 16 to 20 "C" shape incomplete rings of hyaline cartilage. This structure allows to increase the rigidity and avoid large increase in diameter during breathing. A pseudostratified epithelium composed of a large number of multiciliated cells, cover the inner part of the trachea. This epithelium is crucial for the propulsion of the mucous secreted by the surface secretory cells as well as by submucosal glands.

Bronchi and bronchioles

At the end of the trachea, the first of several event of ramification occurs forming the two primary bronchi: right and left. Each of them enters a lung and subsequently other branching occur. First, they are segmented into lobar or secondary bronchi, 3 in the right lung and 2 in the left lung. Then lobar bronchi divide themselves into thinner segmental called tertiary bronchi, which in turn subdivide into subsegmental bronchi. When the bronchi reach1 mm diameter they became bronchioles capable to penetrate the pulmonary lobules. Due to the complex ramification that define this tract, different epithelia with specific characteristics can be found. Along to the decrease in size of the duct, the amount of smooth muscle around the bronchi increases until reach the point to cover the bronchioles entirely. Moreover, the external structure of hyaline cartilage rings is replaced by scattered cartilage patches. More the bronchi and bronchioles penetrate the lung, the thickness of their surface epithelium decreases, and a change in the cell population composition occurs. There is a diminution of multiciliated cells and basal cells and an increase of neuroendocrine cells and club/clara cells [10] 

Alveoli

The last segment of the respiratory tract is formed by the pulmonary acini, also named terminal respiratory units. The respiratory bronchioles give rise to alveolar ducts that lead to alveolar sacs containing two or more alveoli where the gas exchange occurs. To maximise the gas exchange with the blood, this alveolar region is highly vascularised. Two distinct cells characterise this region: type I alveolar cells (AT-I) and type II alveolar cells (AT-II). AT-I are the most abundant, composing most of the epithelium. They are the main actor in gas exchange, and they also form the alveolar-capillary barrier. By the other hand AT-II cells correspond roughly to the 3-5% of the alveolar surface nonetheless they play a crucial role in maintaining alveolar integrity producing and secreting a substance that decrease the alveolar tension preventing the collapse of the alveoli. Moreover, these cells act mediating the inflammatory response [11]- [13].

The airway epithelium cell composition

After the description of the component of the respiratory tract, in this part I will describe the cellular composition of airway epithelium. The variation of the components the respiratory tree is reflected also in the variety of cellular types and cellular composition that can be found throughout the respiratory tract. This epithelium is mainly composed by Basal, Suprabasal Secretory and Multiciliated cells [14], [15].

Basal cells

The Basal cells (BCs) are ubiquitous in all the stratified and pseudo-stratified epithelium of the respiratory tract. These cells are small with a very high nucleus/cytoplasm ratio and positioned in the lowest part of the epithelium in contact with the basal lamina. The main function is to provide support and solid anchoring maintain the epithelium on the basal lamina thanks to hemi-desmosome junctions [16], [17]. Hemidesmosomes are complexes of proteins located in the basal pole of the BCs. The function of these junctions is to maintain the consistency of the epithelium by connecting the extracellular matrix to the filaments of intracellular keratins. BCs are also able to form bonds with the surrounding cells such as cylindrical or luminal, thanks to some desmosomes junctions.

Desmosomes are anchor junctions characterised by plaque of dense proteins in which the cytokeratin filaments of adjacent cells are inserted, ensuring in this way cohesion and intercellular interaction distributed over the entire basolateral surface. The amount of the basal cell decrease following a gradient from the proximal level where they represent about 30% to the distal level of the respiratory tree where they represent only 2 to 10% of the cell population [18]. Moreover, BCs express specific intracellular markers as KRT5 and KRT7 (cytokeratin-5, -7) that are used to differentiate them from luminal cells of cylindrical shape.

BCs are considered the main airway stem cells, with self-renewal capacities and ability to differentiate contributing to the airway regeneration after injuries [15], [19].

Suprabasal cells

Suprabasal cells are a cell population located between basal and and cylindrical/luminal cells representing the 25% of the epithelium [20]. They share morphological features with basal cell such as the fusiform and the location in the lower part of the epithelium. By the other hand suprabasal cells do not share common morphological characteristics with either multiciliated cells, mucous or neuroendocrine secretory cells [21].

The function of these cells is still unclear, even though recent studies suggest that they are basal cells engaged in a differentiation program into multiciliated or secretory cells [22] 

Secretory cells

In the respiratory epithelium different types of non-ciliated secretory cells can be found. They can be divided according to the nature of the molecules they secrete and their localisation.

The first to be described in 1937 are some differentiated luminal cells called club cells. They are characterised by a columnar/cylindrical shape and microvilli on their apical surface. Club cells are found in the distal part of the conducting airways [23] where they play a role in the protection of the airways thanks to an anti-inflammatory and immuno-modulatory function via the secretion of uteroglobin (or CC10 for "Club Cell protein 10kDa") and antimicrobial peptides, such as lipocalin (LCN2) [24]. Another feature of this cells is the production of metabolising enzymes such as cytochrome P450, allowing the detoxification [25].

Another kind of secretory cells are the so-called Goblet cells. These are mucous-secreting cells also named caliciform because of their cylindrical shape. Goblet cells represent the 15% of the cell population of the airway epithelium and they are located in the upper part sourranded by multiciliated cells. In the apical part of the cell, are located multiple secretion vesicles containing glycoproteins such as mucins, rich in sialic acid and major component of mucous. The production of these mucus components are allowed thanks to the expression of the genes MUC5AC and MUC5B that are also used as marker genes of surface epithelial and submucosal glands goblet cells [26]. Goblet cells can also produce several others molecule (IgA, lactoferrin, lysozyme, etc..) enabling anti-bacterial activity. Under physiological condition, the mucous-secreting cells correspond to a small part of the epithelium, by the way under stressful or pathological conditions this situation can drastically change creating an unbalanced ratio of multiciliated/mucous cell that leads to obstructions, a typical phenomenon found in chronic respiratory diseases [27], [28].

Multiciliated cells

Multiciliated cells (MCCs) are cylindrical or pyramidal cells characterized by the presence on their apical part of motile cilia interspersed by microvilli. Their nucleus is located at the basal level of the cell while the mitochondria are found at the apical pole of the cell to provide the energy necessary for ciliary beating. MCCs represent the most abundant fraction of cell throughout all the airway epithelium, with an estimated ratio of about 5 multiciliated cells for 1 mucous cell. These cells are attached to the basal cells thanks to desmosomes [16]. As mentioned above, the main feature of these cells are the cilia. These are long from 7 μm in the upper tract to 3 or 4 μm in the bronchi but despite these difference in length, the overall cilia structure remains identical throughout the airways. Thanks to the ciliary beating, MCCs allows the mucociliary clearance of the airways and the efficient elimination of the mucous in the pharynx. MCCs are classically considered as one of the terminally differentiated cell fates of basal cells due to the fact that they are unable to divide and proliferate.

Rare cells

In addition to the four main cell types forming the airway epithelium, is also possible to find other cell population. Their low abundancy made them particularly hard to identify and limited the characterisation of their function in the airway epithelium. Example of these cells are:

-Ionocytes, that are cells specialised in ionic transport;

-Tuft cells or brush cells, characterised by the presence of a tuft squat microvilli on their apical surface;

-Pulmonary neuroendocrine cells (PNEC), that are specialised airway epithelial cells that can be found scattered as solitary cells or as clusters called neuroepithelial bodies (only reported in mice) all along the airways.

Moreover, recent studies provide novel insights in the dynamics of airway differentiation. Ruiz Garcia and colleagues were able to provide an extensive characterization of an intermediate state (deuterosomal cell population) before the formation of MCCs [29]. Immune cells such as alveolar macrophages, DCs mast cells, and innate lymphoid cells (ILCs) can be found in the respiratory tract too. They represent the host defence against the potentially harmful agents and in combination with the airway epithelial cells coordinate the early innate immune response in the respiratory tract [30]. 

Toxicity of Inhaled toxicants

Deposition of inhaled toxicants in the respiratory tract

The exogen substances can be found in the inhaled air in the form of gas, vapor, aerosol (a suspension of tiny particles or droplets in the air) dust or smoke. An important concept to define when talking about tiny particles, is the aerodynamic diameter. Aerodynamic diameter is the diameter of a sphere of the same particle density having the same terminal velocity in air or some other relevant fluid

Particles and droplets with an aerodynamic diameter ≤ 100µM can be inhaled causing potentially respiratory and systemic adverse effects. The total fraction of the airborne particles entering the body via the respiratory tract upper parts is called "inhalable fraction". According to their aerodynamic diameter, the different particles deposit at different location sites in the respiratory tract. Particles between 100 µM and 15 µM are deposited in the naso-pharynx and in the mouth. Particles less than 10 µM, the so-called thoracic fraction, can pass the larynx reaching the tracheobronchial region.

Finally, the particles smaller than 4 µM can reach and deposited into the alveoli [9], [31], [32].

The distribution and deposition of the airborne particles are influenced by the size, but other factors such as the solubility of these particles play an important role. Soluble particles dissolve in alveolar lining fluid and enter the blood or lymph directly. Moreover, soluble substances can be absorbed by the mucus that cover the respiratory tract where deposited. On the other hand, insoluble particles can reach the alveoli where once deposited can remain for years [33].

The respiratory tract protective mechanisms

The respiratory tract has different mechanisms to react to the inhaled toxicants. Within the airways, a process called clearance takes place. The particles trapped in the mucus in the nasopharyngeal and tracheobronchial region are moved towards the pharynx thanks to a coordinated movement of cilia on the ciliated cells. The mucus is then swallowed, and the particles eliminated via the gastrointestinal tract. A slower method is used to eliminate insoluble particles that have reached the alveoli. It involves phagocytosis by macrophages. In addition, to eliminate gases and particles for which the clearance and the macrophage phagocytosis are not suited, other mechanisms contribute to the defense of the respiratory tract. A series of metabolic enzymes such as the cytochrome P450 family are used to detoxify. Moreover, the activation of the antioxidant response mediated by the Nuclear factor erythroid 2-related factor 2 (NRF2) can be used to protect the respiratory tract from the adverse effects . of the toxicants [9,34]. NRF2 is a transcription factor encoded in human by the gene NFE2L2. NRF2 contributes to the anti-inflammatory process by coordinating the recruitment of inflammatory cells and regulating gene expression through the antioxidant response element (ARE). The Keap1 (Kelchlike ECH-associated protein)/NRF2 (NF-E2 p45-related factor 2)/ARE signaling pathway is the main regulator of the anti-inflammatory gene expression and inhibits the progress ion of inflammation.

In physiological condition, NRF2 is kept in the cytoplasm by a cluster of proteins composed of KEAP1 and Cullin 3. This cluster allows the ubiquitination of NRF2 that in this state is transported to the proteosome and quickly degraded. When oxidative stress occurs, NRF2 is no longer degraded and can translocate into the nucleus where it binds to a DNA promoter and initiates transcription of antioxidative genes and their proteins [35].

If all the above-described mechanisms fail in the protection and cleaning of the respiratory tract, the inhaled toxicants can caused a range of cellular reactions such as cell death, loss of barrier function, production of cytokines and other mediators to recruit and activate inflammatory and immune cells, reduction of epithelial antimicrobial defence, as well changes in epithelial differentiation [36].

Some of the compounds that are inhaled are carcinogenic. Chemical carcinogens are compounds capable of causing cancer in humans and in experimental animals [37]. According to their mode of action, can be divided in genotoxic or non-genotoxic. Genotoxic compounds induce tumours primarily via DNA damage and mutations. These genotoxic compounds are metabolically activated into reactive intermediates that can induce DNA adducts and/or DNA lesions that become mutations after DNA replication [38]. Non-genotoxic carcinogens induce tumours via mechanisms other than DNA damage, including oxidative stress, abnormal activation of signalling pathways, cell proliferation, cytotoxicity, or hormonal effects.

Lung cancer

Lung cancer is the main cause of the cancer-related death in the world [START_REF] Doyle | Surgical Anatomy of the Hand and Upper Extremity[END_REF]. Different factors can influence lung carcinogenesis. Environmental pollution and in particular chemicals in tobacco smoke are reported to play a major role in lung carcinogenesis. The exposition to radon, an odourless, invisible gas that results from the natural decay of uranium and thoron in soil and rock is the second leading cause of lung cancer after tobacco smocking [START_REF] Ricciardi | Thieme Atlas of Anatomy: General Anatomy and Musculoskeletal System[END_REF]. Radon itself decays into other radioactive elements such as polonium and bismuth that irradiate cells. The accumulation in indoor environments and the derived exposure, increase the risk of lung carcinogenesis.

Other risk factors increase the possibility of developing lung cancer, particularly previous diagnosis of a malignant tumour, previous diagnosis of respiratory conditions such as chronic obstructive pulmonary disease (COPD), family history, as well as particular rare hereditary disorders such as Li

Fraumeni syndrome and the recently described non-syndromic association with germline EGFR mutation [START_REF] Hegmann | Median Nerve Symptoms, Signs, and Electrodiagnostic Abnormalities Among Working Adults[END_REF].

Mutations in specific genes like p53, or epidermal growth factor receptor (EGFR), etc. can increase the cancer susceptibility. Constitutive kinase activation and downstream signalling may arise due to mutation(s), overexpression, and autocrine paracrine incitement, leading to cancer. Moreover, reduced DNA repair efficiency may also play a critical role in lung carcinogenesis [START_REF] Mooar | Management of Carpal Tunnel Syndrome[END_REF]. Chronic inflammation also predisposes to the development of cancer and promote all stages of tumorigenesis. In addition, cancer cells, as well as surrounding stromal and inflammatory cells, engage in well-orchestrated reciprocal interactions to form an inflammatory tumour microenvironment (TME) [START_REF] Sevy | Carpal Tunnel Syndrome[END_REF]. Several key factors play a role in this regulation; some examples are represented by tumour necrosis factor-α (TNF-α), interleukins 6, 1 α, and 8 (IL-6, IL-1 α, IL-8) and the chemokine CCL2 as well the CXCL12-CXC signalling cascade.

Lung cancer can be mainly divided into non-small cell (NSCLC, representing approximately the 85% of the cases) and small cell lung cancer (SCLC, representing approximately the 15% of the cases).

The NSCLC are characterized by adenocarcinoma, squamous cell carcinoma and large cell-lung cancer histological subtypes. Each of the subtypes is distinct and responds differently to available therapies. A surgical resection of NSCLC identified in the early stage offers a favorable prognosis with a 5-year survival rates of 70-90%. Tobacco smocking is the major cause of non-small-cell-lungcancer. The main mechanism by which tobacco smocking leads to carcinogenesis is the production of metabolite such as benzo[a]pyrene (BP) that can cause extensive genomic alterations in the form of C-to-A somatic mutations in human. In turn, the somatic mutations can result in loss-of-function mutation in tumor suppressor P53 and gain-of-function in oncogene KRAS [204] The SCLC are more aggressive compared to NSCLC. The 5-years survival prognosis is around 5%, moreover SCLC are characterized by early event of dissemination leading in the 90% of the cases to local and distant metastasis. Nevertheless, a small therapeutic window is available to treat SCLC. A recent study provides evidence of a 52% rate of survival after resection in combination with chemoteraphy/radioteraphy in stage I disease [START_REF] Gillespie | Metformin induces the AP-1 transcription factor network in normal dermal fibroblasts[END_REF]. The cells at the origin of human SCLC are not fully identified but it is well known that the expression of neuroendocrine markers plays a key role in SCLC development [START_REF] Tarry-Adkins | Efficacy and Side Effect Profile of Different Formulations of Metformin: A Systematic Review and Meta-Analysis[END_REF]. The largest fraction 75% of SCLC express the transcriptomic factor achaete-scute homologue 1 (ASCL1) that is a master regulator in neuronal and neuroendocrine differentiation. The remaining 15% are characterized by the expression of another master regulator of the neuronal differentiation, neurogenic differential factor 1 (NEUROD1). ASCL1 and NEURO1

target different gene sets related to the neuroendocrine differentiation. While ASCL1 targets the Notch pathway, NEUROD1 interacts with MYC.

While significant advances have been made in the therapies available against lung cancer, the acquired resistance remains a major barrier to treatment [START_REF] Organization | World Health Organization model list of essential medicines: 21st list 2019[END_REF]. For instance, a better understanding of the disease could also improve treatment: SCLS has been clinically regarded as a homogeneous disease. However, recently, transcriptomic studies, showed that SCLS are characterized by a considerable heterogeneity in terms of expression of lineage specific oncogenes and expression of the master regulators ASCL1 and NEUROD1 [START_REF] Renda | Metformin-associated lactic acidosis requiring hospitalization. A national 10 year survey and a systematic literature review[END_REF].

The cellular origins of lung cancer

The cellular origin of lung cancer as well as dysfunctional airway observed in chronic diseases are still unclear. In the recent years, several studies tried to address this question. For example, the cellular origin of lung adenocarcinomas (LUAD) was extensively analyzed. LUAD is the most abundant form of lung cancer mainly caused by KRAS mutation by chemical carcinogens of tobacco smoke. The studies that attempt to identify the origin of this cancer in mouse reached the conclusion that type II alveolar cells or brochoalveolar stem cells were the main actors in the disease formation [49], [50].

Thus, in a recent study Spella and colleagues showed in a mouse model, the importance of club cells in the alveolar maintenance and carcinogenesis in lung adenocarcinomas. For this study, a combined mouse models with genetic labeling and ablation for club and alveolar cells were exposed to noxious and carcinogenic agents. According to their results, club cells survived to KRAS mutations and can lead to lung cancer formation after tobacco carcinogen exposure. In addition, with aging and after lung injuries club cells were be found in the alveoli. These club cells express the same alveolar proteins resulting difficult to be detected. The ablation of club cells in this experiment resulted in the prevention of chemical lung tumors but at the same time caused alveolar destruction in adult mice.

All together these results show the important role of airway cell, in particular club cells, in the carcinogenesis and alveolar maintenance [51].

The discovery of the cellular lineages and transcriptional programs that underlie lung regeneration and carcinogenesis is extremely important. Cells presenting lung stem cells with regenerative or malignant potential can be used as marker and target for therapeutic approach.

Transcriptomic studies and in specific single cell RNA seq, are already used as tool to investigate the tumor heterogeneity in lung adenocarcinoma [52]. In addition, single cell approach can give access to transcriptional responses of individual cell populations providing new insights in the understanding of cellular origin of lung cancer. The resolution provided by single cell RNA seq is likely to detect variations in transcriptional profiles in key cell-types. This information is likely to be lost when bulk lung tissues are analyzed. Considering that the aim of this project is to identify early signatures of carcinogenesis, single cell RNA seq is currently the technique of choice to achieve this aim.

Chemicals risk assessments

Standard toxicity tests for risk assessment

Over the past century a significant increase in the development and production of chemicals took place [53]. Many of these chemicals are beneficial for our life and well-being and their application reaches a variety of fields. Chemicals are used as fertiliser or pesticides increasing the yield of crops, they are used as pharmaceuticals, applied to produce cosmetics, or are used in industry in the chemical synthesis. As direct consequence, the chemical exposure has become omnipresent in daily life. But all that glitters is not gold, the exposure to chemicals may also lead to adverse health effects. In Europe, health and safety tests for industrial chemicals did not become mandatory until 1981.

According to estimations more than 100,000 chemicals have been marketed with no adequate toxicological data available before this date [54]. With the awareness of risks, numerous regulations and directives on the safety of compounds were established within Europe, like the European regulation on food additives (EC 2008) [55], the European regulation on pesticides (EC 2009a) [56] and the directive on pharmacovigilance (EC 2010) [START_REF] Martinico | Assessment of endostatin gene therapy for familial adenomatous polyposis-related desmoid tumors[END_REF].

Standard toxicity tests are mainly composed by several short-term bioassays that are costly and time consuming [58]. For example, when carcinogenic hazard and risk assessment are concerned, the gold standard is still the chronic rodent studies. These studies consist in daily exposure of rodents of both sexes to different molecule looking for harmful effects. After established time of exposure, the animals are pathological examined against untreated controls to find signs of toxicity and malignancies in various organs. Even if they are considered as the gold standard, they are not exempt from biases and problems. For example, to be able to collect all the data on the safety information of industrial chemicals, millions of animals would be required. According to Rovida and Hartung, 114 million vertebrate animals might be needed [59]. Obviously, this huge number of animals raises severe ethical problems in addition to the economic sustainability of this approach. The species difference between humans and rodents is also a matter of concern in the interpretation of the data.

Moreover, often high dose of compounds are used in order to obtain clearer results, a situation not representative of the human physiological condition and of the level of exposure [60]. This approach provides useful information on the harmful effects induced by compounds but the mode of action (MoA) are rarely identified [61]. A MoA is biologically plausible sequence of key events starting with the initial chemical interaction leading to the toxicological outcome. The Mode of Action framework is used by The International Programme on Chemical Safety (IPCS) providing a generic approach to the principle commonly used for evaluating cancer and non-cancer MoAs [62]. Thanks to the scientific progress in the field, new methods can be applied to overcome the limits shown by the classical toxicological studies. The direction is to pass from a system based on high-dose studies on animals to a system based on in vitro methods capable to evaluate the changes in the cellular signalling pathways using human relevant cell or tissues [60]. The evolution of in vitro test reflects the growing number of in vitro models currently available. For instance, the progresses in stem cell biology and microfluidics paved the way for the development of alternative in vitro models such as three-dimensional cell culture or organoids that led to new procedures for safety and efficacy testing of pharmaceuticals, nutrients, and chemicals. Stem cells can be differentiated into tissues of interest through the use of specific growth factors, inhibitors, and other components. In addition, somatic cells can be reprogrammed to pluripotent stem cells thanks to the introduction of four pluripotency-associated genes: Oct4, Sox2, cMyc and Klf4 [63]. The use of pluripotent embryonic stem cells (ESC) or induced pluripotent stems cell (iPSC) represents an alternative to the collection of primary human cell in case biopsies are difficult to obtain. This procedure theoretically offer an unlimited reservoir of specific cell types that can be generated from easily accessible source [36].

In vitro models

Van Berlo et al. recently provided an overview on the latest advances in the use of pluripotent human stem cells, the development of stem cell-derived organoids, and the generation of organ-on-a-chip and multi-organ-on-a-chip [64]. According to the authors, the use of these technologies based on patient-derived cells, tissue or organoids represents a useful tool in the pharmaceutical development, drug discovery, and safety that could lead to the decrease and even to the abolition of animal tests.

To date, which are the best in vitro models for toxicology studies?

In toxicology, in vitro models of human airway epithelium are widely used and represent physiologically relevant systems enable to predict respiratory safety and harmful effect of inhaled drug candidates and interrogate specific mechanisms of toxicity. Currently a wide variety of lung in vitro models are available ranging from the simplest 2D cell culture to the more complex lung-onchip.

• Cell lines: the cell lines used for in vitro test are continuous epithelial cell lines obtained from tumours or immortalized by viral infection. They are widely used for in vitro toxicology studies, mainly for their ease of manipulation compared to primary cells. In addition, they are characterised by an extended lifespan, highly availability, and were originated from a single donor, avoiding inter-donor variability. This last point may also be a drawback because of the potential generalization of the results observed. Other drawbacks are represented by the fact established cell lines are lacking in vivo characteristics. In tumour cells and viral immortalized cells many cellular processes, such as differentiation, barrier formation and metabolism of toxicants, are deregulated [36]. A classic example of a cell line used for in vitro inhalation toxicology is BEAS-2B. This cell line is a human bronchial epithelial immortalized using the virus AD12-SV40. BEAS-2B resemble to the airway basal epithelial but they do not differentiate and do not form a strong barrier [65].

• Primary lung epithelial cells: these cells are directly isolated and recovered from human lung tissue (often obtained from bronchial biopsies or bronchial brushes) and subsequently put into culture. Cells prepared in this way maintain their physiological condition to the disadvantage of having a limited lifespan compared to the established cell lines. The cells maintain the capability to differentiate, they can be expanded submerged for a few passages and finally cultured on inserts, at an Air Liquid Interface system (ALI). In this system, cells grow on a permeable insert communicating with the liquid phase at the bottom part of the insert. In the upper part of the insert the cells are in contact with the airflow. In this way, the cells can differentiate growing in all the spatial dimensions generating a polarized mucociliary differentiated airway epithelium. This 3D model is a better reflexion of the in vivo environment. Another advantage showed by this model, is the possibility to specifically investigate cell populations related to specific diseases. Nevertheless, the possibilities to isolate and culture human cells is still limited, for instance in the case of biopsies of Alveolar epithelium. As already described, another important disadvantage is the limited lifespan where the ability of self-renewal becomes abnormal or lost after few passages. A solution to this problem it is represented by the inhibition of Rho-associated protein kinase that allows a further expansion of the basal cells [66]. Although isolated epithelial cells can differentiate into a mucociliary differentiated airway epithelium, they still lack the mesenchyme, inflammatory, and immune signalling. To overcome this, a variety of co-culture 3D models have been developed using a variety of cells such as endothelial, fibroblast and macrophages.

Currently several companies propose their version of commercial 3D ALI such as Lonza, Mattek, and Epithelix.

• Organoids: organoids represent 3D cultured structures consisting of organ specific cell types.

In the case lung cells, a spatial organization similar to the one observed in vivo can be achieved [START_REF] Roberts | Transforming growth factor type ,8: Rapid induction of fibrosis and angiogenesis in vivo and stimulation of collagen formation in vitro[END_REF]. The cells used for the generation of the organoids are stem cells or organ-specific progenitor cell. The main advantage of this model is the ability to be kept in culture for long period thanks to the self-renewal characteristics of these cells. Organoids are used mainly for functional studies. In case of lung organoids, these models are not suited for inhalation exposure studies.

• Lung-on-a-chip: the advances in the field of the microfluidics allows the creation of the socalled organ-on-a-chip. These structures consist in organ models containing several cell types connected with a microfluidics device capable of delivering in a continuous way nutrient and to remove waste products. The first lung-on-a-chip was introduced in the 2010 by the Ingber and colleagues. In their model, epithelial cells were co-cultured with endothelial cells in separate microfluidics channels on opposite side of a thin and permeable barrier and stimulated with 12nm silico particles used as source of the airborne pollutants. The application of a mechanical stretch on the barrier mimes the breathing movements. The results of this study showed that the mechanicals stress influence the transcytosis of the particles across the alveolar epithelial and endothelial layer [START_REF]Anti-Tumour Necrosis Factor Therapy for Dupuytren's Disease: A Randomised Dose Response Proof of Concept Phase 2a Clinical Trial[END_REF].

Organoids and lung-on-a-chip clearly represent the future for toxicological studies and not only.

Despite this, technical limitations reduce their use in toxicological studies for example for inhalation exposure studies. To date, primary lung epithelial cells cultured on ALI represent the best model to perform toxicological in vitro study. This 3D model provides a better reflexion of the in vivo environment compared to the two-dimensional cell culture. Moreover, 3D ALI culture presents less technical limitations compared to organoids or lung-on-a-chip making this model suitable for several application.

Adverse outcome pathway

The milestone in the concept of pathways-based approaches to risk assessment is represent by the so called 'Adverse Outcome Pathways' (AOP).

The concept of AOP framework was introduced in 2010 by Ankley et al. [69] and it was at first used in the field of ecological toxicology as a tool to better understand the uncertainty of hazard assessments of chemicals in the environment. An AOP framework starts with chemical reactions that trigger the molecular initiating events (MIE). This leads to a series of additional higher order events that are measurable changes in biological state, called key events (KE), linked together in a casual chain by key event relationships (KER). All this leads to a specific adverse outcome (Figure 3).

AOP is a flexible methodology capable of creating connections using all kinds of information originating from in vitro, in vivo, or computational systems such as quantitative structure-activity relationships (QSAR) that can be integrated in every level of the frame. Thanks to this prediction, it is possible evaluate hazardous consequences and provide biological arguments [70].

A case study that explain well the concept and challenges of AOP is the study "Inhibition of spawning in zebrafish (Danio rerio): Adverse outcome pathways of ethinylestradiol" [START_REF] Cosme | Inhibition of spawning in zebrafish (Danio rerio): Adverse outcome pathways of quinacrine and ethinylestradiol[END_REF]. Cosme and colleagues showed that the exposure to the estrogenic compound ethinylestradiol (EE2) can lead to the inhibition of spawning in adult zebrafish acting on the pathways controlling follicular development, steroidogenesis oocyte maturation and ovulation. Starting from the molecular initiating event, the binding to the estrogenic receptor, it is possible to follow the effects both at the wholeorganism level (decreased spawning or fecundity) and at the population levels. This process provides a rational basis to assess the risk of this compound. Based on this and on different studies [21][22][23],

the AOP framework results to be a useful tool to create a basis for developing non-animal test methods.

Due to their multiplication, a formalization of AOPs was necessary [START_REF] Vinken | Adverse outcome pathways: a concise introduction for toxicologists[END_REF]. Effects Database, and the AOP Wiki) coordinated in a way that gives users the possibility to share, review and develop the AOPs knowledge [START_REF] Vinken | Adverse outcome pathways: a concise introduction for toxicologists[END_REF].

As an example of the possible application, AOP frameworks have been used to better understand the chemical respiratory and skin sensitization providing a mechanistic understanding of how the processes of skin and respiratory sensitization differ from each other, and underlining the need for further research to confirm the uncertainty of chemical respiratory sensitization [START_REF] Sullivan | An Adverse Outcome Pathway for Sensitization of the Respiratory Tract by Low-Molecular-Weight Chemicals: Building Evidence to Support the Utility of In Vitro and In Silico Methods in a Regulatory Context[END_REF].

Thanks to a practical and robust weighting methodology, based on molecular, pathological, regulatory, and clinical knowledge, AOP can be used to investigate the chronic exposure to air pollutants, such as workplace exposures, contaminated water, pesticide-exposed crops, pharmaceuticals, cosmetics, and other sources of exposure, that can lead to chronic toxicity [70].

AOPs hold great promise as useful tools for predicting adverse outcome of chemicals in risk assessments. More specifically, AOP could be a winning choice in inhalation toxicity specifically in the carcinogenicity assessment. Although, new challenges may still face for the development of AOPs.

New methodologies have been applied to implement data in risk assessment that can be interlinked in the AOPs and the so-called "Toxicogenomics" in the last two decades resulted to be a promising contribution in collecting these data [61]. As pointed out from Mathieu Vinken Omics, in particular transcriptomics, plays a major role in the establishment and application of AOPs by defining key events and by providing biomarkers for toxicity screening, respectively. In particular omics-based data can be used to feed virtually all information blocks in AOPs [START_REF] Vinken | Omics-based input and output in the development and use of adverse outcome pathways[END_REF]. In a recent paper Hill and Conolly presented a systematic review of research papers to organize an adverse outcome pathway (AOP) for mouse lung tumors following exposure to several compounds, such as styrene, ethylbenzene, and fluensulfone, that all require metabolism by a mouse-specific cytochrome, Cyp2F2, to produce biologically active metabolites. The conclusions of this work show that the unique prevalence of Cyp2F2-driven mouse lung tumors is due to differences in Club cell-dependent capacity for generating reactive metabolites compared with human lung. In the proposed AOP, Cyp2F2 generates reactive metabolites leading to cytotoxicity, cell death, proliferation, hyperplasia enhanced by toxicant-induced loss of Club cell-specific protein (CCSP) and eventually cancer [START_REF] Hill Iii E R | Development of a novel AOP for Cyp2F2-mediated Lung Cancer in Mice[END_REF]. A generalized adverse outcome pathway is represented (AOP)(A). Each AOP started with a molecular initiating event (MIE) that leads to an adverse outcome (AO) through a series of key events (KEs) linked by key event relationships (KERs). The list of the AOP main components is represented (B). 

The Toxicogenomics

As already mentioned, the way to assay toxicity is currently both expensive and time-consuming [START_REF]Drug safety testing paradigm, current progress and future challenges: an overview -Ahuja[END_REF]. Only 10-20% of chemicals have been fully assessed regarding their impact on human health and environmental safety. These percentage finds explanations if we consider that testing a single substance takes a few days for acute toxicity, but up to 3 years for chronic toxicity and the cost of these assessments can range from 2.000 to 2.000.000 €. Moreover, approximately 5000 laboratory animals are needed per substance.

Toxicogenomic can pave the way for a new era in toxicology [START_REF] Aardema | Toxicology and genetic toxicology in the new era of "toxicogenomics": impact of "-omics" technologies[END_REF]. The use of these information-rich omic technologies can generate more predictive data, increasing the efficiency of toxicity testing and reducing the amounts of in vivo experiments [58].

The term toxicogenomic should refer to the field of toxicology thatdeals with the genomic aspects of toxicology. However, the term has been used to describe also other omics technologies applied to the field of the toxicology generating a lack of homogeneity in the definition of this field. Generally speaking, omics refers to the scientific fields associated with the high-throughput measurement of biological molecules. Since the process of mapping and sequencing the human genome began, Omics technologies have made it possible to collect a massive number of molecular measurements at cellular or tissue level [START_REF] Micheel | Omics-Based Clinical Discovery: Science, Technology, and Applications[END_REF].

Many areas of research can be classified as omics such as proteomics, transcriptomics, genomics, metabolomics, lipidomics, and epigenomics, which correspond to global analyses of proteins, RNA, genes, metabolites, lipids, and methylated DNA or modified histone proteins in chromosomes, respectively. These technologies can be applied to a multitude of biological systems in order to obtain a snapshot of all the biological processes at a resolution that has never before been possible [47,60].

Nevertheless in vitro toxicogenomics approaches has the potential to improve hazard identification and reduce or refine animal testing in regulatory toxicology [61].

Transcriptomics

Until today, transcriptomics result to be technically the most advanced and established compared to the other omics technologies [61]. The aim of this technology is to analyse the transcriptome which is the complete set of RNA transcripts from DNA in a cell or tissue. The transcriptomics have been applied to various aspects of research and clinical applications ranging from the pharmaceutical industry to toxicity testing [START_REF] Micheel | Omics-Based Clinical Discovery: Science, Technology, and Applications[END_REF].

Before 2000, RNA quantification was mainly performed on a gene by gene approach using quantitative reverse-transcribed polymerase chain reaction (qPCR), or by Northern blot approaches.

Large-scale characterization was based on two complementary approaches: expressed sequenced tags (EST) [START_REF] Adams | Complementary DNA sequencing: expressed sequence tags and human genome project[END_REF] and Serial Analysis of Gene Expression (SAGE) that used the Sanger technique to sequence concatenated random transcript fragments [START_REF] Velculescu | Serial analysis of gene expression[END_REF].

Nowadays, two techniques of measurement for the transcriptome are mainly used: microarrays, based on oligonucleotide probes that hybridize to specific RNA transcripts, and High Throughput Sequencing (RNAseq), a more recent approach which allows for direct sequencing of RNAs without the need for probes.

DNA microarrays is a technology developed in the late 1990s, and it has been extensively adopted by the academic's community to measure the abundance of defined sets of transcripts. According to this technology, transcripts are reverse-transcribed into cDNA in order to generate fluorescently labelled nucleic acid probes. The resulting signal intensity after hybridization enables a quantification of the transcripts. Specific analysis software allows subsequently to normalize dyes intensity across different measurements and consent to perform a differential expression analysis. Microarray technology evolved across the years producing improvement in the specificity of probes , thanks to advances in the design and manufacture of the arrays, as well in the fluorescence detection thanks to a better the sensitivity and measurement accuracy for low abundance transcripts [START_REF] Lowe | Transcriptomics technologies[END_REF]. For instance, the Agilent's Low Input Quick Amp WT Labeling Kit generates fluorescent complimentary RNA using the T7 RNA polymerase, that is able to amplify the target material and at the same time incorporates cyanine 3-or cyanine 5-labeled CTP. This method result to be more sensitive compared to the cDNA method [86] (Figure 4). Schaap and colleagues used a comparison approach to categorize genotoxic carcinogens based on 60 genes corresponding to the most 30 upregulated and 30 genes most downregulated [START_REF] Schaap | A novel toxicogenomics-based approach to categorize (non-)genotoxic carcinogens[END_REF]. Another example is represent by the Health and Environmental Sciences Institute (USA) that develop a gene signature of 65 genes capable of discriminate agents causing DNA damage (TGx-DDI) [START_REF] Li | Development of a toxicogenomics signature for genotoxicity using a doseoptimization and informatics strategy in human cells[END_REF].

Given the above, identification using gene signatures produce by transcriptomics approaches, result to be a valuable complement to the OECD Genetic Toxicology Test Guidelines [61]. RNA sequencing (black), RNA microarray (red), expressed sequence tag (blue), and serial/cap analysis of gene expression (yellow). 

Proteomics

The term proteomics is referred to the study of proteins, their structure and function, in various biological samples, cell, organ, or organism using high-throughput technologies. The totality of the proteins is called proteome and it is highly variable in time due to the nature itself of the proteins.

Several post-translational modifications occur changing the cellular homeostasis. Moreover, the concentrations of the proteins composing the proteome is extremely variable and protein of interest in a mechanistic process may be present in low concentration [61].

Mass spectrometry (MS)-based proteomics is the most widespread and comprehensive approach for the study and quantification of proteins and to profile their interactions and modifications. All mass spectrometers are composed of three fundamental components: an ion source, mass analyser and detector. The basic workflow of MS techniques is based on sample preparation, extraction, capillary electrophoresis, and/or chromatographic separation, ionization process (generating charged molecules) and detection of metabolites based on their mass-to-charge ratio.

The mass spectrometers can only analyse gaseous ions and the primary methods to obtain the ionized proteins are the electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). The combination of the two methods of ionization is used in the case of the tandem mass spectrometry where two or more mass analyser are coupled together.

To analyse the proteins, two general approaches are used called "top-down" and "bottom-up". In the case of the top-down approach, the proteins are processed and analysed intact. By contrast, in the bottom-down approach the proteins are digested, and smaller fragments are produced. These smaller fragments are easier determine, to process and analyse compared to intact protein making the bottomup approach a more suitable method for proteomic studies (Figure 7).

Two different strategies are used for the quantification of the protein using MS-proteomics. In the label-free quantification (LFQ), the MS signals of the peptides are extracted from the raw data, normalised, and compared using the proteomic conditions of interest. In the label-based approaches, that is currently the most commonly used method, stable isotopes are used to encode different proteome states [START_REF] Sinha | A beginner's guide to mass spectrometry-based proteomics[END_REF]. Heavy isotopes, typically carbon ( 13 C) or nitrogen ( 15 N), are incorporated into one sample while in a second one, light isotopes (e.g., 12 C and 14 N) are used. After this step, the two samples are pooled together processed and analysed. Peptides derived from the different samples can be distinguished due to their mass difference. The ratio of their peak intensities corresponds to the relative abundance ratio of the peptides and consequently of proteins. Different methods for isotope labelling are available such as the stable isotope labelling by amino acids in cell culture (SILAC), Proteomic-based studies can be very informative in the field of clinical diagnosis. Proteins are the direct effector of the cellular processes resulting the optimal target for discovering new disease biomarkers. Though, analysing the proteome is much more difficult than the genome or transcriptome.

The structural variation, the biochemical differences between proteins, the wider range in concentration, and the nature itself of the proteins that frequently need to interact to perform their function increase the methodological complexity enormously [START_REF] Betzen | Clinical proteomics: Promises, challenges and limitations of affinity arrays[END_REF].

Despite the advances in technologies, these points make the proteomics less sensitive than transcriptomics and metabolomics [START_REF] Serchi | Proteomics in toxicology -Added value or waste of energies?[END_REF]. However, in the field of toxicology, the integration of proteomics approaches can improve the understanding of molecular mechanism and mechanistic behind the risk assessment [61]. Proteomics has been successfully used to address mechanistic questions in toxicology, for instance for the assessment of smoke exposure effects. Together with a transcriptomics analysis, proteomics complements the toxicological parameters such as gross pathology and pulmonary histopathology as required by the OECD test guideline 413 (OECD TG 413) for a 90-day sub-chronic inhalation toxicity study (Figure 8) [START_REF] Titz | Proteomics for systems toxicology[END_REF].

In conclusion, proteomics can definitely contribute to improve the understanding of toxicant action and play a role in the development of predictive biomarkers and signatures of toxicity. The heatmap compares differential protein (left) and mRNA (right) regulation (signed -log10 q-value) for the identified protein clusters and exposure conditions. The bar plot indicates the percent of the genes that show consistent, statistically significant up-regulation of the mRNA transcript upon 90-day smoke exposure (q-value < 0.05). Note that-while overall consistent-the "translation" and "unfolded protein response" clusters show less mRNA up-regulation. 

Metabolomics

Metabolomics is the branch of the omics sciences which studies the metabolome within cells, biofluids, tissues, or organisms using high-throughput technologies. Metabolome can be defined as the complex of all endogenous and exogenous low molecular weight (less then 1kDa) metabolites or small molecules and their interactions in a biological system. The metabolome can be affected by different factors such as lifestyle, medication, underlying diseases, or environmental influences.

Moreover, it is downstream of the transcriptome and proteome. Since the metabolome is the final product of changes, interactions between gene expression, protein expression and the environment, is reported as the reflection of the phenotype [START_REF] Nalbantoglu | Metabolomics: Basic Principles and Strategies[END_REF].

The analysis and quantification of the metabolome is performed using mass spectrometry (MS). MS based approaches can detect and identify metabolites at low concentration with high resolution, sensitivity, and dynamic range (Figure 9).

All the cellular processes produce specific fingerprints in response to diseases or effects of exposure to toxic compounds. Metabolomics aims to identify and comprehend these unique fingerprints [START_REF] Stewart E | Metabolomics: biomarkers of disease and drug toxicity[END_REF].

Metabolomics has several applications in the medical field where clinical biomarkers and different metabotypes have been identified and studied in combination with other omics technologies. For instance, a practical application for the metabolomics techniques, is the analysis of the body fluids such as blood or urine that are rich in metabolites. The body fluids are easy to collect and in a nonto minimally-invasive manner and specific metabolic fingerprints can be established on a large population sample [61].

With respect to the toxicological field, the small metabolites have a direct effect on the cellular process and can be strongly linked to a toxicological phenotype. Despite the theoretical advantages (e.g., the highly effective discover of Mode of Actions that are the key events that lead to an adverse outcome) shown by the metabolomics, the lack of standard procedures for chemical risk assessment limit their utilization. However, different studies demonstrated the sensitivity of metabolomics

showing that this methodology is powerful enough to group chemicals which is the first step towards the hazard identification [76,[START_REF] Sullivan | An Adverse Outcome Pathway for Sensitization of the Respiratory Tract by Low-Molecular-Weight Chemicals: Building Evidence to Support the Utility of In Vitro and In Silico Methods in a Regulatory Context[END_REF].

Overall metabolomics shown a strength for the risk assessment. Nevertheless, this methodology has not reached the standard required for the regulatory toxicity [START_REF] Hartung | Systems Toxicology: Real World Applications and Opportunities[END_REF]. 

Epigenomics

Epigenomics aims to determine the epigenetic events across the genome [61]. The epigenetics is defined as the heritable changes in gene activity, induced by exposures to environmental factors, without any alteration to the genomic DNA sequence itself. Epigenetics plays important roles in several human diseases such as cancer [START_REF] Sahu | Epigenomics in toxicology and medicine[END_REF]. Typical example of mechanisms through which Epigenetic acts are DNA methylation and histone modifications [START_REF] Al Aboud | Genetics, Epigenetic Mechanism[END_REF].

In Epigenomics is the latest omics technology and the regulatory authorities are following the developments in the field studying the impact in risk assessment [61]. Epigenomics appears to be a promising approach for the development of alternative studies of risk assessment especially for what concern the AOPs frameworks. Epigenomic together with other omics approaches could improve the safety assessment. Despite this, some issues need to be solved such as discriminating causal relationships between epigenetic changes and apical outcomes as well as distinguishing between adverse and adaptive changes [START_REF] Larocca | The interface of epigenetics and toxicology in product safety assessment[END_REF]. (Left) Overview of different molecular layers that can be assayed using single-cell protocols. (Right) A cell with different layers of multiomics measurements, as defined on the left. Concordance or heterogeneity respectively may exist between the different layers, and this can be recorded by single-cell sequencing and computationally evaluated. In bulk transcriptome approaches a mixture of different cells, often of different types, characterised by different physiological states such as division, differentiation, migration, stress is used. This produce an "average" transcriptome of the whole sample where the information and the specific cellsignal is blur or can be missed. Moreover, due to the problem of heterogeneity of the sample, different cellular compositions can generate different analysis of the sample. The introduction of the singlecell RNA-seq method enabled the sequencing of the transcripts present in individual cells and resulted to be an improvement from the already existing single-cell microarray techniques [START_REF] Kurimoto | An improved single-cell cDNA amplification method for efficient highdensity oligonucleotide microarray analysis[END_REF]. The impact of this technology was so massive to be named "Method of the Year" by the journal Nature Methods in 2013 and "Breakthrough of the Year" by the journal Science in 2018. The constant evolution of this technique in the years following its introduction, has led to the development of different approaches capable to sequence up to hundreds or thousands of cells in one experiment (Figure 11).

Moreover, as shown in a recent review, an exponential scaling in size and number of single RNA seq datasets and publications can be observed over the last few years [START_REF] Svensson | Exponential scaling of single-cell RNA-seq in the past decade[END_REF]. This technology has quickly evolved producing different scRNA-seq protocols. All the protocols share the basic steps: cell isolation, RNA capture, complementary DNA library synthesis, amplification, sequencing library preparation and sequencing. Several improvements in different areas including cell capturing, barcoding, reverse transcription, amplification and sequencing has led to enhanced data quality, increased throughput, reduced batch effect and cost.

of this approach, cell type classifications were based on a restricted number of features in discrete cell types associated to specific function and with limited consideration for their physiological state and developmental origin. Thanks to multiple applications of single-cell transcriptomic analysis published in the last decade, some answers to these new questions about the definition of cell type and cell state have started to emerge.

The development of single-cell techniques allows to measure numerous cell features that were never measured. This new information challenges the traditional definition of 'cell type'. Before the advent One of the most common and useful applications of scRNA-seq is clustering cells. Thanks to the utilization of unsupervised machine learning algorithms, it is possible to cluster the cells of a biological sample into distinct groups using a variety of selected features resulting from highdimensional mRNA data. Clustering is performed using reduced algorithms, such as principle component analysis (PCA) [START_REF] Geladi | Principal Component Analysis☆[END_REF] and t-distributed stochastic neighbour embedding (t-SNE) [START_REF] Schaap | A novel toxicogenomics-based approach to categorize (non-)genotoxic carcinogens[END_REF]. A novel nonlinear algorithm published in 2018 is the so-called uniform manifold approximation and projection (UMAP) [START_REF] Mcinnes | UMAP: Uniform Manifold Approximation and Projection for Dimension Reduction[END_REF], claimed to preserve the global structure and local structure at nearly ten times the computational speed of the t-SNE. The cell types and subtypes can be identified based on domain knowledge of specific marker genes.

Another feature of scRNA-seq that is successfully used, is the 'pseudotime' information. This kind of analysis provides a time stamp to each cell in a heterogeneous population to specify where the cell resides along the biological trajectory following a physiological stimulation or perturbation [START_REF] Zhang | Embracing systems toxicology at single-cell resolution[END_REF]. A potential application is to identify possible alterations in developmental trajectories of cells perturbed by chemicals using pseudotime-based trajectory algorithms such as Monocle and Wishbone [115], [START_REF]Wishbone identifies bifurcating developmental trajectories from single-cell data[END_REF]. 

Single cell study: from bench to bioinformatic analysis

The last decade was characterized by a constant evolution of single-cell transcriptomic technologies.

Optimisation has concerned two main critical steps: the first one is the single-cell isolation and the second one is the mRNA capture and amplification. The intrinsic technical differences in protocols can lead to significant variations concerning the number of detected genes, mean and variance in gene expression, etc... This affects the power of each method to describe the observed cells at a molecular level.

The strength of each scRNA-seq method was described in a recent review. Ziegenhain et al. classified the different protocols according to four measurable technical variables [117].

-Number of cells analysed per experiment -Sensitivity as the probability to capture and convert a molecule of transcript from a single-cell into a cDNA molecule from the cDNA library -Accuracy as a reliable measure between read quantification and the actual concentration of transcripts -Precision as the quantification robustness to limit technical variation between cells and samples

Tissue dissociation

The first step in a single cell experiment is the sample preparation. This usually correspond to tissue collection and tissue dissociation. This is a focal point of the entire experiment and had to be accurately adapted and design according to each project. The aim of this step is to isolate the signal belonging to an individual cell creating a well-dissociated single-cell suspension; to achieve this, different approaches can be used such as enzymatic treatment or physical separation capable to remove extracellular matrix and cell-to-cell adhesion interactions. The critical point is that all of these processes need to be sufficiently strong to allow a large collection of individual cell, but not too harsh to avoid cell damage which can alter the transcriptome and introduce noise.

Each tissue and each organ present different characteristics that result in their own specificity. Cellto-cell interaction or resistant to enzymatic digestion are some factors that can affect the step of dissociation. As a result, tissue dissociation needs to be optimised prior to scRNAseq according to the origin of the sample [START_REF] Ding | Systematic comparative analysis of single cell RNA-sequencing methods[END_REF].

In presence of very fragile or complex starting material, an alternative method for tissue dissociation can be used, the single-nuclei RNA sequencing (snRNA-seq) [START_REF] Grindberg | RNA-sequencing from single nuclei[END_REF]. SnRNA-seq methods can handle minute samples of complex tissues that cannot be successfully dissociated, providing access to archived samples, such as fresh-frozen or lightly fixed samples.

It is possible to check the result of the dissociation evaluating the status of the cells. A comparison of bulk gene expression profiles between dissociated and undissociated cells can evaluate the impact of the dissociation measuring the level of expression of genes related to cell-death program such as FOS, JUN or EGR1. Moreover, the percentage of dead cells can be measured for example with a cell counter giving a picture of the overall state of the cells at the end of the extraction. In conclusion, tissue preparation is a crucial step that needs to be perfectly optimized prior to sn/scRNA-seq.

Cell isolation

With the evolution of the protocols over the last few years, important improvements were made in the single cell isolation technique increasing the number of cells that can be efficiently isolated leading to an increase statistical power. When the first study was published in 2009, just a few cells could be processed. Initially, these approaches were based on manual pipetting result to be timeconsuming and with a low cell-throughput. The further step was the introduction of fluorescenceactivated cell sorting (FACS) sorting into multi-well plates for cell isolation. This technique is based on the separation of the cells according to specific cellular characteristic such as cell size or using antibodies against surface proteins. The method works perfectly fine with immune cells, but more fragile cells might not tolerate the step of sorting. Moreover, a high rate of doublets (isolation of more than one cell) can be found.

The progress in the field of microfluidics has made possible the obtention of datasets produced from hundreds of thousands of cells [START_REF] Svensson | Exponential scaling of single-cell RNA-seq in the past decade[END_REF]. In the latest version of these protocols such as Drop-seq and Chromium from 10X Genomics, cells are isolated in nanolitre droplet containing unique cDNA barcoded beads.

The last in time technique to be developed is called Seq-Well. Arrays of subnanoliter wells containing unique barcodes loaded by gravity are capable to isolate cells, decreasing dead volumes and facilitating parallelisation. The design of these wells limits the dual cell occupancy rate reducing the percentage of doublets; moreover, a semiporous-membrane covers the wells limiting fluid exchange and cross-contamination between wells.

Together with the improvement in the single cell isolation, mRNA accessibility and capture as well as library preparation protocols underwent a huge implementation. These protocols became more and more robust, easily setup, accurate and efficient for single cell transcriptome profiling.

Unique Molecule Identifier (UMI)

A typical cell contains between 10 to 30pg of total RNA and only 1 to 5% is messenger RNA. The quantification of such small amount of initial material requires a large number of PCR cycles in order to obtain sufficient material for the step of sequencing. This can rise problems. Large numbers of cycles can introduce bias of heterogeneities among transcripts where some molecules are much better amplified than others, affecting the accuracy and precision of gene expression quantification.

UMIs are short random nucleotide sequences that are introduced into the cDNA libraries and exclusively label each unique molecule of cDNA. Their counting, instead of direct reads counting, removes this type of artefact, and provide a better estimate of transcript abundance. The UMI concept of was first introduced in 2012 by Kivioja et al. [START_REF] Kivioja | Counting absolute numbers of molecules using unique molecular identifiers[END_REF] and then used for the first time in single cell transcriptomics by Islam et al. in 2014 [122] resulting in an important step forward in the context of single-cell experiments (Figure 12).

The introduction of UMI-based protocols allowed to produce more precise quantification [START_REF]Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic Stem Cells -ScienceDirect[END_REF]and the generation of molecules count matrices, that are then used for further statistical analysis. Using UMI molecule counting, protocol capture efficiency can now be calculated as the ratio between the amount of synthetic molecule added to the reaction mix and the number of captured and counted molecules after PCR duplicate removal and unique UMI counting [START_REF] Liu | The External RNA Controls Consortium: a progress report[END_REF]. 

Single cell sequencing protocols: the droplet based approach

In the first single cell transcriptomic study published in 2009, the authors profiled mouse blastomere and oocytes using manual pipetting and homemade protocol integrating polyA priming, reverse transcriptase template-switching mechanism (template switching oligonucleotide = TSO) for second strand synthesis then fragmentation and SOLiD sequencing of full-length captured transcripts. Since this pioneering study several protocols were developed both by laboratories and private companies. I am going to present below the protocol that was used to perform the different experiments of scRNAseq in the following work.

Single cell transcriptomic droplet-based approaches were introduced for the first time in 2015 with a double publication describing the In-Drop [START_REF]Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic Stem Cells -ScienceDirect[END_REF] and the Drop-seq [START_REF] Macosko | Highly Parallel Genome-wide Expression Profiling of Individual Cells Using Nanoliter Droplets[END_REF]. The In-drop described a resource of a few thousands of mouse embryonic stem cells while the Drop-Seq was dedicated to the exploration of the mouse retina, providing a resource of 44,808 cells clustered among 39 cell populations. Both methods rely on microfluidics device to encapsulate in the same droplet one single cell and a bead containing oligo-dT barcoded primers at a speed of 4,000 to 12,000 cells per hour.

Regarding the efficiency, both methods claimed a doublet rate of 10% but the In-Drop showed a capture efficiency of 7% while the Drop-Seq claimed a capture efficiency of 12.8%.

Subsequently, this approach has undergone a commercial implementation provided by 10xGenomics company that developed also the Chromium single cell controller paving the way for a new era in single cell study in term of high throughput single cell profiling. For instance, the study of Zheng et al. 2016 [126] demonstrated the scalability and robustness of the method implemented into the Chromium system through transcriptome analysis of ∼250k single cells across 29 samples.

Thanks to the evolution microfluidics technology, single-cell experiments can now detail at a never seen precision. It is possible to detail the RNA content of a cell, understand how it really works and how a highly complex multi-cellular organism benefits from the organisation and the specialisation of cells.

Statistical data analysis

After the steps of preparation and amplification, another important step is the statistical data analysis allowing the full disclosure of the information obtained from the sequencing. Computational biologists have developed statistical and computational methods to specifically analyse and understand the complex properties of single cell datasets. As a first step, the count data undergo preprocessing for quality filtering and normalization prior to graphical representation based on Principal Component Analysis (PCA) and dimensional reduction (tSNE or UMAP representation). Several single cell statistical analysis workflows are available such as Seurat [START_REF] Butler | Integrating single-cell transcriptomic data across different conditions, technologies, and species[END_REF] or Scanpy [128]. Once the cells are clustered and identified based on specific gene markers, clusters can be labelled and the dataset analysed for several kinds of dedicated downstream analyses such as trajectory inferences, gene dynamics, differential expression, or compositional analysis between integrated samples.

Different applications for single-cell transcriptomic approach 6.8.1 Possible applications in the medical field

The advent of high throughput sequencing techniques revolutionized the medical field allowing gene expression comparisons between healthy and disease conditions. The aim of these studies was mainly to understand the different molecular processes involved in disease development.

A significant limitation of the 'bulk' approach is that the proportion of the different cell types in the samples are unknown. This can lead, for instance, to a situation where two samples can be formed by different percentage of cancer cells and as results, they display different genes expression signatures.

The single-cell transcriptomic approach overcomes this limitation and can provide a better -Tumour heterogeneity: Tumours are characterised by numerous cellular populations. Moreover, the malignant population can contain genomic subclones and can be also characterised by different physiological states resulting from stress (such as hypoxia, DNA damage, starvation), quiescence, or cell cycle stage. Thanks to scRNA-seq it is possible to describe in a more sensitive way this heterogeneity Numerous detailed descriptions of tumour composition and their micro-environments have been published so far [START_REF] Kurimoto | An improved single-cell cDNA amplification method for efficient highdensity oligonucleotide microarray analysis[END_REF]122,[START_REF]Droplet Barcoding for Single-Cell Transcriptomics Applied to Embryonic Stem Cells -ScienceDirect[END_REF].

-Drugs resistance: Drug resistance is a huge obstacle in cancer treatment and is always related to tumour progression and worse prognosis. Single-cell sequencing results to be an emerging technology for monitoring the emergence of drug-resistant in cell clones in patient samples thanks to the possibility to discover new molecular markers associated toas specific-cell identification [START_REF] Shalek | Single-cell analyses to tailor treatments[END_REF] -Metastasis: Micro-metastases of solid tumours often occur in the bone marrow. These disseminated tumour cells can resist to therapies and treatments. In the worst-case scenario, these cells can progress causing overt bone and visceral metastases. Demeulemeester and colleagues successfully identify and trace the origin of disseminated tumour cells in breast cancer using single-cell transcriptomic [START_REF] Demeulemeester | Tracing the origin of disseminated tumor cells in breast cancer using single-cell sequencing[END_REF].

Studies at single-cell resolution were also performed in the case of other chronic or acute diseases.

Braga and colleagues have shown a location-dependent airway epithelial cell states and a novel subset of tissue-resident memory T cells after performing scRNA-seq on human upper and lower airways and lung parenchyma in health and asthma patients, profiling a total of 36,931 single cells. [START_REF] Vieira Braga | A cellular census of human lungs identifies novel cell states in health and in asthma[END_REF].

Russel et al., use single-cell mRNA sequencing to examine the transcriptional consequences of influenza virus infection using human lung epithelial carcinoma line A549. They were able to prove a wide cell-to-cell variation in the productivity of viral transcription and a poor activation of innate immune pathways. Overall, their results highlight the complexity of viral infection at the level of single cells. [START_REF] Russell | Extreme heterogeneity of influenza virus infection in single cells[END_REF] scRNA-seq studies proved to provide new insights in of the understanding of chronic or acute diseases, for instance which cell types are the most affected and how this could have consequences in the networks across cells in a given organ.

Single-cell in developmental biology

The field of developmental biology has been a great beneficiary of single-cell transcriptomic decision-making [START_REF] Haghverdi | Batch effects in single-cell RNA-sequencing data are corrected by matching mutual nearest neighbors[END_REF]. A representative example of this application can be observed in the study of Ruiz Garcia et al. [29]. Using single-cell transcriptomics and lineage inference, these authors were able to unravel trajectories from basal to luminal cells, providing novel markers for differentiation of specific populations in the upper airway.

Cell atlases

The advent of single-cell transcriptomic technologies began a new era of cell type discovery, encouraging their description and classification using this new cutting-edge approach. An international effort has been organised in order to build an extensive and comprehensive atlas of the many cells forming a living organism. These atlases aim to perform a precise characterisation of the cell diversity and their heterogeneity in complex systems, organs and tissues [START_REF]Single-Cell Map of Diverse Immune Phenotypes in the Breast Tumor Microenvironment -ScienceDirect[END_REF]. Furthermore they can provide a molecular description of rare cell populations and discover and characterise new cell types [START_REF] Montoro | A revised airway epithelial hierarchy includes CFTR-expressing ionocytes[END_REF]- [START_REF] Grün | Single-cell messenger RNA sequencing reveals rare intestinal cell types[END_REF].

The two first results of cell atlases were the Mouse cell Atlas [142] and Tabula Muris [START_REF] Muris | Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris[END_REF]. They were composed of 400k cells and 100k cells, respectively, collected from 51 and 20 organs and tissues from Mus musculus. This first step was important to demonstrate the emerging potential of singlecell transcriptomics technologies and its impact in cell biology.

The natural evolution was the creation in 2016 of the Human Cell Atlas (HCA) Consortium. HCA is an international and collaborative initiative to define all human cell types as thoroughly as possible (www.humancellatlas.org ) [144]. The aim is to integrate all possible definitions of a cell type and describe physiological states, developmental trajectories and physical locations in the human body using all the omics techniques available including epigenomic, transcriptomic and proteomic. Inside the HCA, the Lung Cell Atlas uncovered unique insights about the identities, activities, and lineage relationships of all cells in human lung. High-resolution studies performed on different lung diseases and conditions allowed to create a comprehensive catalogue of the changes that occur in lung cellular composition and function in health and disease. The aim of the Lung Cell Atlas is to lead to development of novel cell-and disease-specific biomarkers and advancements in therapeutic strategies for lung disease [START_REF] Deprez | A Single-Cell Atlas of the Human Healthy Airways[END_REF].

Different research teams have also started their own collection of specific organ atlases such as pancreas [START_REF] Muraro | A Single-Cell Transcriptome Atlas of the Human Pancreas[END_REF], brain [START_REF] Zeisel | Cell types in the mouse cortex and hippocampus revealed by single-cell RNA-seq[END_REF], kidney [START_REF]Comprehensive Cell Type Specific Transcriptomics of the Human Kidney | bioRxiv[END_REF], or intestine [START_REF]A single-cell survey of the small intestinal epithelium | Nature[END_REF].

Toxicology at single-cell resolution

The majority of the bioassays including microarray, RNA sequencing, and proteomic assays were traditionally performed at cell population levels using a bulk approach. However, the responses of cells are always heterogeneous, and the fraction of responsive cells often depends on the concentration of the perturbing agent. The cellular heterogeneity can be masked in bulk assays where cells are lysed in a single pool and processed together.

The advent of scRNA-seq together with the other single-cell omic technologies such as single-cell proteomic, metabolomic, epigenomic made possible to analyse the molecular signatures of individual cells bringing resolution and innovation in the study of biological systems and their perturbation by chemicals. Possibly, toxicological studies of chemical perturbation followed by scRNA-seq, thanks to the possibility of performing clustering, can characterize differential activation of cells in response a different chemicals, dose, and exposure duration. These studies can shed the light on cellular metabolism of the chemicals and their potential toxicity providing new insights into organ-level response. A recent scRNA-seq study identified in asbestos-induced lung fibrosis mice, macrophages subpopulation associated with fibrosis, a consistent result with previous human pulmonary fibrosis studies [START_REF] Joshi | Single-cell RNA-seq reveals spatially restricted multicellular fibrotic niches during lung fibrosi[END_REF] (Figure 13).

Another interesting possibility is to use scRNA-seq data in order to identify and map the gene regulatory network (GRN) underlying the dynamic cellular response to chemicals. Single cell data provide much richer and reliable information regarding the relationship between genes within the same cells. Thanks to developed algorithms such as SCODE and SCENIC, more reliable GRN structures can be reverse engineered and reconstructed based on single cell data to feed dynamical modelling [129,[START_REF] Hu | Single-Cell RNA Sequencing Reveals the Cellular Origin and Evolution of Breast Cancer in BRCA1 Mutation Carriers[END_REF]. Moreover scRNA-seq provide extremely valuable information on the abundance (copy numbers) of each mRNA species for modelling single cell GRNs.

In a recent study, Srivatsan and colleagues performed a massively multiplex transcriptomic at single cell resolution. Three cancer cell lines were exposed to 188 compounds profiling around 650,000 cells. The results show substantial intercellular heterogeneity in response to specific compounds, similarities in response to families of compounds and a better comprehension of the differential properties within families of compounds. According to the authors, this study can pave the way for a comprehensive, high-resolution atlas of cellular responses to pharmacological compounds [126].

Despite having different potential applications, scRNA-seq applied to toxicology can face both technical and computational challenges. Toxicological studies compare biological samples across different chemical exposure conditions such as doses and durations. In the case of scRNA-seq study, the precision of comparison is subject to not only to traditional technical variations such as animal treatment, sample collection and handling, but also to technology-specific variations including tissue and cell dissociation, library preparation and downstream processing. scRNA-seq studies where tissue samples are collected under different conditions and processed separately suffer of batch effects [START_REF] Zhang | Embracing systems toxicology at single-cell resolution[END_REF]. In order to reduce batch effects, different protocols of multiplex through sample-specific cell tagging, notably using barcode-labelled antibodies have been developed (Figure 14). Samples from different conditions, processed in this way can be pooled and processed together and subsequently identified bioinformatically [START_REF]Cell Hashing with barcoded antibodies enables multiplexing and doublet detection for single cell genomics[END_REF]. From a computational analysis point of view, clustering cells appropriately and comparing them under complex conditions can be also challenging. When cells are exposed to chemicals, they tend to cluster based on the differential transcriptional responses to different exposure conditions. This phenomenon can also interfere with the clustering of cells into physiological cell types. The most recent single-cell computational tool Seurat uses canonical correlation analysis to first identify physiological cell type clusters across conditions and then examine cell type-specific responses [START_REF] Butler | Integrating single-cell transcriptomic data across different conditions, technologies, and species[END_REF].

This approach mitigates the problem of cross-condition comparison, but it does not completely eliminate it and better algorithms need to be developed. Moreover, single-cell studies can compare not only means and variances between samples, but also distributions of cells, cell types/subtypes, and genome-wide RNA levels. Establishing the ground truth of these metrics for normal tissues and being able to tell the adverse from the normality can pose challenges [START_REF] Zhang | Embracing systems toxicology at single-cell resolution[END_REF].

Overall, Single-cell RNA-seq technologies are providing an expanding high-resolution view of the cellular perturbations of biological organism by the internal and external environment. The constant improvement and cost decline, together with the development of novel computational analysis tools, are improving the understanding of the physiological and toxicological processes occurring in the cells. Of course, as any new rising technology, Single-cell RNAseq presents many challenges as discussed above. At the same time, it paves the way to a possible new era for toxicological research and bringing higher precision to the risk assessment of adverse outcomes from chemical exposures.

MATERIAL AND METHODS

Cell lines and reagents

Cells were cultured in DMEM10% (vol/vol) FBS 1% penicillin-streptomycin at 37°C in a humified incubator with 5%(vol/vol) CO2

Human bronchial epithelial cells BEAS-2B (ATCC) were cultured in MucilAir TM culture medium at 37°C in a humified incubator with 5% (vol/vol) CO2. After 4 to 5 days of culture, after reaching about 70% confluence, cells were detached with trypsin-EDTA 0.05% (Gibco) and used as a monolayer or seeded on Transwell® permeable supports (6.5 mm diameter; 0. 

RNA extraction

Total RNA was extracted from the samples with the miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Isolated RNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Scientific).

Quantitative RT-PCR

Extracted RNA (1µg) was reverse transcribed into cDNA using the Multiscribe reverse transcriptase kit (Applied Biosystems). Primers were designed using PrimerBank or adopted from published studies. Gene expression levels were measured using the LightCycler 480 System. Results from the qPCR were normalized using the reference gene RPL32 and relative gene expression was quantified using the ΔΔCt method.

Microarry gene expression analysis

Total RNA integrity was tested with the Agilent BioAnalyser 2100 (Agilent Technologies). After labeling RNA samples with the Cy3 dye using the low RNA input QuickAmp kit (Agilent) following the manufacturer's instruction, labeled cRNA probes were hybridized on 8×60K high-density SurePrint G3 gene expression human Agilent microarrays.

Dissociation for single-cell RNA-seq

Single-cell analysis was performed at the indicated days of culture. To obtain a single-cell suspension, cells were incubated with 0.1% protease type XIV from S. griseus (Sigma-Aldrich) in supplemented HBSS for 4 h at 4°C. Cells were gently detached from Transwells by pipetting and then transferred to a microtube. Fifty units of DNase I (EN0523 Thermo Fisher Scientific) per 250 μl were directly added and cells were further incubated at room temperature for 10 min. Cells were centrifuged (150 g for 5 min) and resuspended in 500 μl supplemented HBSS containing 10% FCS, centrifuged again (150 g for 5 min) and resuspended in 500 μl HBSS before being mechanically dissociated through a 26 G syringe (four times). Finally, cell suspensions were filtered through a 40 μm porosity Flowmi

Cell Strainer (Bel-Art), centrifuged (150 g for 5 min) and resuspended in 500 μl of ice-cold HBSS.

Cell concentration measurements were performed with a Scepter 2.0 Cell Counter (Millipore) and

Countess automated cell counter (Thermo Fisher Scientific). Cell viability was checked with a

Countess automated cell counter (Thermo Fisher Scientific). All steps except the DNAse I incubation were performed on ice.

Single-cell RNA-seq

We followed the manufacturer's protocol (Chromium Single Cell 3′ Reagent Kit, v2 Chemistry) to obtain single cell 3′ libraries for Illumina sequencing. Libraries were sequenced with a NextSeq 500/550 High Output v2 kit (75 cycles) that allows up to 91 cycles of paired-end sequencing: read 1 had a length of 26 bases that included the cell barcode and the UMI; read 2 had a length of 57 bases that contained the cDNA insert; index reads for sample index of eight bases. Cell Ranger Single-Cell Software Suite v1.3 was used to perform sample demultiplexing, barcode processing and single-cell 3′ gene counting using standard default parameters and human build hg19, pig build sus scrofa 11.1

and mouse build mm10. Additional analyses were performed using R.

Research context and aims 8.1 Non-genotoxic carcinogenic compounds

In this study, we want to develop an in vitro test to screen the carcinogenic nature of chemical and natural compounds using transcriptomic approaches. To achieve our goal, we treated 2D and 3D lung models, with three different non-genotoxic compounds: cadmium chloride, hydroquinone, and phorbol 12-myristate 13-acetate.

The term non-genotoxic carcinogen identifies all the compounds capable of inducing cancer by some mechanisms not directly related to gene damage. These mechanisms are multiple, including the modulation of metabolizing enzymes, the induction of peroxisome proliferation, the stimulation of oxidative stress, the alteration of intercellular communication, the suppression of apoptosis and the stimulation of regenerative cell growth following cytotoxic effects [START_REF] Hayashi | Overview of genotoxic carcinogens and non-genotoxic carcinogens[END_REF].

In this chapter, I will briefly describe each of these compounds highlighting their mains characteristics and mode of actions.

Cadmium chloride

Cadmium chloride or dichlorocadmium according to IUPAC nomenclature, whose molecular formula is CdCl2, is a crystalline compound with a white colour formed by cadmium and chloride. Cadmium (Cd) is the chemical element number 48 and appears as soft, silvery-white metal with chemical properties similar to the other stable metals in group 12 such as zinc and mercury. The chloride ion is the negative charged ion of the chlorine (Cl -). The formation of this ion occurs when the chlorine gains an electron or when a compound such as hydrogen chloride (HCl) is dissolved in water or other polar solvents. Cadmium chloride forms a layered structure where octahedral Cd 2+ centres are linked with chloride ligands. Moreover, this salt is a hygroscopic solid with a high solubility in water.

This salt is used in various human activities. Cadmium chloride is used as a component to produce the "Cadmium yellow" a brilliant-yellow pigment. Moreover, it is used in fungicides, electroplating baths, photography, dyeing and calico printing. Remaining in the industry field, cadmium soaps are used as components of PVC stabilizers. In laboratory, cadmium chloride is used in chemical reaction to synthetise organo-cadmium compounds [START_REF]Cadmium chloride[END_REF].

The toxic effects of cadmium chloride results from ingestion and inhalation of cadmium-containing products. Effects from exposure may include contact burns to the skin, headache, shortness of breath, chest pain, kidney damage, liver damage, and pulmonary edema. Cadmium and compounds containing Cd, have been classified as carcinogenic by the International Agency for Research on Cancer [START_REF]IARC, Personal Habits and Indoor Combustions[END_REF].

Cadmium and its salts are one of the more abundant heavy metal toxicants to which humans are exposed both in occupational and environmental settings. Cadmium is characterised by a long halflife in biological systems that can reach years. This property is responsible for the changes that can be associated with exposure to Cd [157]. In experimental animal models, Cd acts as an endocrine disruptor supporting the hypothesis that this metal can potentially induce the development of hormone-dependent tumours in humans. Moreover, Cadmium and its compounds affect the production of reactive oxygen species causing tissue damage in various tissue. Cadmium can bind with high affinity the glutathione producing a disturbance of the redox balance that leads to an oxidative environment [START_REF] Vieira Braga | A cellular census of human lungs identifies novel cell states in health and in asthma[END_REF]. Oxidative stress has been demonstrated in multiple studies to be part of early biological responses that can lead to molecular changes in organ systems before the appearance of clinical diseases or the development of cancer.

According to the meta-analysis of population studies performed by Nawrot et al., low level environmental exposure to cadmium represents a risk factor for total cancer and lung cancer [START_REF] Nawrot | Association of total cancer and lung cancer with environmental exposure to cadmium: the meta-analytical evidence[END_REF].

However, the mechanisms causing the lung cancer Cd-induced are still unclear. A recent study performed on A549 cells by Zhai and colleagues suggest a potential role of phosphorylated (p)-ERK in the Cd-induced migration and invasion of lung cancer cells. In addition, p-ERK regulates the Cd-induced expression of matrix metalloproteinases 2 a well-known marker of Cadmium toxicity [START_REF] Zhai | Cadmium induces A549 cell migration and invasion by activating ERK[END_REF].

Hydroquinone

Hydroquinone (HQ), also known as benzene-1,4-diol according to IUPAC nomenclature, is a phenol deriving from benzene to which two hydroxyl groups are bonded in a para position. It is an aromatic organic compound having molecular formula C6H6O2 or C6H4(OH)2. Hydroquinone appears as lightcoloured crystals or solutions [160].

Hydroquinone is used for multiple purposes in industry for its property to act as a reducing agent soluble in water. For instance, it is used as a developing agent in black-and-white photography, lithography, and x-ray films. It can also be found as an intermediate to produce antioxidants for rubber and food. Moreover, it can be added to a several industrial monomers to inhibit polymerization during shipping, storage, and processing. Yet, the most controversial application was that hydroquinone has been the standard prescription agent for skin lightening and depigmentation. Due to the potential long-term consequences when orally consumed, including the possibility to promote cancer, hydroquinone is banned in Europe and parts of Asia [START_REF] Draelos | Evaluation of a kojic acid, emblica extract, and glycolic acid formulation compared with hydroquinone 4% for skin lightening[END_REF].

Since 2001, hydroquinone is banned from cosmetic application by the European Union. This decision was taken primarily to avoid the potential health risk caused by the production of benzene derivates after the processing of hydroquinone in the liver and kidney. These products are known to cause bone marrow toxicity. Moreover, renal adenoma can occur as consequence of the production of these toxic metabolites. According to Chen and colleagues, chronic HQ-treated human lymphoblastoid TK6 cells lead to carcinogenic transformation confirmed by abnormal cell proliferation, and subcutaneous tumour formation in nude mice [START_REF] Chen | Hydroquinone-induced malignant transformation of TK6 cells by facilitating SIRT1-mediated p53 degradation and up-regulating KRAS[END_REF]. Shibata et al. showed that two years of HQ treatment promote the induction of renal cell tumours in rats and mice as well as enhancement of hepatocellular tumour development [START_REF]Induction of Renal Cell Tumors in Rats and Mice, and Enhancement of Hepatocellular Tumor Development in Mice after Long-term Hydroquinone Treatment -Shibata[END_REF]. Overall, hydroquinone promotes the generation of reactive oxygen species leading to a condition of oxidative stress, which can promote DNA damage and the formation of cancer. As pointed out in a recent review redacted by Zeng and colleagues, HQ also promotes several epigenetic mechanisms regulating the expression of several genes. This regulation can lead in the worst case to carcinogenesis [START_REF] Zeng | Epigenetic changes involved in hydroquinone-induced mutations[END_REF].

Phorbol 12-myristate 13-acetate

Phorbol 12-myristate 13-acetate (PMA) also called tetradecanoylphorbol acetate or tetradecanoyl phorbol acetate is a diester of phorbol where the hydroxy groups at the cyclopropane ring junction in position 13, and the adjacent carbon in position 12 have been converted into acetate and myristate esters respectively. As for the case of phorbol, PMA is a plant-derived organic compounds being an active constituent of the seed oil of Croton tiglium. PMA can be found as is a colourless powder or white crystals [165].

Due to its characteristics of carcinogen compounds, PMA is routinely used in vivo and in vitro studies in cancer research to examine the mechanisms of tumour promotion, to screen for potential inhibiting agents, and as positive control for non-genotoxic tumour promoting agents. PMA stimulates cell proliferation through a rapid activation of protein kinase C (PKC). Furthermore, it promotes the production of reactive oxygen species.

PMA was used in clinical trials in humans in case of haematological recurrency malignancies including severe forms of leukemia. The aim of the study was to use at low doses PMA taking advantage of its ability to induce apoptosis and cell differentiation. Unfortunately, several patient developed severe side effects following the treatment [START_REF] Strair | Administration of a Phorbol Ester to Patients with Hematological Malignancies: Preliminary Results from a Phase I Clinical Trial of 12-O-Tetradecanoylphorbol-13acetate[END_REF].

PMA is used as a tumour promoting agent for skin carcinogenesis in rodents. Kawabe et colleagues developed a short-term skin carcinogenesis bioassay using transgenic rasH2 mice that were administered once or twice weekly, for 7 weeks with PMA. The treatment was sufficient to develop skin nodules. According to the authors, this test could represent a useful tool for the evaluation of drug and chemical safety with cutaneous treatment [167].

Aim of the project

Toxicological tests are classically performed on animal models. Prohibitive costs and evolution of the perception about animal experimentation in the general public, have encouraged the development of in vitro tests capable to replace in vivo animal studies in the prediction of the toxicity of compounds. In particular, these tests can represent an important tool for the identification of the socalled "CMR" compounds (Carcinogenic, Mutagenic and/or Reprotoxic). More recently, tests based on animal experimentation for cosmetic products have been banned in the European Union.

Therefore, there is an urgent need of developing in vitro test for to identify CMR compounds and in particular, to predict the carcinogenic potential of new compounds.

In this context, a part of a collaboration with Immunosearch, a leading European company in the field of predictive immuno-toxicology for the perfume and cosmetic industry, our aim is to explore the potential of transcriptomic approaches for the elaboration of in vitro test capable to predict the nongenotoxic carcinogenic nature of chemical and natural compounds used in the cosmetic industry.

In this work, we have compared transcriptomic signatures of non-genotoxic carcinogenic compounds on lung epithelia using bi-dimensional (such as the normal human bronchial epithelium cells, BEA-2B) and tri-dimensional (3D) cultures (such as Air Liquid Interface system). Three known nongenotoxic carcinogens cadmium chloride (CdCl2), hydroquinone (HQ) and Phorbol Myristate acetate (PMA) were used.

We first analysed ALI and BEAS-2B cultures using a bulk transcriptomic approach. Microarray gene expression profiling were performed upon incubation with the toxicants to identify the difference in the response. Next, we performed single cell transcriptomic analysis to identify potential bias linked

Experimental findings

In the following section, I will describe the results obtained during my thesis. I performed all the bench-work part which include the setting up of the experimental condition, the experimental validation and the generation of all microarray gene expression as well as all the scRNA-seq datasets.

The sequencing and data pre-processing was performed by the by UCAGenomiX platform.

Bioinformatics analysis was performed with the help of Marin Truchi, from the raw count table to the final figures present in this manuscript.

Setting up the experimental conditions

The first step in our study was to set up the optimal experimental conditions in particular the time of exposure to the non-genotoxic compounds and their concentration. To do so, time-course as well dose-response experiments were performed using the normal human bronchial epithelium BEAS-2B cell line. Ninety percent confluent cells were treated with cadmium chloride and hydroquinone at different concentration 1-5-10 µM and 25-50-100 µM respectively. Three different time points were chosen: 6, 12, and 24 hours. To evaluate the effects of the treatment, qRT-PCR analysis of the expression levels of NRF2 pathway regulated genes was performed. A total of 20 genes were analysed. Figure 15 (A,B) show the results of the qRT-PCR analysis. For each condition, a bar plot is illustrated. On the y axis is represented the log2 fold change. On the x axis the most relevant differentially expressed genes are shown. As a conclusion of this experiment, a time of 6 hours and a concentration of 10 µM for cadmium chloride and 50 µM for hydroquinone were sufficient to obtain a relevant expression of the genes regulated by the NRF2 pathway such as HMOX1, SLC7A11, and AKR1C1.

Once defined the experimental conditions, a similar experiment was performed using the 3D reconstituted model of the human airway epithelium, MucilAir TM (Epithelix Sàrl). The chosen concentrations (10 µM for cadmium chloride and 50 µM for hydroquinone) were prepared in MucilAir TM culture medium and a volume of 500 µl, and 200 µl were added in the basal and in the apical part of the insert respectively. After 6 hours of incubation, total RNAs were extracted and a qRT-PCR analysis of the expression levels of NRF2 pathway regulated genes was performed to evaluate the effects of the treatment. In the figure 15 (C), the comparison between the treatment in BEAS-2B and MucilAirTM is displayed. For each condition, a bar plot is illustrated. On the y axis is represented the log2 fold change. On the x axis the most relevant differentially expressed genes are displayed. According to the results of the qRT-PCR analysis, the chosen experimental conditions were sufficient to generate a similar response in the 3D reconstituted model of the human airway epithelium, MucilAir TM compared to the BEAS-2B.

In conclusion a time exposure of 6 hours and a concentration of 10 µM for cadmium chloride and 50 µM for hydroquinone were chosen as the parameters for the following experiments. 

Bulk transcriptomic approach: Microarray gene expression analysis

The next step consisted in performing a global transcriptomic approach (mcroarray gene expression analysis) on MucilAir TM and BEAS-2B models after the exposure to the non-genotoxic compound To better investigate these gene signatures, an Ingenuity Pathway Analysis © (Qiagen) was performed using the most 200 differentially expressed genes (p-value <0.01) in each condition. The enriched canonical pathways, upstream regulators and a representation of the genes network regulated by cadmium chloride and hydroquinone are shown in Figure 19 (A,B,C) and Figure 20 (A,B,C).As a result of this analysis, a similarity in the enriched canonical pathways and upstream regulators is shown between BEAS-2B and MucilAir TM models. It is noteworthy to note the presence of the NRF2 pathway in the top position of the enriched canonical pathways for both cadmium chloride and hydroquinone.

In conclusion, the results provide evidence of ae better reproducibility of the results obtained in BEAS-2B compared to the MucilAir TM model. Despite that the microarray gene expression analysis highlighted a difference in the gene response signature between the two models after the treatment with the same non-genotoxic compound, the Ingenuity Pathway Analysis © shows that a relatively small number of genes [START_REF] Ricciardi | Thieme Atlas of Anatomy: General Anatomy and Musculoskeletal System[END_REF] are responsible for the similarity in the enriched canonical pathways and upstream regulators. 

Setting up the single cell RNA sequencing experiment

Single-cell transcriptomics experiments is a step-by-step approach, starting from the treatment of the cells to the library generation Figure 21. A crucial factor to obtain results of good quality is the cell dissociation. This step must provide well-dissociated single-cell suspension containing live, wellisolated cells. This step must be optimized for every tissue of interest.

To optimize the protocol, three different experiments using MucilAir TM inserts were performed. A schematic workflow is represented in Figure 22 (A). Cells used for these experiments were dissociated and the cell viability as well as the number of cells were checked to evaluate the quality of the dissociation. A table showing the result of one typical experiment of cell dissociation is represented in the Figure 22 (B). The GFP index indicates the percentage of the cell mortality. A value of 20% can be accepted to perform the following steps.

Altogether, the results suggest that the protocol used for the cell dissociation allows to create a welldissociated single-cell suspension with sufficient cell viability to perform the next steps of the singlecell RNAseq experiment.

.

Single-cell RNA sequencing analysis

After the optimisation of the dissociation step, three different runs of scRNA-seq were performed using 10x genomics chromium single cell, generating three different datasets. Two of these run involved MucilAir TM cultures (MucilAir TM _1, MucilAir TM _2) and one involved BEAS-2B cells grown on filters.

For each run, mRNA library reads were mapped on hg38 (Genome Reference Consortium Human Build 38 is the assembly of the human genome released December of 2013, that uses alternate or ALT contigs to represent common complex variation, including HLA loci) and quantified with Cell Ranger. Cells obtained from the dissociation of different samples are incubated with DNA-barcoded antibodies recognizing ubiquitous cell surface proteins. These antibodies are characterised by distinct barcodes (hashtag-oligos, HTO) on the antibodies allow pooling of multiple samples into one scRNAseq experiment following the protocol decribed in Stoeckius et al. HTO library reads were quantified using CITE-seq-Count. mRNA and HTO count matrices were associated in a Seurat object. HTO counts were normalized using centred log ratio (CLR) transformation and then used to assign the undergone treatment of each cell with the HTODemux function. Only "singlets" cells with less than 95% dropouts and 20% of mitochondrial gene content were kept for the downstream analyses.

Presentation of the datasets

MucilAir TM _1 and MucilAir TM _2 datasets were individually normalised with SCTransform and then integrated as described in the dedicated Seurat vignette. Clusters were computed in the integrated counts PCA space and annotated according to the expression of canonical epithelial makers. Both runs were finally split to performed differentially analyses between treatments within cell types separately, using the log-normalized counts Figure 23 (A). 

BEAS-2B dataset was normalised with

BEAS-2B and cell subtype

The first question we wanted to answer was to which cell subtypes BEAS-2B is the closest. To do so the cell subtypes marker genes expression was analysed. Canonical markers known from the literature were used: KRT15 for basal cells, SERPINB4 for suprabasal cells, SCGB1A1 for secretory cells, and FOXJ1 for multiciliated cells. Violin plots of the cell subtypes marker genes corresponding to the dataset of MucilAir TM run 1, MucilAir TM run 2, and BEAS-2B were represented in the Figure 24 (A,B,C) respectively. It is important to note that the BEAS-2B dataset shows no expression of these cell subtypes marker genes.

Hierarchy of cell response

We wanted then to further investigate how the different cell-types found in MucilAir TM and BEAS-2B respond to the different non-genotoxic compounds. To achieve this goal, an analysis of the In conclusion, our results suggest that for each treatment, different cell-type respond in different manner. This different magnitude of differentially expressed genes determine a hierarchy in the cell response.

Common signature

Another question to address was if a common signature of the cell-type can be isolated after the administration of a non-genotoxic compound. The most significantly differentially expressed genes after the administration of cadmium chloride (abs(logFC) > 0.5, pval < 0.05), hydroquinone (abs(logFC) > 0.5, pval < 0.05), and PMA (abs(logFC) > 1.2, pval < 0.05) are represented in the heatmaps Figure 25 (A), 26 (A), and 27 (A). Genes in row, samples in column. Run and cell-type are color-coded. A common signature to all cell-types and BEAS-2B in response to each non-genotoxic compound can thus be observed as highlighted by the yellow squares.

Specific signature

Finally, these data also show that a specific signature, characteristic of each cell type can be identified after the administration of a non-genotoxic compound as highlighted by the black arrows Figure 25 (A), 26 (A), and 27 (A).

To better investigate these specific signatures, t-SNE representations of the expression of specific genes in the different cell-types after cadmium chloride, hydroquinone, and PMA administration are shown. Cell-types and conditions are colour-coded. These genes highlight a specific cell-type signature in response to the treatment and moreover, can be used as markers for further studies. Figure 28, 29, and 30. 

Towards the elaboration of an in vitro test using transcriptomic approaches

In this project, we aimed to determine the potential of single-cell transcriptomic approaches for the elaboration of in vitro test capable to predict the lung non-genototoxic carcinogenic nature of chemical and natural compounds. To achieve this goal, we treated with non-genotoxic compound two different lung models: the cell line human bronchial epithelial cells BEAS-2B, and the 3D reconstituted model of the human airway epithelium, MucilAir TM .

Experimental conditions

The first step of this work consisted in the set-up of the experimental conditions by performing timecourse as well dose-response experiments. Three different time points (6-12-24 hours) and three different concentrations (1-5-10 µM for cadmium chloride, and 25-50-100 µM for hydroquinone).

These concentrations were chosen on the basis of previously published papers. To evaluate the effects of the treatments, measurement by RT-qPCR of the level of expression of NRF2 pathways regulated genes was performed (Figure 15 A,B). NRF2 pathway is involved in the anti-inflammatory process by coordinating the recruitment of inflammatory cells and regulating gene expression through the antioxidant response element (ARE). Since one of the non-genotoxic compounds mechanisms that lead to carcinogenesis is the generation of ROS, the verification of the expression of the genes involved in the NRF2 pathway proved to be an efficient tool. Both cadmium chloride and hydroquinone are known to cause imbalance in the ROS regulation of the cell. As highlighted by the results, 6 hours treatment with a concentration of 10 µM for cadmium chloride and 50 µM for hydroquinone were sufficient to generate a significant response to the treatment in both the models (Figure 15 C). In addition, the MucilAir TM insert (ALI cultures) were treated by adding 500 µl of medium containing the compound in the basal part of the insert, and with 200 µl of medium in the apical part. This strategy was adopted to maximize access of the compound to all the cells on the insert. In this way, 6 hours correspond to a time-point with low cells death. This 6 hours' time-point corresponds to the time-point used in toxicology for the acute toxic category (ATC) method [START_REF] Khurana | Metformin: safety in cardiac patients[END_REF].

The models under the lens of the microarray gene expression analysis

After the experimental conditions were chosen, we performed a microarray gene expression analysis on the two models after the administration of cadmium chloride and hydroquinone.

Conventionally, hybridization-based approaches such as microarrays have been considered the standard technology for gene expression profiling in toxicogenomics [START_REF] Romero | Metformin, the aspirin of the 21st century: its role in gestational diabetes mellitus, prevention of preeclampsia and cancer, and the promotion of longevity[END_REF].

Our results show that a better reproducibility is expressed in the biological duplicates of BEAS-2B compared to the MucilAir TM (Figure 16). This can be explained by the fact that the 2D cell lines cultured are easier to manipulate compared to a 3D ALI model. In the MucilAir TM ALI culture, secretory cells are present and secrete mucous. It is possible that a sub-optimal mucous removal step during the washing step before the administration of the treatments, can interfere with the diffusion of the non-genotoxic compound across the insert.

A quite different gene expression profile can be observed in 2D versus 3D cultures (Figure 17). As A common gene signature for each condition can be observed (Figure 18). The Venn diagrams show that upon treatment with cadmium chloride, 58 genes found commonly deregulated in both models.

Among them the most differentially expressed were genes belonging to the Metallothionein (MT) family such as MT1G, MT1F, MT1X, and MT1M. The proteins coded by these genes are a low molecular mass of approximately 6500 Da metal-binding protein, characterized by 30% thiolcontaining cysteine residues. These proteins are able to bind metals both essential (e.g. zinc and copper) and nonessential (e.g. cadmium and mercury) and they have different biological functions, which include essential metal homeostasis, heavy metal detoxification, and cellular antioxidative defence. The role of MT in the protection against cadmium toxicity is well established, for acute Cd poisoning, but also for chronic Cd toxicity, and Cd carcinogenesis [START_REF] Levri | Metformin as treatment for overweight and obese adults: a systematic review[END_REF].

Upon treatment with hydroquinone, 181 genes resulted to be commonly deregulated in 2D and 3D

cultures. The most differentially expressed genes are represented by genes related to NRF2 pathway such as HMOX1, TXNRD, OSGIN1, SLC7A11, and FTL. The ability of hydroquinone to produce reactive oxygen species and to cause oxidative stress is well established. NRF2 plays a key role in the defence against HQ-induced cytotoxicity regulating the antioxidant response element (ARE)containing genes [START_REF] Jin | Metformin inhibits testosterone-induced endoplasmic reticulum stress in ovarian granulosa cells via inactivation of p38 MAPK[END_REF]. Our results confirm previous studies performed on cultured human lung epithelial cells (BEAS-2B) [START_REF] Saraei | The beneficial effects of metformin on cancer prevention and therapy: a comprehensive review of recent advances[END_REF].

To better investigate the gene signatures of the models, an Ingenuity Pathway Analysis © (Qiagen)

was performed using the most 200 differentially expressed genes in each condition (Figure 19 and Figure 20). In both datasets similarity in the enriched canonical pathways and upstream regulators are shown. Despite this, only 27 genes (corresponding to the 6.75% of the total genes in the datasets) are shared between the two datasets referred to the CdCl2. Only 9 genes (corresponding to the 2.25%

of the total genes in the datasets) are shared between the models in the HQ datasets.

As an example, some genes shared in the CdCl2 datasets are the genes belonging to the Metallothionein (MT) family such as MT1G, MT1X, and MT1M. HMOX1, OSGIN1, and AKR1C1 are some of the genes shared by the models in the HQ datasets.

In addition, the presence of the NRF2 pathway in the top position of the enriched canonical pathways for both cadmium chloride and hydroquinone represent a further confirmation in the involvement of oxidative stress as mechanism of action of these two non-genotoxic compounds.

All together these results provide evidence of a better reproducibility of the results obtained in BEAS-2B compared to the MucilAir TM cultures. Despite that the microarray gene expression analysis highlighted a difference in the gene response signature between the two models after the treatment with the same non-genotoxic compound, the Ingenuity Pathway Analysis © shows that a relatively small number of genes are responsible for the similarity in the enriched canonical pathways and upstream regulators. In addition, specific genes were found to be deregulated in response to the treatments. These signatures agree with previous published studies and highlight the involvement of the oxidative stress as mechanism of action for cadmium chloride and hydroquinone.

The contribution of the scRNA-seq analysis

As final part of this study, three different experiments of single cell transcritomics, two using

MucilAir TM inserts and one using BEAS-2B cultured on Transwell ® inserts, were performed to identify potential bias linked to the ALI culture systems and differences in the biological response to the treatment at the cell subpopulations level. Phorbol 12-myristate 13-acetate (PMA) a well-known carcinogenic, non-genotoxic compound widely used for in vivo and in vitro studies was added as condition. Single cell transcritomics results provided elements of answer to four different questions:

What are BEAS-2B cells in relation to cell-types present in the MucilAir TM

ALI culture?

The first step was to determine the cell-type composition of the MucilAir TM ALI culture. Four celltypes were identified in the insert: basal cells, suprabasal cells, secretory cells, and multiciliated cells.

Other cell types were detected but the number of cells represented in the single-cell transcriptomic was too low to use them in a statistical analysis. To identify these cell-types, we used well-known marker genes namely: KRT15 for basal cells, SERPINB4 for suprabasal cells, SCGB1A1 for secretory cells, and FOXJ1 for multiciliated cells (Figure 24). None of the markers used to classify the four cell types of MucilAir TM ALI cultures are expressed in BEAS-2B cells. Furthermore, a more detailed analysis of the transcription profile of the BEAS-2B revealed that the do not correspond to any cell-type present in the MucilAir TM ALI culture. As previously described [START_REF] Sung | Oral Metformin for Treating Dermatological Diseases: A Systematic Review[END_REF], BEAS-2B resemble the airway basal epithelial but our results suggest that at the transcriptome level, they do not mimic any particular cell-type. Their condition of virally immortalised cells makes them different from each of the primary human epithelial cells composing the MucilAir TM ALI culture. Taking a wider look, this result also suggests that continuous cell lines used for in vitro studies do not accurately represent in vivo tissues.

A hierarchy in cell response in MucilAir TM ALI culture

The analysis of the differentially expressed genes of our datasets suggest that for each treatment, the four cell-types in MucilAir TM respond in different manners. This different magnitude of differentially expressed genes also determine a hierarchy in the cell response where some cell-types according to the treatment result to be more sensitive compared to the others. To better highlight what the volcano plots suggest, a response index for each cell-type after each administration, was defined. All the differentially expressed genes (abs(logFC )>0.5, p-value <0.05) for each cell were used to create a score. The response index represents the average expression of the score in each cell type. Higher is the value, more the the cells are responsive. For example, basal and suprabasal cells showed a more pronounced response to CdCl2, HQ and PMA compared to secretory and multiciliated. A representation of the hierarchy in cell response is shown below (Figure 31). This level of information is not achievable using a bulk transcriptomic approach where the gene expression is the result of the average expression of all the cells and the signature of a specific population results to be blurred. On the other hand, scRNA-seq allows to clearly identify at cell population level which is the most responsive after a specific treatment.

These results suggest also that the cell types presenting lung stem cells features and regenerative proprieties such as basal and suprabasal cells result the more responsive to the treatment. Several studies provided evidence that stem cell population are responsible for the maintenance, renewal, and repair of the different lung epithelium. Among them, basal cells were proven to be the main stem cells population involved in the reparation of the pseudostratified proximal airway epithelium in models of lung injury [START_REF] Aye | Placental energy metabolism in health and disease-significance of development and implications for preeclampsia[END_REF] The reactive oxygen species (ROS) play an important role in the regulation and homeostatsis of the lung cancer stem cells. A recent study show how ROS activates the NRF2 pathway which in turn induces the activation of the NOTCH pathway. This mechanism leads to a stimulation of the lung cancer stem cells to self-renewal after injury. In addition, an antioxidant molecular program takes place to scavenger intracellular ROS protecting from the adverse effects of ROS restoring low ROS levels [START_REF] Salvatore | Metformin: A Potential Therapeutic Tool for Rheumatologists[END_REF]. A defective function, or a permanent damage of the reparative functions of lung stem cells can lead to severe consequences and can be involved in the development of some human pathologies such as lung cancer.

In addition, even if secretory cell present a less pronounced response, according to the study of Spella and colleagues they can play an important role in the carcinogenesis of lung and in the alveolar maintenance [20].

A common signature to all cell types

Our results prove that is possible to identify a common signature to all the cell types for each treatment as highlighted by the yellow frame in the Figures 25,26, and 27. Genes from the MT family characterize the common signature relative to CdCl2, and genes related to the NRF2 pathway characterize the HQ common signature. These genes are already found in the common signature provided by the Microarray gene expression. These results enhance the involvement of this genes in the response to the administration of each non-genotoxic compound. In addition, the common signatures to all the cell types for each treatment proves that each cell have been exposed to the toxicants.

A specific signature to all cell types

In addition, thanks to the scRNA-seq is possible to identify a specific signature, characteristic of each cell type after the administration of a non-genotoxic compound as highlighted by the black arrows interacting with actin or promoting podosome formation. The cell migration is a key process in cancer metastatis. TAGLN result to be upregulated in the hypoxic lung adenocarcinoma cells [START_REF] Inzucchi | Efficacy and metabolic effects of metformin and troglitazone in type II diabetes mellitus[END_REF].

ALDH3A1 is specifically expressed in basal and suprabasal cell after HQ administration. This gene encodes for the aldehyde dehydrogenase 3A1 and it is regulated by the NRF2 pathway. It is reported that the overexpression and activity of this protein is closely associated with a highly aggressive mesenchymal and immunosuppressive profile in melanoma and NSCLC [START_REF] El-Mir | Dimethylbiguanide inhibits cell respiration via an indirect effect targeted on the respiratory chain complex I[END_REF] After the PMA administration, basal cells are characterised by high level expression of PLAU. This gene encodes for the urokinase a serine protease involved in the degradation of the extracellular matrix. The overexpression of PLAU is related to tumour migration and progression in several human cancer, such as breast cancer [START_REF] Zhou | Role of AMP-activated protein kinase in mechanism of metformin action[END_REF], gastric cancer [START_REF] Madiraju | Metformin suppresses gluconeogenesis by inhibiting mitochondrial glycerophosphate dehydrogenase[END_REF], as well as lung cancer [START_REF] Rangarajan | Metformin reverses established lung fibrosis in a bleomycin model[END_REF].

The analysis of the specific gene signatures for cell types, can shed the light and provide new insights concerning the response to the exposure to the toxicants and their mode of action. For each compound, It is possible to identify the harmful effects on all the cell types. In addition, it is possible to better comprehend which cell types and which mechanism is responsible for the observed cellular response.

Overall, our work brings new insights in the use of transcriptomic approaches in the development of toxicological screening in lung models. In particular, we successfully develop a protocol based on single cell RNA-sequencing. The use of this technology allows to reach a different level of information that the classical bulk approaches such as microarray, cannot provide.

This work represents the first step in the direction of a new in vitro test capable to predict the carcinogenic of compounds in lung models.

Subsequent experiments on a larger number of non-genotoxic carcinogens as well as non-carcinogens matched for their chemical structure will be necessary to determine whether this methodology can provide specific signatures, predicting the non-genotoxic carcinogenic nature of toxicants.

In addition, we can think of planning chronic exposure experiments using multiple time points that can reveal the evolution of the exposure signatures in time.

Lastly, a comparison between the result of single cell RNA-sequencing of in vivo animal models specimens and in vitro 3D reconstituted model of the human airway epithelium can be performed.

These experiments can reveal the efficacy of 3D in vitro model in the risk assessment compared to the golden standard of animal model currently used.

A Role for metformin in the treatment of Dupuytren disease?

Dupuytren Disease

Dupuytren Disease (DD), also known as Dupuytren Contracture, is a local fibrotic disease that affects the palmar fascia of the hand described the first time in 1831 by the Parisian surgeon Guillame

Dupuytren [START_REF] Picardo | Advances in the understanding of the aetiology of Dupuytren's disease[END_REF]. Nodules and cords within the palmar aponeurosis induce the loss of flexibility of the fingers leading in the most severe cases to the amputation. As reported by a French national analysis, between 41 and 48 finger amputations per year were recorded between 2002 and 2009 [START_REF] Maravic | Impact on costs of switching one-ray aponeurectomy to percutaneous needle aponeurotomy in Dupuytren's disease: A model analysis[END_REF].

The 4th and the 5th finger are the most affected and the prevalence of this pathology in North-western Europe has been estimated to be between 3.5% and 11% of the population, additionally it appears to be more frequent in men than in woman [START_REF] Godtfredsen | A prospective study linked both alcohol and tobacco to Dupuytren's disease[END_REF]. More than 25% of the patients have more than 75 years showing that the frequency is influenced by the age [START_REF] Lanting | A Systematic Review and Meta-Analysis on the Prevalence of Dupuytren Disease in the General Population of Western Countries[END_REF].

Although DD has been described for over 200 years the molecular pathology and the etiology of DD is still not clear [START_REF] Picardo | Advances in the understanding of the aetiology of Dupuytren's disease[END_REF]. Predisposition factors have been described and DD is likely to result from a combination of genetic factors and extrinsic risk-factors such as diabetes, alcoholism, smoking and hand-trauma which have been associated with the initiation of the disease [136 -139].

Despite its frequency, a small number of therapeutic approaches are available to treat DD and no treatments are applicable for early-stage disease. Treatments for DD include non-invasive (radiotherapy, pharmacotherapy, or splint therapy), minimally invasive percutaneous needle fasciectomy (PNF) or Collagenase Clostridium Histolytocum (CHH) injection) or invasive options (limited fasciectomy or dermatofasciectomy) [START_REF] Molenkamp | Imaging for Dupuytren disease: a systematic review of the literature[END_REF]. Open surgery is safe and effective and is the most commonly used in clinical practice. However, disease recurrence is high, ranging from 27% to 80% depending on the studies [START_REF] Balaguer | Histological Staging and Dupuytren's Disease Recurrence or Extension after Surgical Treatment: A Retrospective Study of 124 Patients[END_REF].

DD is a fibroproliferative disorder described also as an exaggerated wound healing response due to the similar histological and biochemical alterations that can be observed in the active stage of connective tissue wound repair [START_REF] Howard | Wound healing-associated proteins Hsp47 and fibronectin are elevated in Dupuytren's contracture[END_REF]. As described by Luck, three stages of the disease can be identified: proliferative, involutional and residual (Figure 32). During the proliferative phase, the proliferation of the myofibroblast leads to the formation of nodules that became smaller, firmer and less defined in the involutional phase. In this phase the myofibroblasts occupy the lines of stress

Carpal Tunnel Syndrome

The carpal tunnel is the passageway between the flexor compartment of the forearm and the midpalmar space of the hand [START_REF] Doyle | Surgical Anatomy of the Hand and Upper Extremity[END_REF]. It contains the median nerve and all the finger and thumb flexor tendons and, in some cases, the median artery. The canal is narrow with a sectional area of 1.6 cm 2 and it is formed by the flexor retinaculum, a layer of synovial membrane of connective tissue arching over the carpal bones of the hands, covering them [START_REF] Ricciardi | Thieme Atlas of Anatomy: General Anatomy and Musculoskeletal System[END_REF].

Carpal tunnel syndrome (CTS) is an entrapment neuropathy caused by an increased carpal tunnel pressure and subsequent compression of the median nerve. It is the most common nerve entrapment neuropathy with an incidence of 1 to 3 persons per 1000 per year in the USA. Different causes can lead to the development of CTS including genetic predisposition, repetitive wrist movements as well comorbidity such as obesity, autoimmune disorders such as rheumatoid arthritis [START_REF] Hegmann | Median Nerve Symptoms, Signs, and Electrodiagnostic Abnormalities Among Working Adults[END_REF], [START_REF] Mooar | Management of Carpal Tunnel Syndrome[END_REF].

According to the evolution of CST, early symptoms appear most often as pain, numbness, and paresthesias affecting the thumb, index finger, middle finger, and the radial half (thumb side) of the ring finger. In some case the pain also can extend to the affected arm. Symptoms most often present at night. In more advanced disease, the symptoms will be felt during the day and can evolve into hand weakness, decreased fine motor coordination, clumsiness, and thenar atrophy [START_REF] Sevy | Carpal Tunnel Syndrome[END_REF].

Since it is a non-inflammatory hypodermic pathology affecting the hand, fibroblasts derived from the synovial tissue of patient affected by CST are often used in studies on DD as negative control [START_REF] Verjee | Unraveling the signaling pathways promoting fibrosis in Dupuytren's disease reveals TNF as a therapeutic target[END_REF], [204], as they do not demonstrate myofibroblast characteristics.

Metformin

Metformin (N,N-dimethylbiguadin), is a first-line treatment for type II diabetes mellitus (T2DM) [START_REF] Gillespie | Metformin induces the AP-1 transcription factor network in normal dermal fibroblasts[END_REF]. It is a glucose-lowering agent controlling hyperglycaemia that minimize the long-term consequences of diabetes. Metformin is one of the most prescribed drugs in the USA [START_REF] Tarry-Adkins | Efficacy and Side Effect Profile of Different Formulations of Metformin: A Systematic Review and Meta-Analysis[END_REF]and it is included in the World Health Organization (WHO) list of essential medicines [START_REF] Organization | World Health Organization model list of essential medicines: 21st list 2019[END_REF]. This drug has been in use for more than 60 years and is very well tolerated. However, it may cause a serious condition called lactic acidosis with a rate of 47/100000 patients per year [START_REF] Renda | Metformin-associated lactic acidosis requiring hospitalization. A national 10 year survey and a systematic literature review[END_REF]. Lactic acidosis usually occurs as a result of drug overdose or in patients with other severe medical conditions such as serious infection, liver or kidney disease [START_REF] Khurana | Metformin: safety in cardiac patients[END_REF].

Despite the fact that Metformin is mainly used as an oral glucose-lowering in T2DM, it is also prescribed for other indications among others gestational diabetes [START_REF] Romero | Metformin, the aspirin of the 21st century: its role in gestational diabetes mellitus, prevention of preeclampsia and cancer, and the promotion of longevity[END_REF], obesity [START_REF] Levri | Metformin as treatment for overweight and obese adults: a systematic review[END_REF]and polycystic ovary syndrome (PCOS) [START_REF] Jin | Metformin inhibits testosterone-induced endoplasmic reticulum stress in ovarian granulosa cells via inactivation of p38 MAPK[END_REF]. Furthermore, different studies have highlighted the beneficial effect of the use of Metformin as cancer treatment [START_REF] Saraei | The beneficial effects of metformin on cancer prevention and therapy: a comprehensive review of recent advances[END_REF], dermatological conditions [START_REF] Sung | Oral Metformin for Treating Dermatological Diseases: A Systematic Review[END_REF], pre-eclampsia [START_REF] Aye | Placental energy metabolism in health and disease-significance of development and implications for preeclampsia[END_REF] and osteoarthritis [START_REF] Salvatore | Metformin: A Potential Therapeutic Tool for Rheumatologists[END_REF].

The Metformin mode of action includes several mechanisms such as the suppression of the hepatic glucogenesis acting via AMPK activation, downregulation lipogenic enzymes, and inhibition of the cellular respiration through the inhibition of the mitochondrial complex I (Figure 34) [215 -218].

Metformin is also well known to promote pleiotropic cellular effects including anti-fibrotic properties making it a suitable candidate for drug repositioning for the treatment of fibrosis conditions. It has been shown to decrease bleomycin-induced lung fibrosis through regulation of TGF-β signalling [START_REF] Rangarajan | Metformin reverses established lung fibrosis in a bleomycin model[END_REF]. V. Kheirollahi et al. showed that metformin represses the collagen formation and induces lipogenic differentiation in lung fibroblasts derived from Idiopathic pulmonary Fibrosis patients acting on PPAR and BMP2 pathways. Although in the same study it is shown, using genetic lineage tracing in a murine model of lung fibrosis, that metformin accelerates fibrosis resolution by inducing activation of AMPK suppressed the TGF-β induced collagen type 1 production in primary cultured mouse renal fibroblast [START_REF] Lu | Activation of AMPK by metformin inhibits TGF-β-induced collagen production in mouse renal fibroblasts[END_REF].

Metformin is capable to attenuate fibrosis in a canine model of heart failure [START_REF] Sasaki | Metformin Prevents Progression of Heart Failure in Dogs[END_REF]. Similar results

were obtained in mice model with left ventricular pressure overload by transverse aortic constriction [START_REF] Xiao | Metformin attenuates cardiac fibrosis by inhibiting the TGFβ1-Smad3 signalling pathway[END_REF]. Moreover it has been proved that metformin inhibits myofibroblast differentiation acting via the inhibition of the NADPH oxidase pathway [START_REF] Bai | Metformin Inhibits Angiotensin II-Induced Differentiation of Cardiac Fibroblasts into Myofibroblasts[END_REF].

myofibroblast-to-lipofibroblast transdifferentiation (Figure 35) [START_REF] Kheirollahi | Metformin induces lipogenic differentiation in myofibroblasts to reverse lung fibrosis[END_REF]. Anti-fibrotic effects have also been demonstrated in different animal models of fibrosis. J. Lu et al. demonstrated that metformin The prevalence of this pathology in Northwestern Europe has been estimated to be between 3.5% and 11% of the population (5,10). Treatments for DD include percutaneous options (1,11,12) but open surgical procedures are the most used in clinical practice (13). Open surgery is safe and effective but disease recurrence is high. For example, in University Institute of Locomotion & Sports, Department of Reconstructive and Hand surgery, in Nice (France), 40 to 50 patients are operated a year and the rate of recurrence is around 20% ( 14), but higher recurrence rates, ranging from 27 to 80% have been reported (15). These recurrences can lead, in the most severe cases, to amputation of one or more fingers. A French national analysis performed on DD patients between 2002 and 2009 recorded between 41 and 48 finger amputations per year (10). In this context, there is a need for a treatment, adjuvant to the surgical procedure that may reduce or eliminate recurrence.

At the cellular level, DD is a fibro-proliferative disorder characterized by excessive matrix protein secretion, leading to the development of a scar-like collagen-rich cord that affects the palmar fascia of the hand. The cell responsible for matrix deposition and contraction is the cell usually involved in fibrosis, the myofibroblast (16)(17)(18). These cells express a typical marker, alpha-smooth muscle actin (a-SMA), encoded by the ACTA2 gene, found in vascular smooth muscle cells. Exposure of myofibroblasts to stress leads to the incorporation of a-SMA protein into stress fiber (19). Many factors have been reported to trigger the development of myofibroblasts, amongst which TGF-β1 is the most extensively studied. The expression of TGF-β1 and associated signaling molecules is elevated in DD (20), and Dupuytren's myofibroblasts or dermal fibroblasts from the same patients proliferated in response to TGF-β1 (21). Fibroblasts derived from the transverse carpal ligament of patients unaffected by Dupuytren's disease, as well as Dupuytren's myofibroblasts, did exhibit increased isometric contraction of collagen lattices when exposed to TGF-β1 (22). More recently, TNF was shown to promote the conversion of fibroblast to myofibroblasts (23), although this effect is restricted to a dose of TNF of 0.1 ng/mL, with doses lower or higher being without effect on this conversion.

Metformin is in the first-line treatment for type II diabetes. Prescribed since 1957, it is a very well tolerated drug with few severe side-effects except in rare situation lactic acidosis (1/10000 patients).

Metformin exhibits pleiotropic cellular effects including anti-fibrotic properties in pre-clinical models of different types of fibrosis. Metformin has been shown to reduce TGF-β-induced ECM protein production in human fibroblasts derived from nasal polyps (24). Furthermore, it decreases bleomycin and gefitinib-induced lung fibrosis through regulation of TGF-β signaling (25)(26)(27). Anti-fibrotic effects have also been demonstrated in other animal models of fibrosis (28,29). Pharmacological action of metformin is mediated via the phosphorylation of AMP-activated protein kinase (AMPK) (30), and AMPK not only regulates intracellular energy balance via lipid and glucose metabolism but also a wide array of cell functions (31). Finally, AMPK activation by metformin was responsible for inhibiting TGF-β-induced collagen production in mouse renal fibroblasts (32). In the light of these pre-clinical data, we hypothesized that metformin may have a role to play in the treatment of DD, either as a first line treatment to prevent surgery or as an adjuvant to surgery, to prevent or reduce DD recurrence in at-risk patients.

METHODS

Human tissues

DD cords and small samples of phenotypically normal palmar fascia tissue were collected, after written, informed consent, from patients undergoing elective surgical procedures. Permission for the collection, storage and experimentation was granted by the Direction Générale de la Recherche et l'Innovation (Ref: DC-2015-2345).

Cell culture

Cells were extracted from surgical specimen using modifications of a previously published protocols (33,34). Briefly, tissue samples were cut into small pieces and digested in DMEM (Gibco) containing 1% penicillin-streptomycin (Gibco), 10% (vol/vol) Fetal Bovine Serum (FBS) (Gibco), and type I collagenase 5mg/mL + DNase I (Roche Diagnostic) for up 2h at 37°C. After filtration, cells were cultured in DMEM containing 10% (vol/vol) FBS and 1% penicillin-streptomycin. Cells up to passage 4 were used for experiments. TGF-β1, Metformin and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) were purchased from Peprotek, Sigma Aldrich, and Biotrend, respectively.

Cells were stimulated for 24h with TGF-β1 1ng/mL in DMEM 1% FBS. Metformin (Sigma Aldrich) 5mM or AICAR (BIOTREND) 500µM were added to the cells for 72h in presence of TGF-β1. Before the administration, the cells were depleted for 12h.

Western blot and immunocytochemistry

Western blot and immunocytochemistry were performed as previously described (35,36), respectively. F-actin was stained with Alexa Fmuor 488 phalloidin (Fisher Scientific) or phalloidin-iFluor 594 (Abcam) reagents. Antibodies anti FN1 and HSP90 were purchased from Santa Cruz and anti a-SMA from Abcam.

RNA isolation, reverse transcription and quantitative PCR Total RNAs, reverse transcription and quantitative PCR were performed as previously described (36).

The primers used were: ACTA2 : forward 5'-CTGTTCCAGCCATCCTTCAT-3'; reverse 5'-TCATGATGCTGTTGTAGGTGGT-3'; RPL32: forward 5'-. CCTTGTGAAGCCCAAGATCG-3'; reverse 5'-TGCCGGATGAACTTCTTGGT-3'. Expression levels were evaluated using the comparative CT method. For normalization, transcripts of RPL32 were used as endogenous control for gene expression.

Traction force microscopy

Cell contraction was assessed by traction force microscopy as previously described (37), using collagen-coated polyacrylamide hydrogels with shear modulus of 4 kPa coated with red fluorescent beads (SoftTrac; Cell Guidance Systems).

Statistics

Statistical analysis was performed using GraphPad Prism. Unpaired two-tailed Student's T-test or unpaired two-tailed Mann Whitney test was used for statistical comparison between two groups. For comparisons between multiple groups, one-way ANOVA followed by Bonferroni's post-hoc tests was used.
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RESULTS

Palmar and Dupuytren fibroblasts are phenotypically different

To compare palmar and Dupuytren fibroblasts (PF and DF, respectively), the levels of expression of the gene encoding a-SMA (a smooth actin muscle), ACTA2, was measured by qRT-PCR. The relative level of expression of a-SMA in PF was set to a value of one. In DF, this value was significantly higher (Fig. 1A), indicating a fibrotic phenotype to DF. This increased at the mRNA level was also observed at the protein level (Fig. 1B). Western blot analysis showed also that the expression of another fibrotic marker, fibronectin (FN1), was lower in PF than in DF. Both a-SMA and FN1

expressions were induced by TGFb, although this induction was quantitatively more important in PF than in DF (Fig. 1B).

We next assessed the contractile properties of both types of fibroblasts. The basal contractile activity of PF was systematically lower than that of DF. Stimulation of PF with TGFb resulted in a large increase in contraction, while the same stimulation resulted in a statistically-significant but modest increase in contraction in DF. Altogether, these results confirm the fibrotic nature of Dupuytren fibroblasts.

Effect of metformin on palmar and Dupuytren fibroblasts

We next evaluated whether metformin could reduce the expression of the ACTA2. In basal conditions (Fig. 3A andB), metformin hardly affected ACTA2 expression in either PF of DF and the AMPK activator AICAR produced similar effects. Stimulation of both PF and DF led to a dramatic increase in ACTA2 expression (varying from 5 to 50 fold increase, depending on the patient) and this induction was largely reduced in cells concomitantly exposed to TGFb and metformin (Fig. 3 C and D). A similar reduction was observed in cells concomitantly exposed to the AMPK activator AICAR, suggesting that the effect of metformin was mediated by an activation of AMPK. Western blot analysis showed that cell exposition to either metformin or AICAR reduced the TGFb-induced increase in a-SMA and FN1 but failed to affect a-SMA and FN1 protein levels in basal conditions in both PF and DF (Fig. 4). Immunofluorescence analysis of a-SMA expression in PF and DF confirmed these observations (Fig. 5).

Finally, we analyzed the contractile properties of PF and DF treated with metformin or AICAR. In basal conditions, metformin or AICAR failed to affect consistently contraction in PF (Fig. 6A).

Stimulation of PF with TGF-b resulted in marked increases in contraction that were abolished largely with metformin treatment or AICAR. In DF, similar phenomenon were observed (Fig. 6B). However, as previously described (Fig. 2), the stimulation by TGF-b lead to a smaller relative increase in contraction that was significantly reduced by AICAR or metformin treatment.

DISCUSSION

Over the last few years, new, non-surgical, experimental treatments have emerged and have been or are currently being assessed. For example, local injection of Clostridium histolytum with manipulation of the digit has been tested on a large number of patients and has been approved for use by the FDA in 2010 (38). Efficacy has been demonstrated but is limited (39).

In any case, surgical management remains the mainstream treatment for DD and the main problem encountered is the high rate of recurrence that has been reported to be around 20% ( 14), but could be as high as 80% (15). Decreasing recurrence rate could significantly improve patient quality of life.

The data presented in this report confirm the already-reported fibrotic nature of DF. High levels of ACTA2 expression and of its encoded protein (a-SMA) are detected in these cells, compared to PF.

FN1 is also more expressed in DF than in DF (Fig. 1). Stimulation with TGF-b led to a marked increase of these fibrotic markers in PF but this increase was much lower in DF, suggesting that the expression of fibrotic markers in these cells is near to maximum. A similar conclusion was obtained using a functional contraction assay that showed that PF contract less than DF in basal conditions and that the contraction stimulated by TGF-b was stronger in PF than in DF (Fig. 2). Metformin treatment failed to have a major impact on fibrotic marker expression as well as on contractile properties of both PF and DF but a consistent reduction in these parameters was observed in both PF and DF stimulated with TGF-b (Fig. 3 to 6). The effects of metformin effect were also observed upon AICAR treatment, indicating that metformin effect was mediated by AMPK.

Altogether, these results suggest that metformin may have a role to play in DD treatment. Considering that the surgical procedure removes DD fibroblasts present in the cord, it is tempting to hypothesize that recurrence is due to the stimulation of resident PF fibroblasts (by TGF-b and other cytokines) that triggers their differentiation into pathologic myofibroblasts, initiating a new flare of DD. Our data show that metformin inhibits TGF-b-induced expression of fibrotic markers and contraction in DD and PF fibroblasts. Therefore, these data support the case for the repurposing of metformin as an adjuvant to surgery to prevent, reduce or delay recurrence in at-risk DD patients. Metformin could also be used in the early stage of the disease to delay progression.

The production of these profibrotic cytokines is thought to be the result of localized inflammation that may play a significant role in the development and progression of DD (23,40). For example, TNF has been described to promote the conversion of fibroblast to myofibroblasts (23) and a clinical trial based on this observation that has been initiated. This trial assesses the potential of TNF inhibitors on DD progression (41). The data obtained are encouraging and form the basis of an ongoing phase 2b clinical trial (41). Other cytokines induced by low-grade inflammation have been proposed as therapeutic target in DD (40). In this context, anti-inflammatory effects of metformin have been largely documented (42) and they could provide an additional therapeutic angle that would complement its direct action on fibroblasts reported in this study. Unfortunately, the lack of animal model for DD prevents a validation of this double-edge mechanism.

In conclusion, we show here that metformin can prevent the differentiation of PF into myofibroblasts but is unable to revert the fibrotic phenotype of myofibroblasts in DD patients. Assuming that DD myofibroblasts are largely removed by the surgical procedure, our data suggest that metformin could delay or reduce recurrence by preventing PF differentiation in myofibroblats. This hypothesis cannot be tested in a pre-clinical model of DD due to a lack of available model but, considering its good safety record, a clinical trial in which metformin is used as an adjuvant to surgery in patients at risk of recurrence can be envisaged to address this question. remodeling activities compared with parental M238P cells (Fig. 1H) (22). BIBF1120 was 115 able to attenuate melanoma undifferentiated state markers and expression of ECM and 116 myofibroblast/CAF-related signature (Fig. 1I), but also significantly decreased cell viability 117 and resistance to BRAFi (Fig. 1J). These findings indicate that an anti-fibrotic therapy is able and LNA-145 ASOs (Fig. 3B). These results were confirmed at protein level by Western Blot 181 analysis of cell lysates and conditioned media of ECM proteins and cross-linking enzymes as 182 well as myofibroblast/CAF markers using same gain-or loss-of-function approaches (Fig. 183 3C-D and Supplementary Fig. 3B).
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We next investigated whether the cluster contributed to the acquisition of the slow Blot analysis of cell cycle markers (Supplementary Fig. 4A) and by analysis of cell 188 confluence by live-cell imaging (Fig. 3E and Supplementary Fig. 4B), with an accumulation 189 of cells in the G2/M phase (Supplementary Fig. 4C). Inhibition of proliferation was also 190 10 accompanied by enhancement of cell migratory abilities, as shown using Boyden chamber 191 assays (Fig. 3F and Supplementary Fig. 4D) as well as by the acquisition of an 192 undifferentiated phenotype, with decreased levels of MITF and SOX10, and increased levels 193 of AXL, PDGFR, EGFR, NGFR and SOX9 (Fig. 3G and Supplementary Fig. 4E). as well as cytoskeleton organization (Supplementary Table 1). The predicted targets for each 214 of the mature miRNAs were significantly overrepresented among the downregulated genes in 215 response to the corresponding mimics transfection (Fig. 4B). A first set of target candidates 216 were identified by crossing these predicted targets and the genes shown experimentally to be 217 downregulated in resistant M238R cells compared to parental M238P cells (Fig. 4C). 2 and3). This strategy Supplementary Fig. 11A-B). This increased YAP and MRTF activity was also confirmed by 310 upregulated expression of several target genes (CTGF, CYR61, AMOTL2, THBS1, AXL), as 311

shown by RT-qPCR analysis (Fig. 7C and Supplementary Fig. 11C). Again, these changes in 312 cytoskeleton organization were reproduced by FSCN1 knockdown, with nuclear translocation 313 of MRTFA and YAP (Fig. 7D-E and Supplementary Fig. 11D) and increased target gene 314 expression (Fig. 7F). Finally, using the opposite strategy, we tested whether ectopic mechanosignaling as well as drug resistance (22,23). Importantly, we provided evidence that 332 the triplet combination BRAFi/MEKi/Nintedanib is active to normalize the fibrous collagen 333 network, delay the onset of resistance and improve mice survival. We also confirmed the 334 efficacy of this therapeutic combination in human BRAF V600E mutant melanoma cells and 335 described its potential to impair phenotype switching and improve response to MAPK 336 targeted therapy (Fig. 8). the main source of the cluster (42,43). In melanoma, we disclosed that miR- (44,45). FSCN1 has been widely studied in several 394 malignancies for its role in promoting invasion and metastasis. However, a complete 395 characterization of FSCN1 functions in melanoma is still missing and some published studies 396 are controversial (46)(47)(48). Consistent with our study, FSCN1 downregulation was shown to 397 inhibit melanoma cell proliferation (47) and to promote invasion (48). Interestingly, FSCN1 
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Supplementary Material and Methods:

Cell transduction:

A DNA sequence containing the miR-143/145 cluster was cloned into a pLX307

vector by Sigma-Aldrich. The vector used for FSCN1 overexpression is described in [46].

Lentiviral particles were produced by the PVM Vectorology Platform in Montpellier, France.

Melanoma cells were transduced as follows. After 20 min incubation of melanoma cells with lentiviral particles diluted in Optimem, complete medium (7% FBS) was added to the cells.

Forty-eight hours after transduction, the process of antibiotic selection was started. For cells transduced for the miR-143/145 cluster overexpression, 1 μg/mL of puromycin was administered. For cells transduced for FSCN1 overexpression, 2 μg/mL of blasticidin was administered.

RNAi studies:

Non-targeting control and FSCN1 siRNA duplexes were designed by Sigma-Aldrich and used at a final concentration of 100 nM. Transfection was performed using Lipofectamine RNAiMAX (Life Technologies), according to the manufacturer's instructions.

Cells were analyzed 72 h post-transfection.

miRNAs overexpression and inhibition:

Pre-miRNAs -143-3p and -145-5p and control miRNA (miR-neg#1) were purchased from Ambion. LNA-based miRNAs inhibitors vs. miR-143-3p and miR-145-5p and the respective control (negative control A) were purchased from Qiagen. Pre-miRNAs were used at a final concentration of 30 nM, LNA inhibitors at a final concentration of 50 nM.

Transfection was performed using Lipofectamine RNAiMAX (Life Technologies), according to the manufacturer's instructions. Cells were analyzed 72 h post-transfection unless otherwise stated.

Luciferase assay:

Molecular constructs for luciferase assay were made in psiCHECK-2 vectors from Promega by cloning upstream of the Renilla luciferase gene annealed oligonucleotides based on the 3'UTR of target genes. HEK239 cells were plated on 96-well plates and co-transfected with 0.2 μg of psiCHECK-2 plasmid constructs and 10 nM of pre-miRNAs (miR-143-3p, miR-145-5p) or control pre-miRNA. Transfections were performed using Lipofectamine 3000, following the manufacturer's instructions. Firefly and Renilla luciferase activities were measured using the Dual-Glo Luciferase assay kit by Promega 48 hours after transfection.

Conditioned medium preparation:

Medium conditioned by melanoma cells was harvested, centrifuged for 5 min at 2,500g and filtered with 0.22 μM filters to eliminate cell debris.

Tumors and cells RNA extraction:

Total RNA was extracted from tumors and cell samples with the miRNeasy Mini Kit (Qiagen) according to the manufacturer's instructions.

Real-time quantitative PCR:

Gene expression:

Protocol using the Step One (Applied Biosystem): 1 μg of extracted RNA was reverse transcribed into cDNA using the Multiscribe reverse transcriptase kit provided by Applied Biosystems. Primers were designed using PrimerBank or adopted from published studies.

Gene expression levels were measured using Platinum SYBR Green qPCR Supermix (Fisher Scientific) and Step One thermocycler. Results from qPCR were normalized using the reference gene RPL32 and relative gene expression was quantified with the ΔΔCt method.

Heatmaps describing gene expression fold changes were prepared using MeV software.

Protocol using the Biomark HD System Analysis (Fluidigm Corporation, USA):

cDNAs were prepared from 100 ng of RNA using Fluidigm Reverse Transcription Master Mix (Fluidigm PN 100-647297). Following a pre-amplification step (Fluidigm® PreAmp

Master Mix and DELTAgene™ Assay kits) and exonuclease I treatment, samples diluted in Eva-Green® Supermix with Low ROX were loaded with primer reaction mixes in 96.96

Dynamic Array™ IFCs. Gene expression was then assessed on a Fluidigm BioMark HD instrument. Data were analyzed with real-time PCR analysis software (Fluidigm Corporation), and presented as relative gene expression according to the ΔΔCt method.

Heatmaps depicting fold changes of gene expression were prepared using MeV software.

miRNAs expression: 20 ng of extracted RNA was reverse transcribed into cDNA using the miRCURY LNA RT kit (Qiagen). Mature miRNAs expression levels were measured using the miRCURY LNA SYBR Green PCR kit (Qiagen). Results from qPCR were normalized using miR-16-5p and relative gene expression was quantified with the ΔΔCt method. miRCURY LNA miRNA PCR assays for detecting miR-143, miR-145, and miR-16

were purchased by Qiagen.

Information on primer sequences used in this study is provided in table S4 and S5.

Immunoblot analysis and antibodies:

Whole-cell lysates were prepared using RIPA buffer supplemented with protease and phosphatase inhibitor (Pierce, Fisher Scientific), briefly sonicated and centrifuged for 20 min, 4°C at 14000 rpm. Whole-cell lysates and conditioned media were separated using SDS-PAGE and transferred into PVDF membranes (GE Healthcare Life Science) for immunoblot analysis. Incubation of membranes with primary antibody was performed overnight. After washing, membranes were incubated with the peroxidase-conjugated secondary antibody. A chemiluminescence system (GE Healthcare Life Science) was used to develop blots. HSP60 or HSP90 were used as loading control. For immunoblot analysis of conditioned media experiments, Ponceau red staining was used as loading control.

Information on antibodies used in this study is provided in table S6.

Immunofluorescence and microscopy:

Cell monolayers were grown on glass coverslips or collagen-coated coverslips (10 μg/mL). After the indicated treatments, cells were washed in PBS, fixed in 4% PFA, permeabilized in PBS 0.3% Triton and blocked in PBS 5% goat serum. Coverslips were then incubated overnight at 4°C with primary antibody diluted in PBS 5% goat serum. Following 1 h incubation with Alexa-fluor conjugated secondary antibody, coverslips were mounted with Prolong antifade mounting reagent (ThermoFisher Scientific). Nuclei were stained with Hoechst 33342 (Life Technologies). F-actin was stained with Alexa Fluor 488 phalloidin (Fisher Scientific) or phalloidin-iFluor 594 (Abcam) reagents. Coverslips were imaged using a wide-field Leica DM5500B microscope.

Fibrillar collagen imaging:

Collagen in paraffin-embedded tumors was stained with picrosirius red using standard protocols. Tumor sections were analyzed by polarized light microscopy as described [26].

Images were acquired under polarized illumination using a light transmission microscope (Zeiss PALM, at 10x magnification). Fiber thickness was analyzed by the change in polarization color. Birefringence hue and amount were quantified as a percent of total tissue area using ImageJ software.

Viability assay:

After the indicated treatments, cells were stained with 0.04% crystal violet, 20% ethanol in PBS for 30 min. Following accurate washing of the plate, representative photographs were taken. The crystal violet dye was solubilized by 10% acetic acid in PBS and measured by absorbance at 595 nm.

Proliferation assay:

For real-time analysis of cell proliferation, 3x10 4 cells were plated in complete medium in triplicates on 12-well plates. The Incucyte ZOOM imaging system (Essen Bioscience) was used. Phase-contrast pictures were taken every hour. Proliferation curves were generated using the IncuCyte cell proliferation assay software based on cell confluence.

Cell cycle analysis:

Cell cycle analysis was performed by flow cytometry analysis of cells stained with propidium iodide. After fixation in ice-cold 70% ethanol, cells were stained with 40 μg/mL propidium iodide in PBS with 100 μg/mL RNAse A. The samples were then analyzed on a BD FACSCanto cytometer.

Migration and invasion assays:

Migration properties of melanoma cells were tested using Boyden chambers containing polycarbonate membranes (8 μm pores transwell from Corning). After overnight starvation, 1x10 4 cells were seeded on the upper side of the chambers placed on 24 well plates containing 10% FBS medium for 24 h, unless otherwise stated, at 37°C in 5% CO2. At the end of the experiment, cells migrated on the lower side of the chambers were fixed in 4% paraformaldehyde, stained for 15 min with Hoechst and imaged at the microscope (5 random fields per well). Nuclei counting was performed using the ImageJ software. To assess invasion properties of melanoma cells, transwells were coated with Matrigel (1 mg/mL) and cell solution was added on the top of the matrigel coating to simulate invasion through the extracellular matrix.

Immunofluorescence analysis:

Cell area was measured on cells stained for F-Actin using ImageJ. The nuclear/cytosolic ratio of YAP or MRTF was quantified by measuring the nuclear and cytosolic fluorescence intensity using ImageJ. The Hoechst staining was used to define nuclear versus cytosolic regions. Focal adhesions were quantified using ImageJ. Pictures were subjected to background subtraction (rolling: 10) before analysis, then "default threshold" was applied, followed by "analyze particles of object with a size 0.20 and infinity"

to analyze the number of objects and their area. The number of focal adhesions was normalized to the total cell area.

Microarray gene expression analysis:

Total RNA integrity was tested with the Agilent BioAnalyser 2100 (Agilent Technologies). After labeling RNA samples with the Cy3 dye using the low RNA input QuickAmp kit (Agilent) following the manufacturer's instruction, labeled cRNA probes were hybridized on 8x60K high-density SurePrint G3 gene expression human Agilent microarrays.

RNA-sequencing:

Short reads: Libraries were generated from 500ng of total RNAs using Truseq Stranded Total RNA kit (Illumina). Libraries were then quantified with KAPA library quantification kit (Kapa Biosystems) and pooled. 4nM of this pool were loaded on a high output flowcell and sequenced on an Illumina NextSeq500 sequencer using 2×75bp pairedend chemistry. Reads were aligned to the human genome release hg38 with STAR 2.5.2a as previously described [26].

Nanopore long reads: libraries were prepared according to the PCR-cDNA Barcoding protocol (SQK -PCB109). Briefly, 50 ng of total RNA was reverse-transcribed, barcoded and amplified by PCR (17 cycles) and sequencing adapters were added. The two barcoded libraries (CARMN RNA 238R and CARMN RNA 238S) were mixed 1:1, and 110 fmol was loaded on a PromethION flow cell (FLO-PRO002). Reads were processed with the FLAIR pipeline (https://doi.org/10.1038/s41467-020-15171-6). Raw reads were aligned to hg38 with minimap2 (version 2.17-r941). Misaligned splice sites were corrected according to the GENCODE v.35 annotations. High confidence isoforms were defined after grouping corrected reads of all samples sharing same unique splice junctions, by selecting for each group a representative isoform with confident TSS/TES and supported by more than 3 reads.

Selected isoforms were quantified using minimap2 in each sample. Differential isoform expression and alternative splicing events significance were tested without replicates using ad-hoc scripts provided on the Brook's lab Github (https://github.com/BrooksLabUCSC/FLAIR).

Statistical analysis and Biological Theme Analysis: Microarray data analyses were performed using R (http://www.r-project.org/). Quality control of expression arrays was performed using the Bioconductor package arrayQualityMetrics and custom R scripts.

Additional analyses of expression arrays were performed using the Bioconductor package limma. Briefly, data were normalized using the quantile method. No background subtraction was performed. Replicated probes were averaged after normalization and control probes removed. Statistical significance was assessed using the limma moderated t-statistic Quality control of RNA-seq count data was assessed using in-house R scripts. Normalization and statistical analysis were performed using Bioconductor package DESeq2. All P-values were adjusted for multiple testing using the Benjamini-Hochberg procedure, which controls the false discovery rate (FDR). Differentially expressed genes were selected based on an adjusted p-value below 0.05. Enrichment in biological themes (Molecular function, Upstream regulators and canonical pathways) were performed using Ingenuity Pathway Analysis software (http://www.ingenuity.com/).

miRNA targets analysis:

MiRonTop is an online java web tool (http://www.genomique.info/) [31] 

Introduction

Oncolytic vaccinia virus (VACV) represents a new class of anticancer agent with multiple mechanisms of action. VACV has been shown to act at three distinct levels [1]. VACV infects and selectively replicates in cancer cells, leading to primary oncolysis and resulting in cancer cell destruction [2]. It also disrupts the tumor vasculature [3] and reduces tumor perfusion. Finally, the release of tumor antigens from dead tumor cells participates in the initiation of an immune response that may be effective against tumor cells [1,[4][5][6][7]. In humans, VACV, administered intratumorally or systemically has been well tolerated in various clinical trials [4].

Poxviruses are large viruses with cytoplasmic sites of replication and are considered to be less dependent on host cell functions than other DNA viruses. Nevertheless, the existence of cellular proteins capable of inhibiting or enhancing poxvirus replication and spread has been demonstrated. Cellular proteins such as dual specific phosphatase 1 DUSP1 [8] or barrier to autointegration factor (BAF) [9] have been shown to be detrimental to the virus. In contrast, the ubiquitin ligase cullin-3 has been shown to be required for the initiation of viral DNA replication [10]. Furthermore, high-throughput RNA interference screens have suggested the potential role of hundreds of proteins acting as either restricting or promoting factors for poxviruses [10][11][12][13]. These studies highlight the importance of cellular factors in VACV replication and spread. Theoretically, over-expression or down-regulation of these putative restricting or promoting factors in carcinoma cells could result in reduced sensitivity and even resistance to VACV when primary oncolysis is considered. The concept of resistance to primary oncolysis by VACV has, so far, not been formally demonstrated. For example, in the field of breast cancer research, in vitro testing in established human cell lines and in vivo xenografts in mice, has shown clearly and convincingly that VACV has anti-tumor activity against breast cancer [14,15]. The efficacy of VACV was evident in mouse models of triple-negative high-grade breast carcinoma [15], a pathology associated with poor prognosis and for which new therapeutic options are urgently needed. Nevertheless, these studies were performed using established cancer cell lines that may differ from the actual carcinoma cells present in the tumors.

Spontaneously occurring mammary cancers in dogs are of potential interest in the development of new anticancer agents [16][17][18] as the classification of canine breast carcinoma is relevant to that of human's [19][20][21][22][23]. Although differences have been highlighted in complex carcinomas [24], simple canine carcinomas faithfully represent human breast carcinomas, both at the histological and molecular level [20,21]. This is particularly the case for the so called "triple negative carcinomas" (lack of estrogen and progesterone receptors and of epidermal growth factor receptor type 2) [22,25,26], for which therapeutic options are currently limited and unsatisfactory.

The aim of the present study was to determine whether differences in VACV -induced ability to kill freshly isolated primary cells from low-grade versus high-grade canine breast carcinomas could be demonstrated. Bulk and single cell RNA-seq were used to analyze events associated with VACV infection and to characterize genes potentially interfering with the VACV cycle.

Results

TNBC canine cells show reduced sensitivity to a vaccinia virus-Lister strain deleted in the thymidine kinase gene (VV) compared with TNBC carcinoma cells

Cells from TNBC or non-TNBC were infected with vaccinia virus-Lister strain deleted in the thymidine kinase gene (VV) at different multiplicities of infection (MOI) and the number of cells remaining in the culture well was monitored after four days. 

Replication as opposed to viral infection/early stage of viral transcription is affected mainly in canine TNBC cells

We used a vaccinia virus-Copenhagen strain in which GFP expression is driven by an immediate-early vaccinia virus promoter (VACV-Cop-GFP) to infect non-TNBC and TNBC cells. These structures are usually found in cells infected with VV and are often referred to as DNA factories or mininuclei [27,28]. They are cytoplasmic sites of viral DNA replication [27]. The percentage of mininucleus-positive cells in GFP-positive cells eight hours after infection was 53% and 26.6% in non-TNBC and TNBC cells, respectively (S2G Fig) . In mininuclei-positive cells, an average of three and one mininuclei were found in the cytosol of non-TNBC and TNBC cells, respectively (S2H Fig) . Altogether, these data show that although a difference in the efficacy of infection/early stage of viral transcription can be detected in non-TNC and TNBC cells, the main quantitative difference lies in the number of DNA factories, as in an average population, six-fold more viral DNA factories can be detected in non-TNBC compared to TNBC cells.

Upon infection, early viral genes are rapidly transcribed by the viral RNA-polymerase packaged within the infectious particles [29]. By contrast, the expression of intermediate-and lateviral genes requires de novo protein synthesis and viral replication in DNA factories [29]. An implication of the results presented in Fig 1 andS2 Fig is that expression of the early viral genes should be comparable in non-TNBC and TNBC, while expression of intermediate and late genes should be largely impaired in TNBC. To assess this hypothesis, analyses of the kinetics of expression of the early gene E9L and late gene A27L were performed on non-TNBC and TNBC. S3 Fig shows that, the expression of E9L is comparable in non-TNBC and TNBC cells two and four hours after infection and a difference in E9L expression is clearly visible eight hours after infection. The late viral gene A27L was hardly detectable two and four hours after infection and its expression markedly increased eight hours post-infection in non-TNBC, while A27L expression remained low at this time-point in TNBC. To extend these data, the kinetics of bulk viral RNAexpression in non-TNBC versus TNBC cells infected with VV was determined using another pair of donors. Fig 1F shows that the difference in expression of early viral genes in non-TNBC versus TNBC cells is detectable and is statistically significant. However, this difference is much greater for intermediate and late viral gene expression. Altogether, these data suggest that although infection/very early viral gene expression is statistically significantly lower in TNBC than in non-TNBC cells, the number of mininuclei, the replication of the virus and subsequent expression of the intermediate and late viral gene are quantitatively much more affected.

Single-cell RNA sequencing to dissect VV infection of TNBC cells: impact of the infection on cellular genes

To characterize further the infection of TNBC cells by VV, we performed single-cell transcriptomic analyses. In these experiments, two independent TNBC primary cell cultures were either mock infected or infected with VV at a MOI of five. Six hours later, the cells were trypsinized and subjected to the 10X Genomics single-cell protocol, followed by sequencing. Fig 2 shows that in the two experiments performed, the number of cellular genes expressed decreased as the extent of viral gene expression increased. More specifically, the number of cellular genes expressed was in the same range in the mock-infected cells (black dots) and in the cells expressing only the early viral genes (blue dots), while the decrease in expression of cellular genes was pronounced in cells expressing late viral genes (red dots).

Differential expression analysis using naïve, bystander and infected cells

For the two experiments, a standard statistical analysis using Seurat v3 was performed using cells with a percentage of mitochondrial genes below 25%. On the UMAP plots produced, the cells segregated in three ( experiment 4B). Three distinct cellular populations were distinguished among the different clusters: naïve cells, defined as cells not exposed to VV; bystander cells, defined as cells exposed to the virus but expressing less than 0.01% of early viral genes; infected cells, defined as expressing more than 0.01% of early viral genes. Naïve, bystander and infected cells were localized onto the UMAP plot (Figs 3C and4C) and the three cell types were present in all the three ( presented in Table 1. This analysis indicated that the "COL1A2" clusters showed a higher proportion of bystander cells in the two experiments. Assuming that a higher proportion of bystander cells within a cluster is associated with an increased refractoriness to the virus, we looked at the upstream regulators associated with the two "COL1A2" clusters using Ingenuity Pathway Analysis (IPA) analysis. The transcriptomic signatures of the cells showed, for these two clusters, a pattern highly consistent with "TGF-β" as a major upstream regulator (S4 Fig) .  Single-cell transcriptomics provides a unique opportunity to describe, at the molecular level, the effects on cells of both the presence of VV in the culture medium, and of cellular infection with VV. The comparison of the gene expression profiles in bystander versus naïve cells provides information on the effects of the presence of the virus in culture medium on cell that have not been infected, as well as effects that factors secreted by virus-infected cells may have on noninfected cells. The comparison of the gene expression profiles in virus-infected versus bystander cells documents the changes in gene expression triggered by viral infection of cells. The data sets of these two differential expression analyses are presented in S2 Table (experiment 1) and S3 Table (experiment 2). Fig 3D shows that 200 genes were commonly regulated in bystander-versus-naïve and infected-versus-bystander cells. The genes upregulated in the bystander-versusnaïve analysis were found to be downregulated in the infected-versus-bystander analysis and vice- https://doi.org/10.1371/journal.ppat.1008660.g004 versa (Fig 3D). IPA analysis of the differentially expressed genes provided information on the upstream regulators describing the differences between bystander and naïve cells and between infected and bystander cells. Fig 3E shows that activation of the pathways regulated by, for example, TGF-β1, TNF, IL1β and IFN-γ can be observed when bystander cells are compared with naive cells. This pattern is likely to reflect the reaction of bystander cells to the presence of the virus in the culture medium and to the secretion of various cytokines by cells infected with VV. By contrast, these pathways were inhibited when the IPA analysis was performed on the differentially expressed genes between infected cells and bystander cells (Fig 3E). A similar phenomenon was observed in the second experiment (Fig 4D and4E). However, in this second experiment, the number of genes modulated in bystander-versus-naïve cells was lower than that observed in experiment 1 (41 genes,see Fig 4D). As the TNBC cells used in experiment 2 are 10 times less sensitive to the virus than those used in experiment 1 (S5 Fig), these differences may be attributed to a blunted ability of cells more resistant to the virus to respond to the presence of the virus in the culture medium and to stimuli secreted by infected cells. Finally, the striking contrasts between bystander-versus-naïve cells and infected-versus-bystander cells were also observed at the level of individual pathways. For example, more than 90% of genes of the IFNγ pathway that were regulated in a particular direction in bystander-versus-naïve cells were regulated in the opposite direction in the infected-versus-bystander cells (Figs 3F and4F).

Identification of genes over-represented in bystander versus infected cells

We hypothesized that genes with "antiviral" activities were overrepresented in the bystander compared with the infected population of cells. Fig 5A shows the Venn diagram of the genes differentially expressed in bystander cells in experiments 1 and 2. Under our hypothesis, the 130 genes commonly regulated are candidate genes with antiviral activities (complete list in S4 Table ). IPA analysis showed that these genes were consistent with an activation of the pathways regulated by TGFβ1, LPS, TNF, CTNNB1 and IL1β (Fig 5A ), suggesting that activation of these pathways is associated with an antiviral action. The comparison of the 130 candidates with genes identified as potential anti-viral genes in high-throughput RNAi screens showed that only one gene, SERPINE1 was found in common with the studies of Beard et al. [12] and none with the study of Sivan et al. [11] (Fig 5B).

DDIT4 exerts an antiviral activity

An alternative way to analyze the dataset is to consider each individual cluster in each experiment. This analysis grants less weight to clusters with high numbers of cells. We used the Table 1. Repartition of the numbers of naïve, bystander and infected cells in the different clusters. In both cases, the cluster defined as "COL1A2" contains the higher proportion of bystander cells. FindConservedMarkers command in Seurat v3 to run differential expression tests cluster by cluster in order to identify the conserved markers between bystander and infected cells. We required a gene to have a log 2 (Fold Change) > 0.25 and a maximum Bonferroni-corrected P value threshold < 0.05 to be considered as a conserved marker. This analysis identifies genes that are differentially regulated between two conditions (i.e. bystander versus infected) across all clusters in one experiment. We identified 19 and 79 conserved genes in experiments 1 and 2, respectively. Interestingly, only seven genes were conserved between the two experiments (Fig 6A). Two of these genes were canine genes for which human homologs have not been identified (ENSCAFG00000032813 and ENSCAF00000031808). The five remaining genes are APEX1, DDIT4, DUSP6, TBCB and DUSP1. The latter has already been shown to be detrimental to vaccinia virus [8]. We focused on one particular gene (DDIT4) in the list presented in Fig 6A, as high DDIT4 expression has been associated with a poor prognosis in various malignancies including breast cancer [30], and in TNBC [31]. We examined the effect of DDIT4 on VV replication. Infection of HeLa cells overexpressing DDIT4 resulted in a 60% reduction in the production of infectious VV particles compared with control HeLa cells expressing GFP (Fig 6B). Inversely, infection of mouse embryonic fibroblast (MEF) cells obtained from DDIT4 knock out mice resulted in a six-fold increase in the production of infectious VV particles compared with MEF isolated from wild-type mice (Fig 6C).

Clusters

Discussion

We demonstrated that oncolysis induced by VV in primary, high-grade canine mammary carcinoma cells was significantly less efficient than in equivalent cells obtained from lower grade tumors. This observation is in sharp contrast with the fact that the same virus was equally efficient in established cell lines from differentiated/low-grade and high-grade human TNBC. Considering the close relationship between the human and canine pathologies [32], it is tempting to attribute this difference in effectiveness of VV to the primary/low passage versus established cell line status of the experimental models. The relevance of established cell lines as experimental systems to develop new cancer therapeutic agents has been questioned in the past and the need for new preclinical models has been highlighted [33]. Patient-derived xenografts have been proposed and are viewed as one of the most relevant model systems in oncology [34]. For a selected number of tumor types including breast cancer, canine tumors recapitulate the features of human tumors and resources from relevant canine tumors have been proposed as tools for the preclinical development of new cancer therapeutics [35]. One of these resources is very-low-passage primary cells grown in serum-free medium. Working with primary low-passage cells has to date been hampered by the small number of cells available from biopsies. It is rare to collect more than 2-3 million carcinoma cells from one biopsy, and, without amplification, this low number of cells considerably restricts the information that can be gathered experimentally. However, with the advent of single-cell transcriptomics, descriptive studies demonstrating whether a therapeutic agent is effective or not can be complemented with high-resolution molecular data.

Single cell transcriptomic has been used previously in the field of infectious diseases. For example, the extreme heterogeneity of influenza virus infection [36] and influenza infection of mouse lungs in vivo [37] have been examined with this tool. However, to our knowledge, this technique has never been applied to the study of poxvirus infection. First, our study confirms the well-documented transcriptional shut-down of cellular genes. In our dataset, this shutdown was correlated to the extent of viral gene expression (Fig 2 ). A unique feature of singlecell transcritptomic analysis is the possibility to identify different populations of cells that have been in contact with the virus. Cells expressing intermediate and late viral genes express a low number of cellular genes. Their inclusion in the analysis did not provide any particular information for identification of antiviral genes. By contrast, bystander cells (cells exposed to the virus and expressing less than 0.01% of viral genes) provided a unique source of information. Comparison of bystander and naïve cells showed an activation of the pathways regulated by cytokines and growth factors in bystander cells. These activations are likely to be the result of the combined action of the pathogen-associated molecular pattern of the virus as well as autocrine factors secreted by infected and dying cells. The comparison of the activations observed in the two single-cell transcriptomic experiments shows that in the second experiment involving a culture of TNBC cells more refractory to the virus, a blunted response was observed, including the number of genes and the degree of modulation of the regulated genes. Inversely, an inhibition of cytokine and growth factor pathways could be observed when infected versus bystander cells were compared. These inhibitions are likely to have resulted from the expression of viral genes that counteract the cellular responses.

Our study demonstrates that tinformation gathered through single-cell RNA-seq can lead to the identification of pathways with potential antiviral properties. We hypothesized that genes with "antiviral" activities were overrepresented in the bystander compared with infected cell population. Differential expression analysis on the bulk set of data identified 130 genes commonly overrepresented in the bystander populations in the two experiments performed. IPA analysis identified upstream regulators likely to produce these expression profiles (Fig 5A ). The constitutive activation of the interferon pathway has been already documented as an "anti-oncolytic" mechanism for different viruses [38,39], and this pathway, as well as general pathways associated with inflammatory responses (IL1β, lipopolysaccharides (LPS) TNF) were also identified in our dataset with poxvirus infection (Fig 5A). Additional pathways appear to characterize cells from the bystander population: CTNNB1 (β-catenin) and TGF-β (Fig 5A ), the latter having already been identified as characteristic for the COL1A2 cluster showing increased "resistance" to poxvirus (Table 1). These two pathways, associated with "inflammatory" pathways, have been widely implicated in the epithelial to mesenchymal transition (EMT) in general and in EMT in breast cancer in particular [40][41][42]. It is therefore tempting to postulate that cells with a higher "EMT index" would be less sensitive to vaccinia virus. This hypothesis will need to be thoroughly tested in future studies.

A list of 130 candidates is presented in S4 Table . The comparison with genes identified as potential anti-viral genes in high throughput RNAi screens showed that only one gene, SER-PINE1, was found in common with these studies (Fig 5B). This low overlap is hardly surprising considering that both the virus and the cells were different in these screens. Nevertheless, this highlights the complexity of the interactions of vaccinia virus with host cells.

An analysis taking into account the individual clusters provided a more stringent test, with only seven genes emerging as commonly over-represented in bystander cells in the two experiments (Fig 6A). Two of those are canine genes with no known human homolog. The five remaining genes are APEX1, DDIT4, DUSP1, DUSP6 and TBCB. The fact that DUSP1 expression has already been demonstrated to be detrimental to vaccinia virus [8] provides a reassurance of the validity of the hypothesis whereby "antiviral" genes are overexpressed in the bystander populations, and highlights the relevance of the methodology we used. The proteins encoded by DUSP1 and DUSP6 are phosphatases with dual specificity for tyrosine and serine. These proteins can dephosphorylate MAPK1/ERK2. DUSP1 has been shown to be involved in the replication and host range of vaccinia virus and in the regulation of host immune responses through the modulation of MAPKs [8]. Although DUSP1 and DUSP6 have been attributed different roles, in immune regulation and development, respectively [43], they may exert antiviral activities through similar mechanisms. Tubulin folding cofactorB (TBCB) has been shown to be required for microtubule network formation [44] but, to our knowledge, an involvement of TBCB in viral infection has never been shown. However, considering the major cytoplasmic reshuffle observed in vaccinia-virus-infected cells, a negative role of TBCB would not be surprising. APEX1 is a major apurinic/apyrimidic (AP) endonuclease in human cells. AP sites are pre-mutagenic lesions and this enzyme is therefore part of the DNA repair machinery [45]. Relationships between APEX1 and viral infection have been documented: inhibition of APEX1 redox activity affects Kaposi's sarcoma-associated herpes virus [46] and its knock down inhibits HIV1 and HIV2/SIV infection [47]. However, a role of APEX1 in the vaccinia virus lytic cycle has never been reported.

We decided to investigate whether DNA damage-inducible transcript 4 (DDIT4) affects VV replication and we showed, using gain-and loss-of function studies that this is the case (Fig 6B and6C). DDIT4 is expressed in breast cancer and is associated with a poor prognosis in various cancers including breast cancers [30]. In high-grade triple-negative breast cancers, DDIT4 is also associated with a poor prognosis in human patients [31]. This observation positions DDIT4 as a potential marker that may also be associated with a lower response to oncolytic vaccinia virus. Considering the association of DDIT4 with a worse prognosis in human patients with acute myeloid leukemia, glioblastoma multiform, colon, skin and lung cancers in addition to breast cancer [30], future preclinical and clinical studies should determine the real importance of this gene in the response of various cancer types to oncolytic VV. DDIT4 is an interferon-stimulated gene with anti-retrovial activity [48]. Biochemically, DDIT4 has been described as a negative regulator of the mTOR signaling pathway [49][50][51]. Rapamycin, a pharmacological inhibitor of the mTOR signaling pathway, has also been reported to reduce virus yield upon VV infection [52]. A possible mechanism may be that mTOR activation results in the phosphorylation of 4E-BP, which in turn releases the translation factor elF4E, the component of el4F that binds to the 5'-cap structure of mRNA and promotes translation [52,53]. Upon VV infection, the factor elF4E has been reported to be redistributed in cavities present within viral factories [27,54] where viral translation can proceed. It is therefore tempting to hypothesize that DDIT4, by inhibiting the mTOR signaling pathway, reduces the amount of elF4E available for viral translation. However, considering the complexity of mTOR effects on VV infection [55], the exact nature of the molecular events associated with the inhibitory effect of DDIT4 remains to be elucidated.

Finally, the identification of cellular genes promoting or restricting vaccinia virus infectivity/replication has been studied using hypothesis-driven approaches [8,9,56] or highthroughput RNA interference screens [10][11][12][13] and in this context single-cell transcriptomics increases the arsenal of experimental tools available. Considering the large transgene capacity of poxviruses, this information could be exploited to generate new generations of oncolytic poxviruses with more efficient direct oncolytic properties.

Materials and methods

Cells

Very low passage canine primary cell cultures were provided by Lucioles Consulting. They were derived from a panel of canine primary tissues including normal mammary tissues, hyperplastic lesions, benign tumors, carcinomas in situ and all grades of carcinomas. The list of the different biopsies and their utilization in the different experiments of this report are provided in S1 Table and S5 Table . The tissues were phenotyped using standard histopathology and immunohistochemistry techniques and the ER, PR and HER2 status in relevant samples was determined (S6 Table ). Cell survival assays were performed as previously described [START_REF] Martinico | Assessment of endostatin gene therapy for familial adenomatous polyposis-related desmoid tumors[END_REF]. BHK21, MCF7, MDA-MB231, HeLa and DDIT4 +/+ and -/-MEF cells were obtained and cultured as previously described [50,[58][59][60][61][62]. Fluorescence imaging and Western blots were performed as previously described [63,64]. Quantification of the number of fluorescent cells as well as the intensity of fluorescence was performed using the CellQuant program (available at: http://biophytiro.unice.fr/cellQuant/index_html).

Viruses

A VACV-Lister strain deleted in the thymidine kinase gene (referred to as VV) and VACV-Copenhagen recombinants encoding GFP downstream of a synthetic early promoter (VACV-Cop21 and VACV-Cop 32) were described previously [65,66]. Vaccinia virus titration was performed on BHK21 cell monolayers infected for two days and stained with neutral red. Lentiviruses (encoding either GFP or DDIT4) were purchased from Sigma-Aldrich and are part of the MISSION TRC3 LentiORF collection.

qPCR assay for generic detection of Orthopoxvirus

DNA was extracted using the QIAamp DNA Mini Blood kit (QIAgen). The qPCR assay used for the detection of orthopoxviruses was a modification of the assay described by Scaramozzino et al [67]. Probes were designed to amplify a 157 bp fragment of orthopoxvirus A27L gene. Each qPCR assay was carried out in 20μl reaction mixture containing 5μl extracted DNA as template, 400 nM of each primer and 250 nM of probe and 10 μl IQ Supermix for QPCR (Biorad). The reaction was performed as follows: 1 cycle at 95˚C for 3 min, followed by 45 cycles each at 95˚C for 15 s, followed by 62˚C for 60 s. A fluorescence reading was taken at the end of each 62˚C step. Data acquisition and analysis were carried out with the Bio-Rad CFX Manager software 3.1. Sample curves were analyzed using the second derivative. Each DNA solution was assayed in duplicate per qPCR assay. Standard curves were generated from serial dilution of a solution of pVACV_Lis-A27L enabling absolute quantification.

qPCR assay for generic detection of early and late genes, E9L and A27L respectively, and a housekeeping gene

Total RNA was extracted using the RNAeasy kit (Qiagen). Reverse-transcription was performed using the PrimeScript RT Reagent Kit (Perfect Real Time, TAKARA). The A27L (late gene) qPCR assay was performed as described above. The E9L (early gene) and beta-actin qPCR were performed as described by Kulesh et al. [68] and Piorkowski et al. [69], respectively, with slight modifications. Each qPCR assay was carried out in 20μl reaction mixture containing 5μl cDNA as template, 300 nM of each primer and 100 nM of probe and 10 μl IQ Supermix for qPCR (Biorad). Each DNA solution was assayed in duplicate per qPCR assay. Standard curves were generated from serial dilution of a supernatant of a vaccinia virus-Copenhagen strain-infected culture. PCR efficiencies of both the targets genes and the reference gene were between 90% and 110% and did not differ by more than 10%. The delta Ct method was then used for relative quantification.

Bulk RNA sequencing

Cells were either mock infected or infected at a MOI of 5 with VV. At different time after infection, cells were washed with PBS. Poly(A) RNAs were purified using a Dynabeads mRNA purification kit (Invitrogen) and fragmented for 7 min at 95˚C. Libraries were then generated with the Ion Total RNA seq kit V2 (Life technologies) and sequenced on the Ion Proton system with P1 chip V3 following the manufacturer's instructions. Reads were aligned to the dog genome release canFam3 and the Vaccinia virus genome release NC006998 with bowtie v2-2.2.4. Quantification of genes was then performed using HTSeq-count release HTSeq-0.6.1 with "-minaqual = 0-mod = intersection-nonempty" options. To assess the response differences to the viral infection between non TNBC and TNBC samples, we used the classification of early, intermediate and late poxvirus genes described previously [70]. P-values on boxplots were calculated by the Wilcoxon rank sum test.

Single cell RNA-sequencing

Single cell suspensions were converted to barcoded scRNA-seq libraries using the Chromium Single Cell 3' Library, Gel Bead & Multiplex Kit and Chip Kit (10x Genomics), aiming for an estimated 2000 cells per library and following the manufacturer's instructions. Samples were processed using kits pertaining to V2 barcoding chemistry of 10x Genomics. Libraries were sequenced on an Illumina NextSeq500 with a High Output v2 kit (150 cycles): the forward read had a length of 26 bases that included the cell barcode and the UMI; the reverse read had a length of 98 bases that contained the cDNA insert. Raw sequencing FASTQ files were analyzed within 10x Genomics CellRanger suite (v1.3.0) with a transcriptome reference composed of canFam3 Canis familiaris genome build and the Vaccinia virus complete genome (NCBI reference sequence NC_006998).

Single cell gene expression quantification and determination of the major cell types

Raw gene expression matrices generated with 10xGenomics CellRanger suite (v1.3.0) were loaded and processed into R (version 3.5.2). Both experiments were analyzed independently using the Seurat R package (version 3.0.0). First, all cells that had over 25% of mitochondrial RNAs were removed. From the remaining cells, gene expression matrices were normalized using the SCTransform method. To reduce dimensionality, variably expressed genes were summarized by principle component analysis, and the 30 PCs were further summarized using UMAP dimensionality reduction. Both samples (i.e. infected and not infected) from the two experiments (i.e. 1 and 2) were then aggregated using FindIntegrationAnchors and Integrate-Data functions preceded by the PrepSCTIntegration function described in the Seurat development version. Clusters were called using a low resolution of 0.1, and gene markers were assessed using FindAllMarkers function with standard parameters.

Figure 1 :

 1 Figure 1: Simplified structure and cellular organisation of the human respiratory tract epithelium.

Figure 2 :

 2 Figure 2: Deposition and clearance of inhaled particles in the human respiratory tract.

Figure 3 :

 3 Figure 3: Graphical representation of a generalized adverse outcome pathway.

Figure 4 :

 4 Figure 4: Schematic representation of Agilent amplified cRNA procedure.

Figure 5 :

 5 Figure 5: Overview of the progressive advance in the methods to study genes and transcripts.

Figure 6 :

 6 Figure 6: Published papers since 1990 referring to the transcriptomic method.

Figure 7 :

 7 Figure 7: General workflow for MS-based high-throughput proteomics.

Figure 8 :Figure 9 :

 89 Figure 8: Impact of cigarette smoke exposure on the rat lung proteome Figure 9: General workflow for MS-based high-throughput metabolomics.

Figure 10 :

 10 Figure 10: Single-cell methods and heterogeneity of different molecular layers.

Figure 11 :

 11 Figure 11: Scaling of single cell RNA-seq experiments.

Figure 12 :

 12 Figure 12: Molecule counting using UMIs.

Figure 13 :

 13 Figure 13: Single-cell RNA-seq reveals profibrotic monocyte-derived alveolar macrophages during asbestos-induced pulmonary fibrosis.

Figure 14 :Figure 15 :

 1415 Figure 14: A schematic representation of the cell hashing protocol.

Figure 16 :

 16 Figure 16: Comparison of BEAS-2B and Mucilair response to CdCl2 and HQ using whole genome microarray gene expression analysis.

Figure 17 :

 17 Figure 17: Volcano plots referred to CdCl2 and HQ condition.

Figure 18 :

 18 Figure 18: Venn diagrams summarizing the most significant differentially expressed genes (abs (logFC) > 0.5, p-value <0.05) obtained for each condition.

Figure 19 :

 19 Figure 19: Ingenuity Pathway Analysis © (Qiagen) after CdCl2 treatment.

Figure 20 :

 20 Figure 20: Ingenuity Pathway Analysis © (Qiagen) after HQ treatment.

Figure 21 :

 21 Figure 21: A schematic representation of the experimental workflow.

Figure 22 :Figure 23 :

 2223 Figure 22: Diagram describing the first steps of the experimental design Figure 23: UMAP plots of the MucilAir TM and BEAS-2B dataset.

Figure 24 :

 24 Figure 24: Violin plots of the cell subtypes marker genes.

Figure 25 :

 25 Figure 25: Differentially expressed genes analysis after cadmium chloride administration.

Figure 26 :

 26 Figure 26: Differentially expressed genes analysis after hydroquinone administration.

Figure 27 :

 27 Figure 27: Differentially expressed genes analysis after PMA administration.

Figure 28 :

 28 Figure 28: t-SNE representation of specific genes in the different cell-types after cadmium chloride administration.

Figure 29 :

 29 Figure 29: t-SNE representation of specific genes in the different cell-types after hydroquinone administration.

Figure 30 :Figure 31 :Figure 32 :

 303132 Figure 30: t-SNE representation of specific genes in the different cell-types after Phorbol 12-myristate 13-acetate administration.

Figure 33 :

 33 Figure 33: Signalling pathways leading to the activation of the myofibroblasts in Dupuytren Disease.

Figure 34 :

 34 Figure 34: Metformin mode of action on liver cells.

Figure 35 : 2 Toxicology: a useful tool for evaluate the risk assessment in the cosmetic industry "

 352industry Figure 35: Model for the antifibrotic mechanism of action of metformin in human lung fibrosis.

Figure 1 :

 1 Figure 1: Simplified structure and cellular organisation of the human respiratory tract epithelium. Figure extracted from Thà et al., 2021.

Figure 2 :

 2 Figure 2: Deposition and clearance of inhaled particles in the human respiratory tract.

For

  many years, animal experimentation was the strategy of choice in toxicological tests. The recent evolution of the perception on animal experimentation in the general public together with the increasing costs, have encouraged the development of in vitro tests capable to replace in vivo animal studies in the prediction of the toxicity of compounds. In the cosmetic field, tests based on animal experimentation have been banned in the European Union. This situation requires the development and validation of new, qualitative and quantitative in vitro tests.
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 201761 Single cell RNA sequencing In 2009, technical limitations in Transcriptomics and in more specific way in RNA-seq were once again pushed back by the first description of single-cell mRNA sequencing technique [108].
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  (a) Key technologies that have allowed experimental scaling. (b) Cell numbers reported in representative publications by publication date. Key technologies are indicated. Figure extracted from Svenson et al., 2018.
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  characterisation of disease states. Single-cell transcriptomic provides a comprehensive and sensitive description of different cell types, of their functions and characteristics. Furthermore, the single-cell transcriptomic data can be reorganized into pseudo-temporal arrangements allowing the reconstruction of the evolution of the cell [129]. Single-cell transcriptomic technologies are massively used in cancer studies to address question regarding origin of tumours, heterogeneity of primary tumour, resistance to drugs, metastasis.-Origin of tumours: Understanding how are originated represent a focal point in the fight against the tumour. Single-cell RNAseq can provide a better understanding of the process behind this event leading to insights for the creation of new therapies. For instance, Hu et al. showed that basal-like breast cancer might originate from luminal progenitors, and luminal breast cancer might originate from mature luminal cells in BRCA1 mutation carriers after performing single-cell RNA-seq on 82,122 cells isolated from the breast cancer tissues and adjacent or prophylactic normal breast tissues[START_REF] Hu | Single-Cell RNA Sequencing Reveals the Cellular Origin and Evolution of Breast Cancer in BRCA1 Mutation Carriers[END_REF].

  techniques. Events of embryogenesis and regeneration are mainly based on individual cell-fate decisions creating a variety of different cellular states that can eventually modulates specification, morphogenesis and/or cell differentiation in a spatial context [129]. The differentiating cells can be described by the gradual variations in their expression profile as they progress toward their differentiated state. Moreover, trajectory inference methods have been developed to maintain and highlight the continuity of cell states in the data [115]. Most of these methods are based on the hypothesis that developmental processes are barely synchronous. Thus, a static snapshot of numerous single-cell transcriptomes will capture every different stage of differentiation. It will open the possibility to detect branching points in cell trajectories and reveal critical information in cell fate

Figure 14 :

 14 Figure 14: A schematic representation of the cell hashing protocol.Figure extracted from Stoeckius et al., 2017

  4 µm pore size; Corning), in MucilAir TM medium, with a density of 30 000 cells per Transwell®. Once the cells reached confluence (typically after 5 days), they were treated according to the protocol. The 3D reconstituted model of the human airway epithelium, MucilAir TM (Epithelix Sàrl) was cultured in 500 µl of MucilAir TM culture medium at 37°C in a humified incubator with 5% (vol/vol) CO2 in 24-well plates with 6.5-mm Transwell ® inserts (Corning Life Sciences). Before treatments, inserts were washed with 200 µl of MucilAir TM culture medium to remove the mucous secretion. The quality of the tissue was assessed under an inverted microscope (Zeiss Axiovert 25). Cell were treated for 6 hours with cadmium chloride 10 µM, hydroquinone 50 µM or phorbol 12myristate 13-acetate 10 nM diluted in MucilAir TM medium. Cadmium chloride was resuspended in PBS, hydroquinone and phorbol 12-myristate 13-acetate were resuspended in DMSO. Cells in the Air Liquid Interface system were treated in each condition with 200 µl in the apical and 500 µl in the basal part of the insert Negative controls were treated with vehicle only (PBS or DMSO).
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 15 Fig. 15: Time-course and dose-response experiments of CdCl2 and HQ in BEAS-2B cells. BEAS-2B cells were treated for 6-12-24 hours with CdCl2 (A) and HQ (B) at a concentration of 1-5-10 µM and 25-50-100 µM respectively. Measurement by qRT-PCR of the level of expression of NRF2 pathways regulated genes was used to evaluate the effects of the treatments. (C) The chosen experimental condition was subsequently tested on MucilAir TM . The qPCR results of the level of expression of NRF2 pathway regulated genes are represented in the bar plots showing that the chosen experimental conditions were sufficient to generate a comparable magnitude of effect on BEAS-2B and MucilAir TM .

  CdCl2 and HQ Both models were treated for 6 hours with 10 µM CdCl2 and 50 µM HQ. The differentially expressed genes (p-value <0.05) are represented in the Heatmap using MultiExperiment Viewer (MeV). Genes in row, samples in column. Treatments and cell-models are color-coded Figure16. The red squares highlight the better reproducibility of BEAS-2B in the biological duplicates compared to MucilAir TM . In addition, as underlined by the yellow square a quite different gene expression signature between the models can be observed. In Figure17, the volcano plots provide a more detailed description of these differences in the response. After the treatment with cadmium chloride, MucilAir TM model shows more differentially expressed genes, especially downregulated genes compared to BEAS-2B. By contrast, the volcano plot focusing on the the treatment with hydroquinone shows a higher number of differentially expressed genes in BEAS-2B compared to MucilAir TM model. The most significant differentially expressed genes (abs (logFC) > 0.5, p-value <0.05) obtained for each condition are represented in Figure18using Venn diagrams. The treatment with cadmium chloride altered the expression of 551 and 556 genes in BEAS-2B, and MucilAir TM , respectively, with 58 genes found deregulated in both models Figure18 (A). After the treatment with hydroquinone, 3123 and 1127 differentially expressed genes were found in BEAS-2B, and MucilAir TM , respectively, while 181 genes were coregulated in both models Figure18 (B). A Venn diagram summarizing all the differentially expressed genes in both models after the treatment with cadmium chloride and hydroquinone is presented in Figure18(C).
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 18 Fig. 18: Venn diagrams summarizing the most significant differentially expressed genes (abs (logFC) > 0.5, p-value <0.05) obtained for each condition. (A) Venn diagram showing the number of significant differentially expressed genes in BEAS-2B and MucilAir TM after the exposure to CdCl2. (B) Venn diagram showing the number of significant differentially expressed genes in BEAS-2B and MucilAir TM after the exposure to HQ. (C) Venn diagram showing the number of significant differentially expressed genes in BEAS-2B and MucilAir TM after the exposure to CdCl2 and HQ.

  SCTransform, regressing out the S and G2M cell cycle phase scores obtained with the CellCycleScoring function. Clustering was then run on SCT counts after PCA (with k.param = 10 and resolution = 0.3). Differential analyses between treatments were computed on the log-normalized counts Figure 23 (B).

  differentially expressed genes in each cell-type as well as in BEAS-2B was performed. Heatmaps showing the comparison between the most significantly differentially expressed genes after the administration of cadmium chloride (abs(logFC) > 0.5, pval < 0.05), hydroquinone (abs(logFC) > 0.5, pval < 0.05), and PMA (abs(logFC) > 1.2, pval < 0.05) in the different cell types of MucilAir TM and BEAS-2B are represented in Figure 25 (B), 26 (B), and 27 (B). The heatmaps display a similarity between the response of BEAS-2B and the secretory and multiciliated cells.The volcano plots show the gene expression in response to the treatment upon non-genotoxic compound for each cell-type and BEAS-2B (pval Cutoff < 0.05, LogFC cutoff = 0.5 (absolute value)).A hierarchy of "responding cell type" can be noted., Basal and suprabasal cells showed a more pronounced response to cadmium chloride and HQ compared to secretory and multiciliated cells (Figure25-26 (C), while for PMA basal cells appeared as the most responsive cell subtype (Figure27 (C). For all cell types, the signature included a majority of upregulated genes. Finally, BEAS-2B show a different gene response signature compared to the the four MucilAir cell-types for the three different treatments.

Fig. 23 :Fig. 25 :

 2325 Fig. 23: UMAP plots of the MucilAir TM and BEAS-2B dataset. (A) UMAP representation of the MucilAir TM dataset corresponding to the run 1 and 2 respectively. Each distinct cell type is defined by a specific colour. The relative abundance of each cell type is represented by the barplot. (B) UMAP representation of the BEAS-2B dataset and barplot of the relative abundance of each cell type

Fig. 26 :Fig. 27 : 5 (

 26275 Fig. 26: Differentially expressed genes analysis after hydroquinone administration. (A) Heatmap of the top expressed genes found in the three-dataset corresponding to hydroquinone administration (abs(logFC) > 0.5, pval < 0.05). Genes in row, samples in column. Run and cell-type are color-coded. (B) Heatmap showing the comparison between the top expressed genes after hydroquinone administration in MucilAir TM run 2 and BEAS-2B dataset. (C) Volcano plot representing the gene expression in response to the hydroquinone administration for each cell-type and BEAS-2B (pval Cutoff < 0.05, LogFC cutoff = 0.5 (absolute value))

Figure 28 Fig. 28 :

 2828 Figure 28

  pointed out on the volcano plot, MucilAir TM ALI culture shows more downregulated genes (expressed in the upper left quadrant) compared to the BEAS-2B upon cadmium chloride exposure. By contrast, upon hydroquinone exposure, BEAS-2B cells show more differentially expressed genes compared to the MucilAir TM ALI cultures These results can suggest that the different model responds in different manner to the administration of the non-genotoxic compounds and the cell composition together with the different level of difficulty in the manipulation can affect the gene expression.

Figure 25 (

 25 Figure 25 (A), 26 (A), and 27 (A). The identification of specific gene signatures it is an important step for the development of markers specific for non-genotoxic compounds that could be used in further studies. Some examples of expression of specific genes in the different cell-types are represented in the Figure 28, 29, and 30. As an example Transgelin (TAGLN) results to be a specific expressed gene of basal cell after CdCl2. TAGLN is an actin cross-linking/polymerization protein that belongs to the family of actin-associated proteins. It is involved in the migration of epithelial cells by

Figure 35 :

 35 Figure 35: Model for the antifibrotic mechanism of action of metformin in human lung fibrosis.

Figure 1 :

 1 Figure 1: Expression of fibrotic markers in palmar (PF) or Dupuytren (DF) fibroblasts. PF and

Figure 2 :

 2 Figure 2: Contractile properties of PF and DF stimulated or not with TGF-b. PF (A) or DF (B)

Figure 3 :

 3 Figure 3: ACTA2 expression in PF and DF treated with AICAR or metformin. PF (A, C) or DF

Figure 4 :

 4 Figure 4: Western blot analysis of the expression of fibrotic markers in response to AICAR or metformin. PF (A) or DF (B) were cultured in the absence or presence of TGF-b, AICAR or

Figure 5 :

 5 Figure 5: Immunocytochemical detection of aSMA in PF or DF, cultured in the absence or presence of TGF-b, AICAR or metformin. The image presented are representative fields obtained

Figure 6 :

 6 Figure 6: Effects of AICAR and metformin on the contractile properties of PF and DF stimulated or not with TGF-b. PF (white bars) or DF (grey bars) were cultured in the absence or

38 and 72 Nintedanib/BIBF1120 prevents MAPKi-induced pro-fibrotic-like response, enhances 73 targeted therapy efficiency and delays tumor relapse 74 In 96 resistance in vivo. 97 We

 387273749697 not mutually exclusive(8). Non-genetic resistance is due to the intrinsic melanoma cell 39 phenotypic plasticity, i.e., ability to undergo transcriptional and epigenetic reprogramming in 40 response to environmental challenges or upon therapy(11). These adaptive mechanisms 41 exploit the developmental plasticity of melanoma cells and often result in an undifferentiated 42 state characterized by upregulation of receptor tyrosine kinases (RTK) like AXL, 43 downregulation of melanocyte differentiation transcription factors MITF and SOX10 (12) 44 and acquisition of mesenchymal and invasive features (9, 10, 13-18). 45 Tumors are shaped dynamically by reciprocal crosstalk between cancer cells and the 46 ECM through cellular-ECM interactions and stromal matrix remodeling. Recent findings 47 indicated that elevated ECM production and remodeling contribute to adaptive and acquired 48 RESULTS order to limit ECM reprogramming and collagen remodeling associated with 75 therapy resistance and relapse in melanoma, we tested the effect of the anti-fibrotic drug 76 Nintedanib (BIBF1120), a triple inhibitor of PDGFR, VEGFR and FGFR used to treat 77 idiopathic pulmonary fibrosis (IPF) in combination with BRAFi/MEKi in a syngeneic model 78 of transplanted murine YUMM1.7 Braf-mutant melanoma (24). YUMM1.7 cells were 79 subcutaneously injected and tumors were treated with vehicle, BIBF1120 alone, a 80 combination of BRAFi plus MEKi, or the triple combination (Fig. 1A). BIBF1120 did not 81 display any anti-melanoma effect when administered alone, slightly slowing down tumor 82 growth but not triggering tumor volume decrease. Administration of the BRAFi/MEKi 83 initially reduced tumor growth but after three weeks of treatment, tumor growth resumed and 84 100% of tumors relapsed. Importantly, combination of MAPK-targeted therapies and 85 BIBF1120 significantly delayed relapse and led to complete remission in 33% of mice (2 out 86 of 6) (Fig. 1B-C and Supplementary Fig.1A). Overall, the combined treatment significantly 87 improved mice survival (Fig.1C) without body weight loss or sign of toxicity throughout the 88 study (Fig.1D). As previously described in melanoma xenograft models(22), an extensive 89 deposition of collagens and increased expression of ECM remodeling and myofibroblast 90 markers were observed in YUMM1.7 tumors treated with the combination BRAFi/MEKi as 91 revealed by picrosirius red staining of collagen fibers and qPCR analysis of typical molecular 92 markers of tumor fibrosis. This response was significantly reduced by the co-administration 93 of BIBF1120 (Fig. 1E-G and Supplementary Fig. 1B). Thus, combination of targeted therapy 94 with the anti-fibrotic drug Nintedanib prevents the appearance of a pro-fibrotic matrix 95 6 observed upon MAPK-targeted therapy exposure and significantly delays the onset of next examined the impact of Nintedanib on ECM reprogramming and cell 98 phenotype switching in the context of early adaptation and resistance to MAPK targeted 99 therapy in human BRAF V600E mutated melanoma M238P cells. BIBF1120 strongly attenuated 100 targeted drugs-induced ECM/myofibroblast-related signatures, prevented the undifferentiated 101 AXL high MITF low phenotype switch (Supplementary Fig. 1C) and potentiated the effect of the 102 BRAFi/MEKi cocktail on M238P cell viability (Supplementary Fig. 1D). The efficacy of the 103 described treatment to reduce upregulation of Fibronectin (FN1) and LOXL2 expression was 104 confirmed at protein levels by Western Blot analysis. Of note, a strong activation of AKT 105 induced by the BRAFi/MEKi cocktail was fully inhibited by BIBF1120, suggesting that the 106 anti-fibrotic drug is able to counteract the rewiring of alternative survival pathway observed 107 upon MAPK oncogenic pathway inhibition (Supplementary Fig. 1E) (17). 108 We finally evaluated the effect of BIBF1120 on the undifferentiated mesenchymal-109 like resistant M238R cells obtained through chronic exposure of the M238P cells to the 110 BRAFi Vemurafenib (17). We recently demonstrated that this resistant cell line exhibits low 111 expression of the differentiation factor MITF and high AXL levels and displays a strong 112 myofibroblast-like phenotype with expression of classical ECM and contractile markers such 113 as smooth muscle actin-α (αSMA) and Myosin light chain 2 (MLC2) as well as ECM 114

118 to revert the undifferentiated-mesenchymal resistant phenotype and potentiate targeted 119 therapy in human melanoma cells. 120 Suppression 154 Finally 161 THBS1 166 miR- 143 /

 118119120154161166143 of MAPKi-induced resistant pro-fibrotic phenotype by Nintedanib is 121 associated with loss of miR-143/145 cluster expression 122 Next we investigated the molecular mechanisms associated with the emergence of 123 MAPKi-induced mesenchymal and pro-fibrotic phenotype and its inhibition by 124 Nintedanib/BIBF1120. Because several microRNAs (miRNAs), named FibromiRs, have 125 been shown to play key roles in the initiation and progression of fibrotic processes in various 126 organs (25-28), we performed an expression screening to compare the level of these 127 FibromiRs in BRAF V600E mutant melanoma cells sensitive to MAPK-targeted therapies 128 (M229P, M238P, M249P) compared to their corresponding resistant counterparts (17). The 129 screening identified miR-143-3p and miR-145-5p, localized within the miR-143/145 cluster 130 on chromosome 5 as the best hits with a strong upregulation in AXL high MITF low 131 mesenchymal-like resistant M238R and M229R cells tested compared to parental cells (Fig.1322A, Supplementary Fig.2A). Similar results were obtained in the mesenchymal resistant 133 UACC62R cells (29) (Supplementary Fig.2A). In contrast, acquisition of resistance through 134 secondary NRAS mutation was not associated with increased expression of miR-143-3p and 135 miR-145-5p in the non-mesenchymal AXL low MITF high M249R cells (Fig.2A, 136 Supplementary Fig.2A). We next examined whether a treatment with BRAFi, MEKi, or a 137 combination of both was able to modulate the expression of the cluster. The two drugs, alone 138 or in combination, significantly increased miR-143-3p and miR-145-5p expression levels in 139 all BRAF V600E mutant melanoma cells tested including patient-derived short-term melanoma cultures (Supplementary Fig.2B-F). This strong induction was abolished when the 141 BRAFi/MEKi treatment was combined with BIBF1120, both in melanoma cell lines cultured 142 in vitro (Fig.2B) and in the YUMM.1.7 syngeneic model (Fig.2C) presented in Fig.1. 143 Overall, the expression of the miR-143/-145 cluster paralleled the phenotypic switch 144 associated with a mesenchymal resistant phenotype. 145 Given the critical role of RTKs upregulation such as PDGFR and of the pro-fibrotic 146 TGF-β signaling pathway overactivation in mesenchymal resistance (12, 17, 22, 23), we 147 stimulated MAPKi sensitive melanoma cells with PDGF-BB or with TGF-β and analyzed 148 miR-143-3p and miR-145-5p expression. Both TGF-β and PDGF-BB triggered a strong 149 upregulation of miR-143/-145 expression in M238P cells (Fig. 2D). Conversely, treatment of 150 mesenchymal BRAFi-resistant M238R cells with BIBF1120 but also with the TGF-β receptor 151 inhibitor SB431542 and the pan-AKT inhibitor GSK690693 significantly decreased the 152 expression of the two mature miRNAs (Fig. 2E), indicating that both PDGF and TGF-β 153 pathways control the expression of the miR-143/-145 cluster in melanoma cells. , we investigated the expression of these miRNAs in several Patient-Derived 155 Xenograft (PDX) samples that acquired resistance to BRAFi/MEKi combo-therapy and 156 exhibited distinct phenotypic and molecular profiles. (Fig. 2F) (30). Upregulation of miR-157 143/-145 cluster between therapy naïve and resistant cells was observed in two different PDX 158 samples, MEL015 and MEL003, with a predominant invasive/undifferentiated transcriptome 159 profile (Fig.2F-G)(30). The MEL015 resistant model also presented elevated expression of 160 ECM remodeling, myofibroblast and pro-fibrotic markers such as COL1A1, LOXL2, CYR61, and MYL9. In contrast, we did not observe an upregulation of the cluster in drug 162 resistant lesions from the two additional PDX models, MEL006 and MEL047, in which the 163 mesenchymal-like signature is not overrepresented (Fig.2F-G). These data indicate that 164 upregulation of the pro-fibrotic miR-143/-145 cluster is also observed in PDX MAPKi 165 resistant melanomas associated with an invasive/undifferentiated transcriptome profile. -145 cluster promotes melanoma cell dedifferentiation towards a pro-fibrotic 167 mesenchymal-like state and resistance to MAPK therapeutics. 168 To confirm a potential link between the miR-143/-145 cluster and ECM 169 reprogramming, we first used a gain of function approach consisting in the transient 170 overexpression of miR-143-3p or miR-145-5p in various therapy-naïve BRAF-mutant 171 melanoma cells (Supplementary Fig. 3A). The results showed increased expression of 172 transcripts related to ECM structure and remodeling as well as myofibroblast/CAF markers in 173 cells overexpressing either miRNA compared to miR-Neg control cells (Fig. 3A). 174 Conversely, we next tested whether miR-143-3p or miR-145-5p inhibition can reverse the 175 phenotypic pro-fibrotic response induced by oncogenic BRAF inhibition in M238P 176 melanoma cells. BRAFi treatment was combined with Locked nucleic acid (LNA)-modified 177 antisense oligonucleotides (ASOs) designed against miR-143 (LNA-143), miR-145 (LNA-178 145) or a control LNA ASO (LNA-Ctrl). RT-qPCR analysis showed that the BRAFi-induced 179 ECM-and myofibroblast/CAF-related gene signature was significant inhibited by LNA-143

185 cycling,

 185 undifferentiated and invasive cell state. Melanoma cells experienced reduced cell 186 proliferation after ectopic expression of miR-143-3p or miR-145-5p as visualized by Western187

194 Lentivirus- 211 Functional

 194211 mediated stable overexpression of the two miRNAs in two distinct melanoma cell 195 lines reproduced increased ECM protein production, inhibition of cell proliferation and 196 transition to an undifferentiated/invasive phenotype (Supplementary Fig. 5A-E) observed 197 upon transient transfection. Acquisition of this features was also linked to a decreased 198 intrinsic sensitivity to MAPKi treatment, as measured by crystal violet survival assays 199 performed on melanoma cells stably overexpressing miR-143/-145 cluster compared to 200 control cells (Supplementary Fig. 5F). Conversely, targeting the two miRNAs by ASOs in 201 combination with BRAFi improved the efficacy of the targeted therapy (Fig. 3H, 202 Supplementary Fig. 6A-B), demonstrating that miR-143/-145 cluster upregulation in response 203 to BRAF V600E pathway inhibition represents a pivotal adaptive resistance mechanism to 204 MAPK therapeutics. 205 Identification of miR-143-3p / miR-145-5p targets functionally associated with the 206 undifferentiated mesenchymal-like phenotype in melanoma cells 207 To identify miR-143-3p and miR-145-5p targets associated with the resistant 208 mesenchymal phenotype, we first combined in silico target prediction tools and experimental 209 transcriptomic approaches using the miRonTop web tool (31) in M238R or M238P cells 210 following transient transfection of mimics (Fig. 4A-B) or stable lentivirus transduction. annotation of the gene expression profiles associated with miRNA overexpression 212 showed a strong overlap in pathways associated with cell migration and invasion, cell cycle 213

218 Second,

 218 RNAs from cells stably overexpressing the miR-143/-145 cluster were 219 analyzed by RNA-sequencing and processed through Ingenuity Pathway Analysis (IPA) to 220 identify the common regulators (transcription factors, growth factors, cytokines, 221 transmembrane receptors, kinases, and phosphatases) between parental cells overexpressing 222 the cluster and resistant cells (Fig. 4D). These analyses notably highlighted changes related to 223 decreased cell proliferation, increased cell invasion and fibrotic pathways activation. To 224 narrow the best target candidates, we finally compared the best-predicted targets based on the 225 two different gain-of-function approaches (Supplementary Table

226 resulted

 226 in selecting one target candidate for miR-143-3p, 6 target candidates for miR-145-5p 227 and 2 target candidates for both miR-143-3p and miR-145-5p (Fig.4E). We started with 228 investigations on the F-acting bundling protein Fascin1 (FSCN1), a key regulator of 229 cytoskeleton dynamics, previously associated with tumor growth, migration, invasion and 230 metastasis(32). Using long-reads Nanopore sequencing data, we confirmed lower levels of 231 FSCN1 transcript in M238R compared with M238P cells while reads corresponding to the 232 putative miR-143/-145 cluster primary transcript could be only detected in M238R cells 233 (Supplementary Fig.7A). The characterization of hFSCN1 3'UTR sequence revealed the 234 presence of 2 miR-143-3p and 4 miR-145-5p binding sites. Validation of these sites was first performed using a luciferase reporter corresponding to the full 3'UTR FSCN1 harboring WT 236 or a mutated sequence of the miRNA recognition elements (Fig.4Fand Supplementary Fig.

Fig

  Fig.8F).
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  . This result was also confirmed by Western Blot analysis of focal adhesion components 295 such as phospho-FAK and phospho-SRC (Supplementary Fig.10C). In addition, we observed 296 an increase of phosphorylated and total forms of MLC2 and phosphorylated Signal 297 Transducer and Activator of Transcription 3 (STAT3) upon cluster overexpression, 298 suggesting the activation of the ROCK/JAK/STAT3 acto-myosin contractility pathway by the 299 two miRNAs. We then investigated whether FSCN1 downregulation produced a similar 300 effect on actin dynamics. Indeed, FSCN1 knockdown led to actin cytoskeleton reorganization 301 with a significant cell area increase (Fig.6Cand Supplementary Fig.10D) as well as an 302 increased number of focal adhesions per cell (Fig.6Dand Supplementary Fig.10E). 303 Acto-myosin remodeling critically regulates the cellular localization of 304 mechanotransducers such as the Hippo pathway transcriptional co-activator YAP and the 305 serum responsive factor co-activator MRTFA, two factors previously associated with 306 resistance to MAPK-targeted therapies and pro-fibrotic responses (22, 23, 29, 33). Expression 307 of miR-143-3p and miR-145-5p in therapy-naïve melanoma cells enhanced YAP and 308 MRTFA nuclear localization as shown by immunofluorescent staining (Fig. 7A-B and 309

  315expression of FSCN1 was able to revert the constitutive activation of mechanical pathways 316 typical of this cell state. Indeed, forced expression of FSCN1 in mesenchymal resistant cells 317 significantly attenuated nuclear localization of YAP and MRTFA as well as their 318 transcriptional activity (Supplementary Fig.12A-C). Overall, our data underline the central 319 function of the miR-143/-145/FSCN1 axis in the regulation of actin cytoskeleton dynamics 320 and mechanopathways, leading to the acquisition of an undifferentiated, mesenchymal-like 321 cell state associated with therapy resistance. 322 DISCUSSION 323 Treatments against advanced melanoma invariably end with therapy resistance and 324 failure. Preventing resistance and tumor relapse on therapies targeting the MAPK oncogenic 325 pathway still remains a challenge in successful melanoma clinical management. Our present 326 study reveals that combination of the anti-fibrotic drug Nintedanib with targeted therapy 327 provides therapeutic benefit in pre-clinical models of melanoma. We showed that Nintedanib 328 is able to prevent the acquisition by melanoma cells of an undifferentiated mesenchymal-like 329 phenotype, an aggressive cell state previously shown to be associated with the expression of 330 pro-fibrotic markers, acquisition of myofibroblast/CAF-like activities and enhanced 331
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  Nintedanib (BIBF-1120) is a multiple tyrosine kinase inhibitor, targeting PDGFR (α 338 and β), FGFR-1, -2, -3, and -4 and VEGFR-1, -2, and -3 as well as several intracellular 339 tyrosine kinases such as Src, Lck or Lyn. It has been approved for the treatment of Idiopathic 340 Pulmonary Fibrosis (IPF) following several clinical trials demonstrating clinical efficacy in 341 slowing disease progression(34). Nintedanib was shown to interfere with fundamental 342 processes in lung fibrosis in a variety of in vitro assays performed on primary lung fibroblasts 343 from patients with IPF, notably the inhibition of growth factor-induced 344 proliferation/migration and TGF-β-induced myofibroblast activation as well as the down-345 regulation of ECM proteins(35). However, although substantial pre-clinical evidence 346 demonstrates that Nintedanib has anti-fibrotic but also anti-inflammatory and anti-angiogenic 347 activity, the exact contribution of inhibition of specific kinases to the activity of the drug in 348 IPF has not been established and its precise anti-fibrotic mechanism(s) of action is not 349 known. 350 In melanoma, the effects of Nintedanib are likely achieved through the normalization 351 of the fibrotic and drug-protective ECM generated upon MAPK-targeted therapy exposure. 352 We found that combined administration of Nintedanib and MAPK-targeted therapy dampens 353 the increased miR-143/-145 cluster expression triggered by oncogenic BRAF pathway 354 inhibition, suggesting that inhibition of ECM reprogramming in presence of Nintedanib is, at 355 least partially, mediated by preventing upregulation of these two "FibromiRs". Induction of 356 the miR-143/-145 cluster paralleled the phenotypic switch associated with the 357 undifferentiated mesenchymal-like phenotype and high expression levels of the two miRNAs 358 are correlated with the mesenchymal MAPKi-resistant phenotype in all BRAF V600E mutant 359 human melanoma cell lines known to overexpress several RTKs including the PDGFR. 360 Analysis of PDX models confirmed that expression levels of miR-143-3p and miR-145-5p 361 are associated with a predominant invasive/undifferentiated transcriptomic profile in resistant 362 lesions. Elevated levels of these miRNAs following BRAFi/MEKi treatment are likely due 363 primarily to the direct inhibition of the MAPK pathway, as oncogenic signals including 364 activation of the MAPK pathway strongly inhibit expression of the cluster in several 365 epithelial cancers(36). In addition, we have shown a positive regulation of the cluster by 366 PDGF or TGF-β signaling, as previously observed in the context of fibrosis and smooth 367 muscle cell differentiation(37, 38). This observation supports the notion that pro-fibrotic 368 signaling pathways typical of the mesenchymal resistance drive expression of the miR-143/-369 145 cluster in melanoma cells. Besides, the AKT pathway could also upregulate expression 370 levels of the two miRNAs. Accordingly, previous studies stated that PTEN deletion favors 371 the onset of a fibrotic phenotype in lung fibrosis and increased Fibronectin deposition in 372 melanoma(20, 39). The observation that Nintedanib abrogated both AKT activation and 373 miR-143/-145 expression in melanoma cells is in agreement with the importance of this 374 pathway for acquisition and maintenance of drug resistance. Overall, our data indicate that 375 Nintedanib can target both pro-fibrotic and survival pathways, mediated at least in part 376 through PDGFR activation and converging to miR-143/-145 cluster expression. 377 The role of miR-143 and miR-145 in cancer has been widely debated in the last 378 decade (40). The tumor suppressive role traditionally attributed to the cluster (41) has been 379 challenged by recent genetic and cellular expression studies pointing mesenchymal cells as 380
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Fig. 8 Nintedanib

 8 Fig. 8 Proposed model for a role of the pro-fibrotic miR-143/-145 cluster in phenotypic

Fig. S1 .

 S1 Fig. S1. Administration of Nintedanib/BIBF1120 re-sensitizes melanoma cells to MAPK targeted therapies, delays tumor relapse and normalizes MAPKi-induced ECM remodeling and miR-143/145 expression. (A-D) YUMM1.7 cells were subcutaneously inoculated into C57BL/6 mice and when tumors reached 100 mm 3 mice were treated with the indicated therapies. (A) Individual graphics showing tumor growth following treatment. (B) Normalized expression of myofibroblast/CAF and ECM-related genes assessed by RT-qPCR in individual tumors treated as indicated. Data is represented as median with range (n=5). One-way ANOVA has been used for statistical analysis. *P≤0.05, **P≤0.01, ****P≤0.0001. (C-E) Human M238P cells were treated with MAPK-targeted therapies (BRAFi, Vemurafenib + MEKi, Trametinib) (1μM), BIBF1120 (BIBF) (2 µM) or with MAPK-targeted therapies (1 µM) plus BIBF (2 µM) for 72 h. (C) Heatmap showing the expression of ECM, myofibroblast/CAF markers and phenotype switch markers by RT-qPCR (n=3). (D) Crystal violet viability assay of M238P cells treated with MAPK-targeted therapies (BRAFi, Vemurafenib + MEKi, Trametinib) (1μM), BIBF1120 (BIBF) (2 µM) or with MAPK-targeted therapies (1 µM) plus BIBF (2 µM) for 72 h. Paired Student t-test was used for statistical analysis. ****P≤0.0001. Data is represented as mean ± SD from a triplicate representative of 3 independent experiments. (E) Western blot

Fig. S2 .

 S2 Fig. S2. High expression of miR-143/145 is correlated with an undifferentiated/mesenchymallike BRAFi-resistant phenotype in melanoma cells. (A) Relative miRNA expression levels have been quantified in parental (P) and paired resistant (R) cells (M238, UACC62, M229, M249) by RT-qPCR. Log2 (R/P) is shown for each cell line. (B-F) Relative miRNA expression levels have been quantified in human melanoma cell lines (M238P, UACC62P, 1205Lu) or short term patient-derived cell lines (MM034, MM099) treated or not for 72 h with MAPK-targeted therapies (BRAFi,

Fig. S3. MiR- 143 /

 143 Fig. S3. MiR-143/145 cluster plays a role in ECM reprogramming. (A) qPCR analysis showing the level of miR-143-3p and miR-145-5p expression after transient transfection of miRNAs mimics (72 h, 30 nM) in 3 distinct melanoma cell lines (M238P, UACC62P, M229P). Data is represented as mean ± SE from a triplicate representative of at least 3 independent experiments. Paired Student t-test has been used for statistical analysis. *P≤0.05 **P≤0.01 ***P≤0.001 ****P≤0.0001 (B) Immunoblot analysis of ECM remodeling markers on total cell lysates (M229P and UACC62P) or conditioned medium (M229P) from parental cells transfected with the indicated mimics.

Fig. S4. MiR- 143 /

 143 Fig. S4. MiR-143/145 cluster drives melanoma cell plasticity and dedifferentiation. Melanoma cells were transfected with control (miR neg), miR-143 or miR-145 mimics (72 h, 30 nM). (A) Immunoblot analysis of cell cycle markers on lysates from M238P cells. (B) Proliferation curves of parental cells (UACC62P) following transient transfection with miRNA mimics. Time-lapse analysis of cells has been performed with the IncuCyte system. Graph shows quantification of cell confluence. 2-way ANOVA analysis has been used for statistical analysis. ****P≤0.0001. (C) Cell cycle distribution of cells cultured in the different conditions. Histograms represent the percentage of cells in different phases of the cell cycle. (D) Migration assay of melanoma cells (UACC62P) following transient transfection with miRNA mimics in Boyden chambers. Representative images show migration in control and miR-143-3p or miR-145-5p transfected cells. The histogram represents the quantitative determination of data obtained using ImageJ software. Paired Student t-test has been used for statistical analysis. **P≤0.01, ****P≤0.0001. (E) Immunoblot analysis of phenotype switch markers on lysates from parental cells (M229P) transfected with the indicated mimics.

Fig. S5 .

 S5 Fig. S5. Stable expression of the miR-143/145 cluster promotes ECM remodeling and drives melanoma cell dedifferentiation. (A) qPCR analysis showing the level of miR-143-3p and miR-145-5p expression after stable expression following lentivirus transduction of 2 parental cell lines (M238P, UACC62P). Data is represented as mean ± SE from a triplicate representative of at least 3 independent experiments. Paired Student t-test has been used for statistical analysis. *** P≤0.001, ****P≤0.0001. Immunoblot analysis of ECM remodeling (B), cell cycle (C) and phenotype switch markers (D) on total cell lysates from the different stable cell lines. (E) Invasion assay in Boyden chambers. Representative images show invasion in control and miR-143/145 expressing cells (M238P). The histogram represents the quantitative determination of data obtained using ImageJ software. Paired Student t-test has been used for statistical analysis. ****P≤0.0001. (F) Viability of M238P cells transduced with a control or a miR-143/145 cluster lentivirus was assessed by crystal violet staining upon MAPKi treatment (6 days, BRAFi, Vemurafenib 3 µM, MEKi, Trametinib, 3 µM or BRAFi + MEKi 5 µM). Paired Student t-test has been used for statistical analysis. ****P≤0.0001.

Fig. S6 .

 S6 Fig. S6. miR-143 and miR-145 inhibition reverses the adaptive response of melanoma cells to MAPK pathway inhibition. Cells were treated with BRAF inhibitor (BRAFi, Vemurafenib) (1 μM, 72h) in the presence or the absence of anti-miR inhibitors (50 nM, 72 h). (A) RT-qPCR analysis of miR-143-3p and miR-145-5p expression in parental cells (M238P and 1205Lu) treated with the different combinations of inhibitors. Data is represented as mean ± SE from a triplicate representative of at least 3 independent experiments. Paired Student t-test has been used for statistical analysis. **P≤0.01, ***P≤0.001, ****P≤0.0001. (B) Crystal violet viability assay of 1205Lu cells treated with the indicated combinations of inhibitors. Data is represented as mean ± SD from a triplicate representative of at least 3 independent experiments. One-way ANOVA has been used for statistical analysis. ****P≤0.0001.

Fig. S9 .

 S9 Fig. S9. FSCN1 restoration promotes the switch of melanoma cells toward a differentiated cellstate. (A-B) Cells were transduced with a control or a FSCN1 lentiviral construct. (A) Effect of

Fig. S10 .

 S10 Fig. S10. The miR-143-/145 cluster/FSCN1 axis regulates actin cytoskeleton dynamics. (A-C) M229P or M238P cells were transfected with miR-143-3p, miR-145-5p or a control mimic (72 h, 30nM). (A) Quantification of cell area in cells stained for F-actin (red) and nuclei (blue). Data is represented as scatter plot with mean ± SD (n≥30 cells per condition). Mann-Whitney U test has been used for statistical analysis. **P≤0.01, ****P≤0.0001. Scale bar 40 μM. (B) Quantification of focal adhesions number in cells stained for pPaxillin (green) and nuclei (blue). Focal adhesions number is represented as mean ± SD (n≥30 cells per condition). Each point represents the average number of focal adhesions per cell calculated for each field. Paired Student t-test has been used for statistical analysis. ***P≤0.001, ****P≤0.0001. Scale bar 40 μM. (C) Immunoblot analysis of focal adhesion components and cytoskeleton-related pathways in cells transfected with the different mimics. (D-E) Cells were transfected with two different sequences of siRNAs vs FSCN1 or with a control siRNA (72 h, 100 nM). (D) Quantification of cell area in cells (1205Lu) stained for F-Actin (red) and nuclei (blue). Data is represented as scatter plot with mean ± SD. (n≥30 cells per condition). Mann-Whitney U test has been used for statistical analysis. ****P≤0.0001. Scale bar 40 μM. (E) Quantification of focal adhesions number in cells (1205Lu) stained for pPaxillin (green) and nuclei (blue). Focal adhesions number is represented as mean ± SD (n≥30 cells per condition). Each point represents the average number of focal adhesions per cell calculated for each field. Mann-Whitney U test has been used for statistical analysis. ****P≤0.0001. Scale bar 40 μM.

Fig. S12 .

 S12 Fig. S12. FSCN1 restoration impairs the activation of mechanopathways. BRAFi-resistant M238R cells overexpressing FSCN1 were obtained after transduction with a FSCN1 lentiviral construct. M238R transduced with a Ctrl lentivirus were used as control. (A-B) Effect of FSCN1 overexpression on YAP (A) and MRTFA (B) nuclear translocation assessed by immunofluorescence in cells stained for YAP (red) or MRTFA (green) and nuclei (blue). Data are represented as scatter plot with mean ± SD (n≥30 cells per condition). Mann-Whitney U test has been used for statistical analysis. ****P≤0.0001. Scale bar 40 μM. (C) RT-qPCR analysis for the expression of YAP1/MRTFA target genes in M238R cells stably overexpressing FSCN1. Data are normalized to the expression in parental cells. Data is represented as mean ± SE from a triplicate representative of at least 3 independent experiments. Paired Student t-test has been used for statistical analysis. ****P≤0.0001

  Fig 1A presents an example of dose-response curves showing that non-TNBC cells were more sensitive to VV-mediated cell lysis than TNBC cells. This observation was in sharp contrast to the situation observed in human established cell lines in which MCF7 cells (as a representative of non-TNBC cells) and MDA-MB-231 cells (as a representative of TNBC cells) showed an equivalent sensitivity to VV-induced cell lysis (Fig 1B). The combined LD50 of experiments performed on n = 10 non-TNBC and n = 6 TNBC are presented in Fig 1C and show that non-TNBC cells were 28 fold more sensitive to VV than TNBC cells. By comparison, the LD50 on normal primary canine epithelial cells was around four-fold lower than that of non-TNBC (S1 Fig). Viral production was compared in canine TNBC and non-TNBC cells. Quantitative PCR to determine the number of viral genomes produced on infection (Fig 1D) and titration to determine the number of viral particles showed a reduced number of infectious viral particles produced on infection of TNBC cells (Fig 1E).

  Although the Copenhagen strain is more aggressive that the Lister strain used in the rest of the study, VACV-Cop-GFP represents a very useful tool to visualize and monitor infection/early viral gene transcription. Counting the number of propidium iodide-positive and GFP-positive cells (S2A-S2D Fig) revealed a statistically-significant, 5% difference in infection/early-stage of viral transcription between the two types of cells (S2E Fig). In addition, the difference in mean fluorescence intensity of GFP was statistically non-significant in non-TNBC and TNBC cells (S2F Fig). Propidium iodide staining showed a classical nuclear labelling as well as cytosolic dots (S2B and S2D Fig).

Fig 1 .

 1 Fig 1. Comparison of the efficacy of VV on non-TNBC or TNBC of different origins. A. Primary canine cells (non TNBC: white circles; TNBC black circles) or B. human established cell lines (MCF7: white squares, as a non-TNBC established cell line; MDA-MB-231: black squares, as a TNBC established cell line) were infected at different MOIs with VV. Fours days later, the remaining cells were estimated using a MTT assay. The results are presented as a percentage of cell-survival in uninfected cells and are the mean +/-SEM of six different experimental points. The results presented are representative of two independent experiments. C. A similar experiment was performed on the cohort of non-TNBC and TNBC cells. For each primary line, two independent experiments involving each six experimental points were performed to calculate the LD50. Each point (white circles: non-TNBC, black circles: TNBC) represents the mean of the two experiments). The bars represent the mean LD50 +/-SE obtained on ten independent non-TNBC and six independent TNBC cultures. LD50 on the Y-axis is expressed as the ratio of infectious viral particles to mammalian cells capable of killing 50% of the cell population. D. Twenty-four hours after VV infection (MOI = 0.1), non-TNBC (white circles) or TNBC (black circles) cells were collected, and DNA was isolated and subjected to quantitative PCR to titer the number of viral genomes per well. Each circle represents the mean of two independent experiments performed in triplicate. The mean and SEM of the VV genome copies produced in non-TNBC and TNBC primary cells are presented (E). Three days after VV infection (MOI = 0.1), non-TNBC (white circles) or TNBC (black circles) cells were collected, homogenized and the number of infectious particles generated in the culture dishes were titrated. Each circle represents the mean of two independent experiments, each performed in 6 experimental points. The means and SEMs of VV produced in non-TNBC and TNBC primary cells are presented. Details of the samples used to obtain these data (Fig 1A to 1E) are listed in S1 Table.F. TNBC (blue) or non-TNBC (red) carcinoma cells were infected at a MOI of 5. At different times post-infection (2, 4, 8 hours), the cells were collected and processed for RNA sequencing. The data represent the levels of early (left panel), intermediate (middle panel) or late (right panel) viral gene expression. CPM on the Y-axis stands for "Counts Per Million". CPM is the count of sequenced fragments mapping to each relevant gene scaled by the total number of reads times one million. Details of the samples used to obtain these data are listed in S1 Table.

  Fig 1. Comparison of the efficacy of VV on non-TNBC or TNBC of different origins. A. Primary canine cells (non TNBC: white circles; TNBC black circles) or B. human established cell lines (MCF7: white squares, as a non-TNBC established cell line; MDA-MB-231: black squares, as a TNBC established cell line) were infected at different MOIs with VV. Fours days later, the remaining cells were estimated using a MTT assay. The results are presented as a percentage of cell-survival in uninfected cells and are the mean +/-SEM of six different experimental points. The results presented are representative of two independent experiments. C. A similar experiment was performed on the cohort of non-TNBC and TNBC cells. For each primary line, two independent experiments involving each six experimental points were performed to calculate the LD50. Each point (white circles: non-TNBC, black circles: TNBC) represents the mean of the two experiments). The bars represent the mean LD50 +/-SE obtained on ten independent non-TNBC and six independent TNBC cultures. LD50 on the Y-axis is expressed as the ratio of infectious viral particles to mammalian cells capable of killing 50% of the cell population. D. Twenty-four hours after VV infection (MOI = 0.1), non-TNBC (white circles) or TNBC (black circles) cells were collected, and DNA was isolated and subjected to quantitative PCR to titer the number of viral genomes per well. Each circle represents the mean of two independent experiments performed in triplicate. The mean and SEM of the VV genome copies produced in non-TNBC and TNBC primary cells are presented (E). Three days after VV infection (MOI = 0.1), non-TNBC (white circles) or TNBC (black circles) cells were collected, homogenized and the number of infectious particles generated in the culture dishes were titrated. Each circle represents the mean of two independent experiments, each performed in 6 experimental points. The means and SEMs of VV produced in non-TNBC and TNBC primary cells are presented. Details of the samples used to obtain these data (Fig 1A to 1E) are listed in S1 Table.F. TNBC (blue) or non-TNBC (red) carcinoma cells were infected at a MOI of 5. At different times post-infection (2, 4, 8 hours), the cells were collected and processed for RNA sequencing. The data represent the levels of early (left panel), intermediate (middle panel) or late (right panel) viral gene expression. CPM on the Y-axis stands for "Counts Per Million". CPM is the count of sequenced fragments mapping to each relevant gene scaled by the total number of reads times one million. Details of the samples used to obtain these data are listed in S1 Table.

  https://doi.org/10.1371/journal.ppat.1008660.g001

Fig 2 .

 2 Fig 2. Correlation of cellular and viral genes expression measured by single-cell RNA sequencing. Cells from two independent TNBC were either mock infected or infected with VV (MOI = 5). Six hours later the cells were subjected to the 10X Genomics single-cell protocol, followed by sequencing. Dots represent cells positioned according to the percentage of viral gene expression (x-axis) and the number of cellular genes expressed (y-axis). Black dots represent mock infected cells, blue dots cells expressing early viral genes and red dots cells expressing early and late viral genes. A: experiment 1; B: experiment 2. Details of the samples used to obtain these data are listed in S1 Table.

  https://doi.org/10.1371/journal.ppat.1008660.g002

  1, Fig 3A) and four (experiment 2, Fig 4A) clusters. Each cluster contained both control cells and cells exposed to the virus (Figs 3B and

  Fig 3C) or four (Fig 4C) clusters. The quantitative analysis of the number of naïve bystander and infected cells in each cluster is

Fig 3 .

 3 Fig 3. Single-cell transcriptomic analysis of TNBC infected with VV (experiment 1). Cells from TNBC were either mock infected or infected with VV (MOI = 5).Six hours later the cells were subjected to the 10X Genomics single-cell protocol, followed by sequencing. A: UMAP representing the three clusters annotated "COL1A2", "SCRG1" and "KRT14" as these genes are top discriminents for the three clusters. B: Repartition of the cells incubated (red) or not (grey) with the virus. C: Repartition of naïve, bystander and infected cells in the three clusters. D: Venn diagram representing genes that are modulated in bystander versus naïve cells and infected versus bystander cells. The pattern of expression of the genes commonly regulated in the two differential analyses is presented as a heat-map. Red: gene upregulated, green gene down regulated. E: Ingenuity Pathways Analysis showing the upstream regulators describing differentially expressed genes in bystander versus naïve cells and infected versus bystander cells. Orange: pathway activated; blue: pathway inhibited. F: Example of genes that are part of the IFNγ pathway inversely regulated in bystander versus naïve cells and infected versus bystander cells. Genes in red are up-regulated and genes in green are down-regulated. Only four out of 44 genes (9.1%) are regulated in the same direction in the two conditions. These genes are noted: � . Details of the samples used to obtain these data are listed in S1 Table.

  https://doi.org/10.1371/journal.ppat.1008660.g003

Fig 4 .

 4 Fig 4. Single-cell transcriptomic analysis of TNBC infected with VV (experiment 2). Cells from TNBC were either mock infected or infected with VV (MOI = 5). Six hours later the cells were subjected to the 10X Genomics single-cell protocol, followed by sequencing. A: UMAP plot representing the four clusters annotated "SPP1", "CA2", "COL1A2" and "MDH1" as these genes are top discriminant for the four clusters. B: Repartition of the cells incubated (red) or not (grey) with the virus. C: Repartition of naïve, bystander and infected cells in the four clusters. D: Venn diagram representing genes that are modulated in bystander versus naïve cells and infected versus bystander cells. The pattern of expression of the genes commonly regulated in the two differential analyses is presented as a heat-map. Red: gene upregulated, green gene down regulated. E: Ingenuity Pathways Analysis showing the upstream regulators describing differentially expressed genes in bystander versus naïve cells and infected versus bystander cells. Orange: pathway activated; blue: pathway inhibited. F: Example of genes that are part of the IFNγ pathway inversely regulated in bystander versus naïve cells and infected versus bystander cells. Genes in red are up-regulated and genes in green are down-regulated. Only one out of 17 genes (5.9%) are regulated in the same direction in the two conditions. This genes is noted: � . Details of the samples used to obtain these data are listed in S1 Table.

Fig 5 .

 5 Fig 5. Analysis of the differentially expressed genes in bystander versus infected cells. A: Venn diagram of the differentially expressed genes in bystander versus infected cells in experiments 1 and 2. A total of 130 genes are commonly regulated. Ingenuity Pathways Analysis showed that these genes were consistent with an activation of the pathways regulated by TGFβ1, CTNNB1, LPS, TNF and IL1β. The z-score for each pathway is presented. B: Comparison of the potential "antiviral genes" in the present study and in the studies of Sivan et al. [11] and Beard et al. [12]. https://doi.org/10.1371/journal.ppat.1008660.g005

Fig 6 .

 6 Fig 6. Analysis of the differentially expressed genes in bystander versus infected cells using the "conserved markers" strategy. A: Venn diagram of the differentially-expressed genes in bystander versus infected cells in experiments 1 and 2, using a conserved marker analysis. The 7 commonly regulated genes in the two experiments are indicated. ENSCAFG00000032813 and ENSCAF00000031808 are canine genes without human homologs. B Three days after VV infection, HeLa-GFP (white bars) or HeLa-DDIT4 (black bars) cells were collected, homogenized and the number of infectious particles generated in 30 μL homogenate were titrated. The results are expressed as the percentage of infectious particles obtained from HeLa-GFP cells. A western blot showing the over-expression of DDIT4 in HeLa-DDIT4 compared to HeLa-GFP is presented. C: Three days after VV infection, wild-type MEF (white bars) or MEF DDIT4 -/-(black bars) were collected, homogenized and the number of infectious particles generated in 30 μL of homogenates were titrated. The results are expressed as the percentage of infectious particles obtained from wild-type MEFs. A western blot showing the down-regulation of DDIT4 in MEF DDIT4 knock out compared to MEF wild type is presented. For B and C, the results are the mean +/-SD of three independent determinations. https://doi.org/10.1371/journal.ppat.1008660.g006
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Table S2 . List of the main predicted targets for miR-143-3p and miR-145-5p significantly downregulated following mimics overexpression in human M238P melanoma cells using the bioinformatics tool miRonTop (https://www.genomique.info:8443/merge/index) [31].

 S2 

	SERPINE	Interphase			8.15 SERPINE1	6.66	integrating -2.09 1.16E-06 0.00
	whole transcriptome expression data to investigate if specific miRNAs are involved in a specific biological system. MiRonTop classifies transcripts into two categories ('Upregulated' and 'Downregulated'), based on thresholds for expression level, differential expression, and statistical significance. It then analyzes the number of predicted targets for each miRNA, DNA replication 7.64 1 6.66 -1.43 3.70E-05 FSCN1 13.75 -3.24 3.35E-08 SIRPA 7.15 -1.69 1.64E-06 0.00 Transmigration of cells 0.00 SLC25A1 SLC26A2 13.07 -2.69 5.27E-08 7.62 Arrest in interphase 6.86 5 8.77 -1.06 9.14E-05 G3BP1 12.80 -2.19 4.63E-07 SLC35B3 7.46 -1.35 1.77E-05 0.00 G1/S phase transition 6.81 GABARAPL SLC7A8 8.83 -1.21 1.89E-04 0.00 G1 phase 6.70 SLC35F1 7.39 -1.48 7.75E-06 2 9.73 -1.93 1.10E-06 SNTB2 10.06 -1.20 4.68E-05 0.00 Mitosis 6.58 SLC39A1 SOX11 10.83 -1.20 4.01E-05 0.00 Metabolism of DNA 6.21 0 8.40 -1.52 7.75E-06 GALNT1 8.59 -1.34 1.28E-05 ST3GAL6 8.87 -1.11 4.71E-05 0.00 Synthesis of DNA 6.20 M238P cells were transfected with miR-143, miR-145 or a control mimic (48 h, 30 nM). SLC39A1 STC1 7.97 -1.08 8.01E-05 0.00 1 7.93 -1.26 3.35E-05 GMFB 8.71 -1.82 1.22E-06 SWAP70 8.11 -2.48 8.21E-08
	according to the prediction software selected (Targetscan, exact seed search, TarBase). Damage of chromosomes 6.00 0.00 Expression profiles were determined with Agilent whole genome microarrays (Dataset 1). TERT 7.44 -1.07 3.18E-04 GRB10 11.17 -1.39 6.25E-05 TAGLN2 10.49 -1.15 6.26E-05
	TPM3	Metabolism of reactive oxygen 12.64 -2.03 7.16E-07	HLTF TGFBR2	9.16 11.53	-1.26 1.77E-05 -2.13 3.61E-07
	species Predicted targets were obtained using the Targetscan database (conserved sites) 5.44 0.00 TUB 6.61 -1.64 4.79E-06 HMGB3 7.94 -2.13 3.61E-07 TPM3 12.64 -1.65 1.72E-06
	UBE2E3	Chromosomal aberration 9.79 -1.04 1.60E-04	HS6ST1 TRIM2	5.37	8.38 8.90	0.00 -1.29 1.78E-05 -2.47 8.21E-08
	Entry into interphase (www.targetscan.org). Av.Exp: logarithm (base 2) of the average intensity ; logFC: logarithm 5.30 0.00 UBXN2B 7.60 -1.06 8.51E-05 ITGB8 9.52 -1.63 1.82E-06 TRIM44 10.01 -1.16 8.07E-05
	VASH1	Chromosomal instability 10.23 -1.74 4.79E-06	5.23 ITPRIPL2 TSPAN6	11.56 8.93	0.00 -1.20 2.81E-05 -1.39 7.83E-06
	Arrest in mitosis (base 2) of the ratio of miR-143-3p or miR-145-5p vs miR-Neg; Adj.pVal: Benjamini-5.23 WWC3 9.75 -1.04 1.12E-04 IVNS1ABP 10.64 -1.43 6.30E-06 TULP4 12.85 -1.04 7.27E-05 0.00 Synthesis of glycosaminoglycan 0.00 KIAA0319L 8.36 -1.03 8.13E-05 UBXN4 8.00 -1.03 1.35E-04 5.19 Secretion of molecule 0.00 Hochberg adjusted pValue. The thresholds used for the analysis are: Av.Exp >6, LogFC<-1 KIFAP3 12.32 -1.04 1.07E-04 UHMK1 10.08 -1.97 7.41E-07 5.16 Synthesis of lipid 0.00 LHFPL2 11.21 -1.04 8.13E-05 USP13 8.44 -1.02 3.89E-04 5.16 and adj.pVal <0.05. LMNB2 7.96 -1.11 4.69E-05 UXS1 10.78 -1.30 1.56E-05
					MAP3K1 XRN1	12.26 8.28	-1.18 2.77E-05 -1.08 1.00E-04
					MAP3K11 YES1	12.01 8.72	-1.13 4.56E-04 -1.07 1.07E-04
	miR-143-3p predicted targets	miR-145-5p predicted targets MBD2 10.53 -1.11 5.48E-05 ZBTB33 8.15 -1.14 4.07E-05
	Symbol	Av.Exp LogFC Adj.pVal	Symbol MDFIC ZNF395		Av.Exp LogFC Adj.pVal 7.89 -1.73 2.26E-06 10.43 -1.45 2.81E-05
	ABHD14 A ADD3 ASAP3 ATP6V1A 12.26 11.92 9.14 6.68 BCL2 6.29 CDK1 9.61 CNNM3 6.94 EFS 10.95 ERBB3 9.88 GFPT2 9.78 GHR 6.97 GOLM1 8.60 HK2 10.12 KCNC1 6.84 KIF3B 9.68 LRRC8B 6.49 MAD2L1 9.21 MSI2 9.99 PC 10.53 PDPR 8.45 PNPO 10.74 QDPR 8.99 RARG 10.30	-1.27 -1.20 -1.29 -1.17 -1.14 -1.14 -1.32 -1.35 -1.12 -1.81 -1.38 -1.84 -1.32 -1.21 -1.25 -1.06 -1.03 -1.19 -1.19 -1.55 -1.00 -1.04 -1.59	5.62E-05 3.48E-05 3.10E-05 4.49E-05 1.07E-04 5.44E-05 3.35E-05 2.40E-05 1.56E-04 1.72E-06 2.74E-05 4.79E-06 5.80E-05 4.94E-05 3.70E-05 1.14E-04 1.26E-04 5.05E-05 4.41E-05 1.05E-05 4.15E-03 4.98E-04 6.68E-06	MED13 ABCE1 MGAT4B ADAM19 MOCS2 ADD3 MPP5 ADPGK MRPL17 AKAP12 MYO5A AKAP9 NAP1L1 APH1A NDFIP2 ARF6 NDUFA4 ASAP2 NFIB BIRC2 NUAK1 BLOC1S2 NUDT3 BRCC3 OTOR C5ORF15 PAFAH1B2 CABLES1 PCBP2 CBFB PDCD4 CREB5 PODXL DPYSL2 PPIP5K2 EIF4EBP2 PPP3CA ERBB3 PPP6C ETNK1 PRKD3 EXOC2 RIN2 FAM174B RNF170 FMNL2 SAP30L SERINC5	10.11 9.99 11.98 10.63 8.77 9.14 9.88 9.60 11.19 7.28 9.72 10.57 11.37 8.43 10.04 7.76 15.07 10.19 8.57 10.41 8.39 11.06 8.25 10.32 14.05 11.31 10.81 8.01 7.63 10.17 8.79 8.62 9.07 9.81 8.19 8.75 8.43 9.88 6.49 9.13 9.26 6.74 8.53 8.86 7.87 9.74 7.20 6.96	-1.25 2.32E-05 -1.69 2.59E-06 -1.25 1.09E-04 -1.12 8.38E-05 -1.52 1.07E-05 -1.18 3.85E-05 -1.87 6.14E-07 -1.50 3.69E-06 -1.73 1.37E-06 -2.07 2.49E-06 -1.64 3.69E-06 -1.50 6.77E-06 -1.03 1.06E-04 -1.44 5.23E-06 -1.17 5.44E-05 -1.88 8.46E-07 -1.82 1.57E-06 -1.08 9.54E-05 -1.23 2.71E-05 -1.22 2.43E-05 -1.06 6.93E-05 -1.29 1.55E-05 -1.10 6.93E-05 -1.60 2.40E-06 -1.00 8.85E-04 -1.63 2.45E-06 -2.00 5.42E-07 -1.82 1.22E-06 -1.11 6.54E-05 -1.77 1.40E-06 -2.24 1.98E-07 -1.12 8.56E-05 -1.13 9.63E-05 -1.07 6.75E-05 -1.28 1.68E-05 -1.22 3.00E-05 -1.43 5.75E-06 -1.01 1.38E-04 -1.41 1.74E-05 -1.82 7.71E-07 -1.09 4.90E-05 -1.38 1.12E-05 -1.01 1.51E-04 -1.54 3.82E-06 -1.69 1.40E-06 -1.10 4.57E-05 -1.57 8.25E-06 -1.47 4.83E-05

Table S3 . List of the main predicted targets for miR-143-3p and miR-145-5p significantly downregulated following stable overexpression of the miR-143/145 cluster in human M238P melanoma cells using the bioinformatics tool miRonTop (https://www.genomique.info:8443/merge/index) [31].

 S3 

	MLLT3	8.38	-1.23	4.52E-05	GMFB UBE2W	10.50 9.58	-1.75 3.72E-12 -1.17 8.90E-04
	MRC2	13.56	-1.24	2.51E-20	GOPC UBTF		10.81 11.92	-1.01 1.37E-10 -1.07 8.03E-08
	MYBL2	10.77	-5.37	1.21E-56	GPRC5A USP13	12.72 10.13	-1.54 1.85E-09 -1.35 7.70E-09
	NIPSNAP1	11.31	-1.74	3.66E-33	GXYLT1 UXS1	9.35 11.65	-2.11 5.74E-18 -1.00 1.44E-03
	PDGFRA	9.39	-1.60	9.54E-17	H2AFX VASN	11.41 6.38	-3.11 7.87E-16 -1.92 7.67E-07
	PGK1	14.62	-1.51	2.97E-11	HELLS ZBTB8A	9.70 6.47	-2.23 3.78E-24 -1.30 1.37E-03
	POC1A	8.81	-2.07	9.44E-07	HHEX ZNF395	8.15 9.84	-3.93 9.24E-09 -1.46 4.73E-11
	QDPR	10.05	-1.79	1.57E-27	HMGB3	10.48	-1.52 5.46E-06
	M238P melanoma cells were transduced with a lentivirus containing the sequence of the RARG 10.58 -1.68 3.60E-16 HOMER2 8.19 -1.04 5.66E-06
	SERPINE1	11.06	-1.86	4.90E-08	KCNMB4	6.38	-1.32 8.59E-04
	miR-143/145 cluster or a control vector. Expression profiles were determined with RNA-seq SLC25A15 9.46 -1.01 1.69E-07 KIAA1586 8.57 -1.25 1.60E-07
	SMARCD2	11.49	-1.49	1.55E-19	LDLRAD3	10.33	-1.48 6.52E-16
	(Dataset 2). Predicted targets were obtained using the Targetscan database (conserved sites) SOBP 8.58 -1.05 1.95E-03 LMNB2 12.26 -1.95 1.32E-09
	STOX2	7.49	-1.39	3.71E-04	MAP2K6	6.84	-1.81 3.16E-06
	(www.targetscan.org). Av.Exp: logarithm (base 2) of the base mean ; logFC: logarithm (base TERT 6.91 -4.77 2.12E-15 MAP3K11 11.00 -1.48 1.71E-09
	TIGD5	8.57	-1.78	3.22E-07	MDFIC	10.26	-1.42 1.48E-07
	2) of the ratio of miR-143/145 vs miR-Neg; Adj.pVal: Benjamini-Hochberg adjusted pValue. TMEM134 9.10 -1.02 1.36E-05 MEST 6.30 -2.13 1.36E-02
	TNFRSF11A 6.19	-1.42	5.56E-04	MGAT4B	12.19	-1.01 2.66E-11
	The thresholds used for the analysis are: Av.Exp >6, LogFC<-1 and adj.pVal <0.05. TPM3 13.36 -2.41 1.19E-67 MRPL17 10.93 -1.13 2.99E-14
	TUB	8.43	-3.22	2.37E-32	NET1		10.54	-1.69 3.35E-26
	UCK2	11.33	-1.22	5.63E-15	NFIA		7.40	-1.18 4.77E-05
	miR-143-3p predicted targets VASH1 9.32 -1.10 8.57E-07	NINL	miR-145-5p predicted targets 6.07 -1.30 8.01E-03
	Symbol VWA1	Av.Exp LogFC Adj.pVal 10.50 -1.30 5.68E-11	Symbol NUCKS1	Av.Exp LogFC Adj.pVal 13.57 -1.42 3.35E-11
	ABHD14A YIF1B ADD3 PHF6 ARHGEF1 ARID3B ASAP3 ATP10A C6ORF62 CACHD1 CBFB CBX5 CCDC58 CDK1 CHEK2 CREBL2 CRELD1 DLK1 EFS ENPP1 EPM2AIP1 ERBB3 FSCN1 GOLM1 GPR124 GXYLT1 HRK KCNC1 MAD2L1	7.25 9.88 10.82 10.39 11.64 7.13 7.48 8.13 12.36 8.72 11.14 11.96 9.61 11.27 9.20 10.44 9.77 11.42 8.79 7.91 10.44 11.63 12.78 11.67 10.05 9.35 6.05 7.55 10.49	-1.14 -2.92 -2.09 -1.88 -1.82 -1.37 -2.16 -2.71 -1.57 -1.04 -1.21 -1.31 -1.14 -6.95 -1.42 -1.87 -1.33 -1.82 -4.13 -1.06 -1.28 -1.80 -4.76 5.76E-117 6.76E-05 4.96E-25 4.98E-30 5.45E-23 1.81E-16 7.38E-04 1.00E-14 1.28E-23 1.26E-11 2.04E-05 1.62E-10 9.33E-12 1.59E-11 7.39E-63 9.90E-08 3.55E-35 4.44E-13 4.37E-20 1.86E-15 1.13E-03 6.68E-15 1.48E-10 -1.01 5.90E-08 -1.01 2.90E-04 -2.11 5.74E-18 -1.30 1.85E-02 -1.13 3.12E-02 -5.17 1.12E-45	ADAM19 NUDT3 ADD3 OSBPL1A ANGEL2 P4HA1 APH1A PAN2 ARHGAP6 PCYT1B ARL5B PDCD4 BIRC2 PHB2 BRI3BP PI4K2B CACHD1 PRKD3 CBFB PXN CCDC25 RAD18 CDCA3 RNF170 CIRBP RPA1 CTNNBIP1 SCARB1 DUT SERPINE1 EBF3 SH3BP1 EFNA3 SIRPA EFNB3 SLC25A36 ERBB3 SLC26A2 ERMP1 SLC7A8 ESCO2 SNTB2 FANCA SPTLC2 FSCN1 ST6GALNAC3 7.01 10.14 10.73 10.82 10.04 10.17 12.29 11.72 10.47 9.18 7.18 10.12 11.46 11.56 13.07 10.47 9.26 8.72 12.05 11.14 13.96 10.50 10.23 9.95 8.88 12.27 12.02 10.23 11.49 10.91 11.06 10.22 9.11 6.54 7.96 7.73 11.80 11.63 13.29 9.53 10.72 8.87 11.57 9.74 10.40 12.78 GABARAPL2 10.90 SWAP70 10.23 GGT7 10.85 TBC1D14 11.97 GINS2 9.33 TOMM40 11.53 GJA5 6.41 TPM3 13.36	-1.49 3.70E-24 -1.89 4.41E-06 -1.10 7.70E-09 -2.09 4.98E-30 -1.09 5.23E-11 -1.20 2.09E-14 -1.19 1.33E-10 -1.51 3.50E-11 -1.49 2.16E-02 -1.54 5.81E-16 -1.09 3.03E-16 -1.04 4.18E-03 -1.12 3.78E-09 -1.01 6.51E-03 -1.17 2.27E-08 -1.33 1.31E-06 -1.40 1.57E-27 -1.04 2.04E-05 -1.03 7.17E-08 -1.21 1.62E-10 -1.29 1.18E-16 -1.14 2.07E-13 -1.57 1.30E-09 -5.20 4.22E-10 -1.06 6.40E-09 -1.08 3.68E-08 -2.17 1.46E-23 -1.52 3.10E-07 -1.86 4.90E-08 -1.70 7.63E-15 -1.35 2.43E-09 -1.48 7.80E-24 -3.37 2.27E-28 -1.12 1.93E-02 -1.03 7.87E-07 -1.35 7.93E-07 -1.34 3.31E-07 -1.80 1.48E-10 -1.70 1.04E-09 -1.22 6.96E-06 -1.22 2.64E-06 -4.77 2.89E-42 -1.00 3.04E-09 -3.04 4.08E-18 -2.34 2.17E-12 -4.76 5.76E-117 -1.41 5.23E-18 -1.13 7.04E-11 -1.58 3.82E-29 -1.17 2.88E-14 -1.01 5.41E-06 -3.03 1.66E-26 -1.48 3.18E-03 -2.41 1.19E-67

Table S4 . Human primers sequences used in the study Table S5. Mouse primers sequences used in the study.
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	Gene	Forward	Reverse
	ACTA2	CTGTTCCAGCCATCCTTCAT	TCATGATGCTGTTGTAGGTGGT
	AMOTL2	GCGACTGTCAGAACAACTGC	GCACCTTTAACCTGCTTTCCA
	AXL	GTGGGCAACCCAGGGAATATC GTACTGTCCCGTGTCGGAAAG
	COL1A1	GGGATTCCCTGGACCTAAAG	GGAACACCTCGCTCTCCA
	COL1A2	GTTGCTGCTTGCAGTAACCTT	AGGGCCAAGTCCAACTCCTT
	CTGF	ACCGACTGGAAGACACGTTTG	CCAGGTCAGCTTCGCAAGG
	CYR61	TGAAGCGGCTCCCTGTTTT	CGGGTTTCTTTCACAAGGCG
	FN1	TGTTATGGAGGAAGCCGAGGTT GCAGCGGTTTGCGATGGT
	FSCN1	CCAGCTGCTACTTTGACATCGA GCTCTGAGTCCCCTGCTGTCT
	GDNF	GGCAGTGCTTCCTAGAAGAGA	AAGACACAACCCCGGTTTTTG
	LOX	CGACCCTTACAACCCCTACA	AAGTAGCCAGTGCCGTATCC
	LOXL2	CCTGGGGAGAGGACATACAA	CTCGCAGGTGACATTCTTCA
	MYL9	CATCCATGAGGACCACCTCCG	CTGGGGTGGCCTAGTCGTC
	RPL32	CCTTGTGAAGCCCAAGATCG	TGCCGGATGAACTTCTTGGT
	TAGLN2	ATGGCACGGTGCTATGTGAG	CCCACCCAGATTCATCAGCG
	THBS1	AGACTCCGCATCGCAAAGG	TCACCACGTTGTTGTCAAGGG
	TNC	TCCCAGTGTTCGGTGGATCT	TTGATGCGATGTGTGAAGACA
	Gene	Forward	Reverse
	Acta2	CCCAGACATCAGGGAGTAATGG TCTATCGGATACTTCAGCGTCA
	Amotl2	AGGGACAATGAGCGATTGCAG	CCTCACGCTTGGAAGAGGT
	Col1a1	GCTCCTCTTAGGGGCCACT	ATTGGGGACCCTTAGGCCAT
	Ctgf	GGCCTCTTCTGCGATTTCG	GCAGCTTGACCCTTCTCGG
	Cyr61	TAAGGTCTGCGCTAAACAACTC CAGATCCCTTTCAGAGCGGT
	Fn1	ATGTGGACCCCTCCTGATAGT	GCCCAGTGATTTCAGCAAAGG
	Myl9	AGAGGGCTACGTCCAATGTCT	CTCCAGATACTCGTCTGTGGG
	Rpl32	AAAAACAGACGCACCATCGAA TTCAGGTGACCACATTCAGGG
	Tagln2	GCTATGGCATTAACACCACGG	CCCAGGTTCATTAGTGTCCGC
	Tnc	TTTGCCCTCACTCCCGAAG	AGGGTCATGTTTAGCCCACTC

Table S6 . List of antibodies used in the study.
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	THBS1 SUPPLEMENTARY	Santa Cruz	sc-393504	WB 1:500
	Primary Antibody TNC YAP	Company R&D Systems Cell Signaling	Catalog Number AF3358 14074	WB 1:1000 Dilution IF 1:200
	p-AKT (Ser473)	Cell Signaling	9271	WB 1:1000
	AKT (pan) Antibody αSMA Secondary	Cell Signaling Abcam Company	4691 ab5694 Catalog Number	WB 1:1000 WB 1:1000 Dilutions
	AXL Anti-mouse IgG,	Cell Signaling Cell Signaling	4566 7076	WB 1:1000 WB 1:2000
	CDK2 HRP-linked	Santa Cruz	sc-6248	WB 1:500
	COL1 antibody	Abcam	ab34710	WB 1:3000
	CCND1 Anti-rabbit IgG,	BD Biosciences Cell Signaling	556470 7074	WB 1:1000 WB 1:2000
	E2F1 HRP-linked	Cell Signaling	3742	WB 1:1000
	EGFR antibody	Santa Cruz	sc-373746	WB 1:500
	p-ERK1/2 Anti-goat IgG, HRP-	Cell Signaling Santa Cruz	9101 sc-2354	WB 1:1000 WB 1:5000
	(Thr202/Tyr204) linked antibody			
	ERK2 Goat-anti-mouse,	Santa Cruz Invitrogen	sc-1647 A11001	WB 1:500 IF 1:200
	FAK Alexa Fluor® 488	Upstate	05-182	WB 1:1000
	p-FAK (Tyr397) Goat anti-mouse, FN1 Alexa Fluor® 594 FSCN1 FSCN1 Alexa Fluor® 594 Goat anti-rabbit,	Cell Signaling Invitrogen Santa Cruz Santa Cruz Proteintech Invitrogen	3283 A11005 sc-8422 sc-21743 66321-1-Ig A11012	IF 1:200 WB 1:500 WB 1:500, IF 1:100 WB 1:1000 IF 1:100 IF 1:200
	HSP60	Santa Cruz	sc-57840	WB 1:500
	HSP90	Santa Cruz	sc-13119	WB 1:500
	LOX	Novus Biologicals	NB100-2527SS	WB 1:1000
	LOXL2	R&D Systems	AF2639	WB 1:1000
	MITF	Sigma	HPA003259	WB 1:1000
	MLC2	Cell Signaling	3672	WB 1:1000
	p-MLC2	Cell Signaling	3674	WB 1:500
	(Thr18/Ser19)			
	MRTFA	Santa Cruz	sc-390324	IF 1:100
	NGFR (p75NTR)	Cell Signaling	8238	WB 1:1000
	p27 Kip1	Cell Signaling	3686	WB 1:1000
	Paxillin	BD Biosciences	P13520	WB 1:3000
	p-Paxillin (Tyr118) PDGFRβ	Cell Signaling Santa Cruz	2541 sc-374573	WB 1:1000 IF 1:50 WB 1:500
	p-Rb	Cell Signaling	9308	WB 1:1000
	Rb	Cell Signaling	9309	WB 1:1000
	p-SMAD3	Cell Signaling	9514	WB 1:1000
	(Ser433/435)/SMAD1			
	(Ser463/465)			
	SMAD1/2/3	Santa Cruz	sc-7960	WB 1:500
	SOX9	Santa Cruz	sc-166505	WB 1:500
	SOX10	Cell Signaling	89356	WB 1:1000
	pSrc family (Tyr416) Cell Signaling	6943	WB 1:1000
	Src	Cell Signaling	2109	WB 1:1000
	STAT3	Cell Signaling	9139	WB 1:1000
	p-STAT3 (Tyr705)	Cell Signaling	9145	WB 1:1000
	Survivin	Cell Signaling	2808	WB 1:1000
	TAGLN2	Genetex	GTX115082	WB 1:1000
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to the ALI culture systems. MucilAir TM is a 3D reconstituted model of the human airway epithelium formed by different cell-types. The use of this transcriptomic approach allowed us to characterize the different cell populations forming the model and their differences in the biological response to the treatments. Finally, we perform a comparison between single-cell dataset belonging to bi-dimensional and ALI system, particularly asking if a correlation between BEAS-2B and the cell populations previously described in the tri-dimensional cultures is present.

Overall, our work brings new insights in the use of transcriptomic approaches, especially the use of single cell RNA-sequencing in the development of toxicological screening in lung models.

Subsequent experiments on a larger number of non-genotoxic carcinogens as well as non-carcinogens matched for their chemical structure will be necessary to determine whether this methodology can provide specific signatures, predicting the non-genotoxic carcinogenic nature of toxicants. .

ANNEXES

KEY MESSAGES (15 words each, max 3)

Metformin cannot revert the fibrotic phenotype of myofibroblasts in DD patients, Metformin can prevent the differentiation of hand fibroblast into myofibroblasts, Metformin may be used as an adjuvant to surgery, to reduce recurrence in at-risk patients.

resistance to BRAFi therapy by conferring a drug-protective niche to melanoma cells (19)(20)(21)(22). (Supplementary Fig. 8A). We then confirmed the opposite regulation of FSCN1 and miR- to the virus but not infected and infected cells. The transcriptomes of these three populations showed striking variations in the modulation of pathways regulated by cytokines and growth factors. We hypothesized that the pool of genes expressed in the bystander populations was enriched in antiviral genes. Bioinformatic analysis suggested that the reduced activity of the virus was associated with a higher mesenchymal status of the cells. In addition, we demonstrated experimentally that high expression of one gene, DDIT4, is detrimental to VV production. Considering that DDIT4 is associated with a poor prognosis in various cancers including TNBC, our data highlight DDIT4 as a candidate resistance marker for oncolytic poxvirus therapy. This information could be used to design new generations of oncolytic poxviruses. Beyond the field of gene therapy, this study demonstrates that single-cell transcriptomics can be used to identify cellular factors influencing viral replication.

Author contribution

For this study, I performed the Ingenuity Pathway Analysis © (Qiagen) on the two experiments presented in the study. The first step was to generate the different datasets concerning naïve cells, bystander cells, and infected cells. The analysis of this datasets show that the upstream regulators are inversely regulated in bystander versus naïve cells and infected versus bystander cells. Only a small percentage (9.1% and 5.9% for the first and the second experiment respectively) are regulated in the same direction in the two conditions.

This study allowed me to increase the experience in the use of Ingenuity Pathway Analysis © (Qiagen) that I currently use in the continuation of my thesis.
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Author summary

The identification of cellular genes influencing viral replication/propagation has been studied using hypothesis-driven approaches and/or high-throughput RNA interference screens. In the present report, we propose a methodology based on single-cell 
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