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Mycobacteria-host interactions in human bronchiolar airway organoids
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Céline: Thank you so much for allowing me to come to France

We show in healthy AOs that Mtb and Mabs reside primarily as extracellular bacteria and infect epithelial cells with relatively low efficiency. While the AOs microenvironment was able to control, but not eliminate Mtb, Mabs thrives. We demonstrate that AOs responded to infection by modulating the expression of cytokines, antimicrobial peptides, mucin and antioxidant genes.

Our findings indicate that organoids derived from CF patients have a thicker epithelium, accumulate mucus, and undergo oxidative stress and increased lipid peroxidation, and cell death, key features of CF. Mabs rough (R) and smooth (S) morphotypes replicate more efficiently in CF patient organoids and CF-induced organoids (Healthy organoids + CFTR inhibitors) compared to healthy organoids, while S Mabs forms biofilms, R Mabs forms cords and display a higher virulence, further validating the relevance of CF organoids as a model for the study of Mabs pathogenesis. Finally, we prove that Mabs take advantage of the oxidative microenvironment in the CF airways to thrive, and that pharmacological activation of antioxidant pathways resulted in better control of Mabs growth.

In conclusion, we have established AOs as a suitable human system to decipher very early events of mycobacteria infection and the mechanisms of CF-enhanced respiratory infection by Mabs, thus offering new avenues for fundamental and therapeutic research.

Résumé

Les infections respiratoires, y compris la tuberculose (TB) et les maladies pulmonaires à mycobactéries non tuberculeuses (NTM-PD), constituent un problème majeur de santé mondiale. Les infections respiratoires chroniques dues aux mycobactéries entraînent des taux élevés de morbidité et de mortalité dans le monde. Selon le Rapport mondial sur la tuberculose 2021 de l'Organisation mondiale de la santé, en 2020, Mycobacterium tuberculosis (Mtb) a touché 10 millions de personnes dans le monde, avec un nombre de décès estimé à 1,5 million. D'autre part, l'incidence et la prévalence des infections à mycobactéries non tuberculeuses (NTM), telles que Mycobacterium abscessus (Mabs), augmentent en raison de l'accroissement de la population des personnes immunodéprimées et vulnerables, tels que les patients atteints de mucoviscidose. Cependant, notre compréhension et les modèles permettant d'aborder les premières étapes de l'infection par Mtb et les déterminants de l'hôte et de la bactérie à l'origine de la pathologie de Mabs chez les patients atteints de la mucovisidose (CF) sont, au mieux, rudimentaires. Les récentes avancées dans le domaine de la biologie des cellules souches ont permis la croissance de tissus humains in vitro qui ressemblent aux organes in vivo. Les organoids permettent de générer et de maintenir in vitro des épithéliums complexes dérivés de cellules souches adultes humaines. Le plus important est que les organoïdes récapitulent l'architecture générale et les aspects fonctionnels de l'épithélium d'origine tout en restant génétiquement stables pendant des années. Le système organoïde est beaucoup plus représentatif de la physiologie in vivo que les modèles unicellulaires. Il offre des possibilités uniques pour l'étude des maladies humaines et complète les modèles animaux. Ainsi, les organoïdes ont contribué à combler le fossé entre les modèles in vitro et in vivo. Nous avons évalué ici si la technologie des organoïdes des voies respiratoires (AO) provenant de tissus sains et de patients atteints de CF est appropriée pour modéliser l'infection par Mtb Les morphotypes rugueux (R) et lisses (S) de Mabs se répliquent plus efficacement dans les organoïdes de patients atteints de CF par rapport aux organoïdes sains, tandis que les Mabs S forment des biofilms, les Mabs R forment des cordons et affichent une virulence plus élevée, ce qui valide davantage la pertinence des organoïdes de CF comme modèle pour l'étude de la pathogenèse de Mabs. Enfin, nous prouvons que Mabs profite du microenvironnement oxydatif des voies respiratoires des patients atteints de CF pour se développer, et que l'activation pharmacologique des voies antioxydantes permet de mieux contrôler la croissance bactérienne.

En conclusion, nous avons établi que les AO constituent un système in vitro humain approprié pour déchiffrer les événements précoces de l'infection par les mycobactéries et les mécanismes de l'infection respiratoire aggravés par la CF, offrant ainsi de nouvelles voies pour la recherche fondamentale et thérapeutique. 
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Chapter I: Introduction

Respiratory infections including tuberculosis (TB) and non-tuberculous mycobacterial pulmonary diseases (NTM-PD) are a major global health concern.

Chronic respiratory infections due to mycobacteria are causing high rates of morbidity and mortality worldwide (3). According to the World Health Organization (WHO) Global Tuberculosis Report 2021, in 2020, Mycobacterium tuberculosis (Mtb) affected 10 million people globally with an estimated 1.5 million deaths (4). This is the first yearly increase in TB deaths since 2005. It was primarily caused by delays in the supply of and access to crucial tuberculosis testing and treatment services during the COVID-19 pandemic, overturning years of progress made by the WHO end-TB plan. On the other hand, non-tuberculous mycobacteria (NTM) infections incidence and prevalence are increasing owing to a growing population of immunocompromised and vulnerable individuals, however, the true global burden of pulmonary and extrapulmonary disease is unknown (5,6). Incidence rates of NTM-PD in Europe range from 0.2 to 2.9/100,000 persons. The diagnosis and treatment of mycobacterial infections, so far until today are challenging and complex, frequently requiring long-duration treatments with antibiotics, which lead in the most the cases to poor patient outcomes (7). Therefore, the following introduction will aim to describe the epidemiology, pathogenesis, and treatment of Mtb and NTM, as well as the description of the organoid model as a new tool, to better understand the hostpathogen interaction in the airways and identify new therapeutic targets.

The respiratory tract

The respiratory tract is an incredibly complicated system composed of semi-rigid conducting airway tubes that branch from the trachea, fork at the bronchi, and taper at the bronchioles, leading to alveoli where breathing gases are exchanged (8).

The respiratory tract has evolved along the proximal-distal axis in a zoned manner, where a unique and diverse cellular composition characterizes each region (9). In a reductionist way, the normal human tracheal and bronchial epithelium is a pseudostratified epithelium predominantly comprised of basal, ciliated, goblet and serous cells. More distally, the intrapulmonary bronchiolar area is a more simplified columnar epithelium, mainly composed of ciliated cells, secretory club cells, and relatively few basal cells and goblet cells. The conducting airways of the human lung finish in a transitional zone of respiratory epithelium, referred to as the respiratory bronchiole. Respiratory bronchioles are principally composed of the club and ciliated cells (Figure 1) (10). Each one of the cells of the conducting airways play a functionally distinct role. The basal cells are considered the stem cells of the respiratory epithelium, so they play an essential role in its regeneration. The club cells secrete the surfactant liquid, which has immunomodulatory functions. Goblet cells generate mucus where pollutants and pathogens are trapped, while the ciliated cells are responsible for removing them through mucociliary clearance (11).

The conducting airways lead to an alveolar region, which is covered by alveolar type 1 (AEC1) and type 2 epithelial cells (AEC2) (also known as alveolar epithelial cells (AEC) or pneumocytes) (Figure 1). AEC1 cells are flattened and squamous. These cells are responsible for the gas exchange in the lung and are associated with the endothelial capillary plexus to form the thin gas-diffusible interface. AEC2 are cuboidal and prevent the collapse of the alveolus during respiration by generating surfactant liquid and help preserve the integrity of the tissue after any damage because they are considered progenitors of the AEC1 (12). Apart from participating in gas exchange, the cells that form the respiratory tract also play an essential role as the first line of defense against pathogens and pollutants we breathe (14).

Airway epithelial mechanisms in host defense against infection

Among the principal defense mechanisms of the airway epithelium against pathogens are the barrier function, the mucus, the mucociliary clearance, and the activation of cell autonomous immune functions which include the production of antimicrobial peptides (AMPs) and proteins, reactive nitrogen and oxygen species (RNS and ROS, respectively), and a variety of growth factors, cytokines, and chemokines. These together result in an increased leukocyte recruitment and communication with mesenchymal cells (including lymphatics, endothelial cells, smooth muscle cells, myofibroblasts, cartilage-forming cells, mesothelial cells, and mesenchymal stem cells) in the airway wall, allowing the airway epithelium to contribute directly to the host defense and lung repair (15)(16)(17).

Mucus

The mucus is an extracellular gel composed of water, mucins, and associated molecules. It is considered as a key component for mucociliary clearance. Among the principal cells responsible for generating mucins are goblet, club, serous and glandular mucous cells (15). Mucins are large glycoproteins that carry multiple Oglycans clustered in central domains of tandem repeats rich in serine and threonine (18). Several factors can trigger mucin gene expression, including inflammatory cytokines and inhaled toxins or microorganisms. Following their production, they are stored in condensed granules until a stimuli such as calcium, ATP or other mechanisms activate their release (15). The secreted airway mucins (MUC5B, MUC5AC and MUC2) form a mucous gel that disrupts bacterial aggregation, binds microbial pathogens, and prevents them from adhering to cell surfaces, enhancing their clearance (19).

Mucociliary clearance

Mucociliary clearance is a complex process that takes place in the airway surface liquid (ASL), formed by the periciliary liquid layer (PCL) (media for ciliary beating), cilia, and mucus. After being trapped in the ASL mucus, which prevents them from reaching the distal part of the respiratory tract, contaminants and pathogens are removed thanks to the coordinated regulation of ciliary movement. ASL is also composed of many antimicrobial proteins (e.g., defensin, cathelicidin, lactoferrin, lysozyme), which help limit bacterial proliferation and orchestrate mucociliary clearance in the absence of an exacerbated inflammatory response. (10,20,21).

In some pathological context, the incapacity to clear certain pathogens and their inflammatory mediators can lead to tissue inflammation, infection, and even destruction. In CF, the dysfunction of cystic fibrosis transmembrane conductance regulator (CFTR) reduces ASL pH, impairs liquid secretion, and causes that strands of mucus remain attached to submucosal gland ducts, impeding proper mucociliary transport and thus, making impossible a proper host defense program (15).

Antimicrobial peptides

Antimicrobial peptides are a class of small peptides (∼10-50 amino acids) that constitute a crutial part of the innate immune system of complex organisms. AMPs present extensive inhibitory effects against microorganism like bacteria, fungi, parasites and viruses (22). Airway epithelial cells (EC) produce antimicrobial peptides including members of the β-defensin and cathelicidin families, as well as lactoferrin and lysozyme; each one of them mediate pathogen killing through different mechanisms (11).

Defensins are a family of small (2-5 kDa) cationic host defense peptides. Their structure is composed by a β-sheet core with three conserved intramolecular disulfide bonds to stabilize the peptide structure (23). Human β-defensin 1, 2, 3 and 4 are mainly expressed in EC, synthesized as precursors and secreted after cleavage. However, while human β-defensin-1 is consecutively secreted, the other defensins seem to be inducible. They are produced in response to proinflammatory cytokines or Toll-like receptors (TLRs) and nuclear factor-κB pathways (15). Defensins can efficiently eliminate bacteria via membrane depolarization and premature activation of cell wall lytic enzymes (11). Besides their well-known antimicrobial function, it has been shown that β-defensins are able to activate dendritic cells and chemoattract immune cells (15).

Another important AMP generated by ECs is cathelicidins. These are stored as preformed granules and are characterized by showing two hydrophobic a-helix domains. Upon stimulation of the ECs, the preformed granules are cleaved at their N-terminal domain resulting in the active form of the peptide known as LL-37. So far, LL-37 cathelicidin has been reported to be the only cathelicidin generated and secreted by human lung epithelial cells (24). The antimicrobial effects of LL-37 depend on their capacity to generate pores in the cell wall of the mycobacteria and their role in attracting monocytes, neutrophils, and CD4 + T cells and activating mast cells (11,25,26).

The AMPs lysozyme and lactoferrin participate in maintaining lung homeostasis by controlling infections by gram-positive and gram-negative bacteria, respectively, through the degradation of their membranes. In addition, because lactoferrin is an iron chelator, it creates a hostile environment for bacterial growth (11).

Reactive oxygen and nitrogen species

Reactive oxygen species are well-known signaling molecules. Moreover, in the last years more evidence acknowledge their function as direct antimicrobial effectors through at least 2 mechanisms: disruption of lipid peroxidation at microbial membranes and DNA damage (27). Both mechanisms depend on ROS production by ECs through NADPH oxidases such as DUOX 1 and DUOX2 (15). This ROS contributes directly to bacterial control in ASL and serves as a precursor for the generation of antimicrobial molecules such as hypothiocyanite (28). EC produce RNS in addition to ROS by the activity of nitric oxide synthases (NOS) enzymes. The resulting nitric oxide has a range of functions in immunological regulation and host defense against infection. The NOS-1 and NOS-2 enzymes, produce nitric oxide in the lung epithelium (29,30).

Respiratory infections

Respiratory tract infections (RTI) are a prominent cause of morbidity and mortality in children and adults worldwide, accounting for roughly 3 to 5 million deaths each year, with a considerable impact on public health, society, and economy. The RTIs include viral, bacterial or fungi infections in both, the upper respiratory tract (rhinitis, sinusitis, pharyngitis, or tracheitis) and/or lower respiratory tract (mainly bronchitis and pneumonia) (31). The microbes causing low respiratory tract infections, such as tuberculosis, cystic fibrosis-related infections, and pneumonia/bronchitis-related infections, reside deep inside the respiratory tract, embedded in a combination of thick mucus and biofilm. In consequence, their treatment is one of the most difficult healthcare challenges (Figure 2) (32). 

Mycobacterium, a genus in constant evolution

In 1986, Lehmann and Neumann classified Mycobacteria inside of the genus Mycobacterium, which belongs to the family of Mycobacteriaceae, in the order Actinomycetales. This order includes diverse microorganisms, but mycobacteria and allied taxa are easily distinguished on the basis of the ability to synthesize mycolic acids (33).

Mycobacteria are non-motile acid-fast bacilli with a high GC content (57-73%) and complex long chain mycolic acids (60-90 carbons); they can be straight or slightly curved and range from aerobic to microaerophilic (34). Due to this extreme diversity, in 1959, Ernest Runyon classified mycobacteria affecting humans into two extensive categories: tuberculosis-causing mycobacteria and non-tuberculous mycobacteria.

Mycobacteria can be further classified according to their growth rate in slowly growing mycobacteria (SGM) and rapidly growing mycobacteria (RGM) (Figure 3). This phenotype is defined on the basis of growth (from a diluted inoculum) occurring either before or after 7 days (34). Currently, the genus contains over 190 named species, including strict pathogens such as Mtb and Mycobacterium leprae, as well as NTM, many of which are major opportunistic pathogens such as Mycobacterium abscessus (Mabs) and Mycobacterium avium (36). Among the NTM species identified to date, 95% are environmental bacteria, the majority of them being saprophytes or non-pathogenic to humans and animals, contrastingly, strict pathogenic mycobacteria have no environmental reservoir and are spread exclusively from host-to-host (35).

Although Mtb and Mycobacterium leprae are the most notable mycobacterial human pathogens, Mycobacterium bovis and Mycobacterium avium are, as well, responsible of severe diseases in humans and a broad range of other animal species, including cattle, sheep, goats, deer, possums, badgers, elephants, dogs, cats, birds, amphibians, and fish. Moreover, species such as M. bovis represent serious zoonotic pathogens and have become important agents at the interface of humans, domestic livestock, and wildlife (37).

Over the years, the taxonomic classification has been reinforced by molecular techniques such as 16S sequencing and phylogenomic analyses (36). Because of this, the diagnosis of mycobacterial infection has improved in recent years, helping to progress in their detection and identification. However, more research is still needed it.

Mycobacterium tuberculosis

Overview

Mycobacterium tuberculosis complex was described as the causative agent of tuberculosis by Robert Koch in 1882. This disease was described as an airborne infectious disease (38). Mtb has evolved to become the perfect example of an obligate pathogen adapted to humans (39).

Although Mtb is primarily a pulmonary pathogen, it can cause disease throughout the body. Clinically, infections in patients are classified as latent tuberculosis infection (LTBI), an asymptomatic and non-transmissible state where granulomas are generated to isolate the bacteria; or active tuberculosis lung disease, a contagious state where patients exhibit symptoms like cough, fever, night sweats, and weight loss (40). About a quarter of the world's population is infected with Mtb in its latent form, and are usually adults who develops the active disease, presenting higher incidence men than women (41).

The standard treatment for TB usually requires a prolonged course of multiple antimicrobials. The Bacillus Calmette-Guérin (BCG) vaccine is used woldwide to prevent life-threatening TB in infants and young children, unfortunately, it has been incapable to controlling the global TB epidemic (42). Consequently, TB continues to be one of the top causes of death worldwide. Until the COVID-19 pandemic, TB was the leading cause of death from a single infectious agent, ranking above HIV/AIDS (Figure 4) (41). 

Epidemiology and transmission

The WHO estimates that in 2020, 10 million people fell ill with TB worldwide (5.6 million men, 3.3 million women and 1.1 million children), of whom 1.5 million died.

TB is heterogeneously distributed in all countries and age groups, nevertheless, twothirds of the total burden are comprised in just eight countries: India, China, Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh and South Africa, in order of prevalence (41,43).

Although TB is curable and preventable, many new cases of TB are attributable to five risk factors: undernutrition, HIV infection, alcohol use disorders, smoking (especially among men) and diabetes (41). A co-infection between TB and HIV is the major known risk factor, registering 214 000 deaths among TB/HIV-positive people in 2020 (41,44). The risk of developing TB is 26 times higher in people with HIV infection, compared to the non-HIV population. This increased risk is due to the weakening of the immune system by HIV infection. The risk of developing TB is about 7% to 10% each year among HIV-positive individuals (3). Other important risk factor for TB is type 2 diabetes mellitus (DM). DM patients triple the risk of developing active TB, have a faster disease progression following Mtb infection, and they respond poorly to treatment (45,46). Therefore, addressing these social and behavioral determinants could help improve current TB control.

The transmission of Mtb occurs person-to-person almost exclusively by aerosolized particles. People with active pulmonary or laryngeal TB generate droplet nuclei (dried mucous droplets) that contain few viable Mtb through coughing, singing, shouting, sneezing, or any other forceful expiratory maneuver that shears respiratory secretions from the airways, with coughing being the most efficient at generating infectious aerosols (47). The size of infectious droplets from Mtb infected patients ranges from 0.65 (small) to >7.0 μm (medium-large). While small Mtb aerosol particles remain in air for 2-40 hours and are expected to transit past the nasopharyngeal or tracheobronchial region to be deposited in the distal airways, larger particles can be trapped in the upper airway, being less effective in transmission and generally falling to the ground by gravity (48,49). Mtb transmission occurs more efficiently indoors where dilution is limited and occupants are concentrated. All indoor environments are potential sites of transmission, most importantly, homes and congregate settings such as hospitals, clinics, refugee camps, factories, homeless shelters, prisons, and many more, including most modes of transportation (50). Once Mtb is transmitted, 5-15% of people will develop the active TB disease within months or few years, nevertheless the rest of the individuals could develop the active disease throughout their lifetime (42).

Pathogenesis

After being inhaled and throughout the infection process, Mtb encounters different pulmonary microenvironments in the host. These environments can be extracellular (at the beginning of the infection, after escaping from immune cells, or in the cavities after reactivation) or intracellular (after being phagocytosed by alveolar macrophages (AM) in the primary infection or the granulomas in the latency state) (51).

Role of the airway epithelial cells during Mtb infection

Our understanding of early events during Mtb infection in humans is currently very limited (42). Recent findings suggest that the AM are the main target of Mtb infection, however, the airway epithelium, which is the first protective barrier in defense against respiratory/mucosal pathogens, can be infected too (49,52).

The airway epithelium is pseudostratified and mostly consists of multiciliated cells, goblet cells and club cells, interspersed with neuroendocrine cells and basal cells (11). EC are one of the host cells that encounter Mtb in the respiratory tract and play an important role in its sensing, since they will further interact with innate and adaptive immune cells to contribute to the immune response against the bacteria (53).

Sensing of Mtb by Airway epithelial cells: an early warning system for the immune cells

The pattern recognition receptors (PRRs) (including membrane-bound TLRs, C-type lectins, cytosolic nucleotide-binding oligomerization domain (NOD)-like receptors and nucleic acid sensors) are expressed by airway epithelial cells to recognize microorganisms (53). EC recognition of Mtb by TLR2, TLR4, TLR9, NOD2, and Dectin-1 activates diverse signaling pathways triggering the production of cytokines (e.g., TNF-α, IFN-γ, GM-CSF, IL-6, IL-10) and chemokines (e.g., IL-8, IP-10, IL-27, MCP-1) (54)(55)(56). The early release of this immune mediators will initiate recruitment and activation of monocytes, lymphocytes, phagocytes, and polymorphonuclear leukocytes to the lung (57). For instance, stimulation of EC by Mycobacterium bovis BCG induced IL-8 and IL-6 secretion and neutrophil recruitment towards infected epithelia, which rises the presence of CD4 + T cell-associated type 1 helper (Th1) and Th17 cells to fight pulmonary TB (58). Interestingly, in primary EC (PEC), type-1 and type-2 cytokines have been demonstrated to control the expression of several TLRs (59). Additionally, in response to BCG infection, PEC cultures produced the anti-inflammatory cytokines IL-10 and IL-22 (53). Thus, EC may play a critical role in regulating the inflammatory/anti-inflammatory balance throughout mycobacterial infections.

In response to Mtb infection, EC were shown to produce AMPs such as β-defensin-2, cathelicidin LL-37, and hepcidin (57). Human β-defensin-2 and cathelicidin LL-37 control Mtb growth and have chemotactic activity. β-defensin-2 chemoattracts memory lymphocytes and immature dendritic cells (DC), meanwhile LL-37 chemoattracts neutrophils (53,60,61). Hepcidin modulates the pool of extracellular iron, a crucial micronutrient for Mtb growth and survival (62)(63)(64). In consequence, being the airway epithelium the first site of exposure against Mtb, it has an essential role to initiate and guide the following immune response, having an active participation in disease progression and outcome (57).

Airway epithelial cells infection by Mtb

In addition to pathogen detection and defense barrier, EC can also be directly infected by mycobacteria, as have shown in vitro in bronchial, and airway epithelial cells (53,65).

Airway epithelial cells are non-professional phagocytes and seemed relatively insensitive to infection with Mtb in vitro (52). Nevertheless, some mechanisms of mycobacterial uptake by EC have been described. For example, it is known that some epithelial transmembrane receptors such as integrins and Dectin-1 interact with Mtb cell surface effector molecules, including the adhesins malate synthase, ESAT-6, and heparin-binding haemagglutinin (HBHA), which favors its uptake (66,67). Once inside the epithelial cells, Mtb is localized in non-acidify late endosomes, which in the most of the cases, allow the bacteria to thrive (68).

Airway epithelial cells crosstalk with immune cells during Mtb infection

On some occasions, the early response generated by the ECs that comprise the airways is not sufficient to eliminate the pathogens that invade it (53). In line with this, EC have developed a range of mechanisms that allow them to interact and respond to infected cells, as well as to alert other cells of the immune system after succumbing to infection. It was shown that PEC, after activation by Mtb-infected AM and monocytes, generate antimycobacterial peptides, defensins and S100-family members that were not induce during the direct infection of the PEC (52).

Importantly, it was shown in vitro that airway EC express the major histocompatibility complex class II (MHC-II) molecules and the co-stimulatory molecule CD86 on their surface (69). This MHC-II appears to be functional and can stimulate T cells (70).

Interaction of Mtb at the alveoli

Once Mtb leave behind the first mechanical defense barriers in nose, sinuses, tracheobronchial tree and bronchioles, the bacteria will ultimately reach the alveoli (49). The alveoli is a sac-like structure composed of a large thin layer of AEC1 responsible for gas exchange and cuboidal AEC2 responsible for the surfactant liquid production (53). Inside the alveolar space we can find AM, which are the dominant cell type that Mtb infects (42), meanwhile the interstitial space surrounding the alveoli contains macrophages, DC, neutrophils, and T cells, among other host cells (51). At this alveolar level, Mtb bacilli interact rapidly with host soluble innate molecules present in the alveolar lining fluid (ALF), where surfactant proteins, the complement system and hydrolases can cleave and modify the Mtb cell envelope, reducing the amount of virulence factors, such as Mannose-capped lipoarabinomannan (ManLAM) and Trehalose dimycolate (TDM) (49). The changes generated by the ALF to the cell envelope of Mtb allow a better control of this by professional phagocytes increasing the fusion between the phagosome and the lysosome (71), by neutrophils increasing local oxidative response and the production of inflammatory cytokines (72) and by alveolar epithelial cells secreting cytokines, antimicrobial peptides, nitric oxide, and surfactant proteins into the ALF (73).

The outcome of these initial interactions at the alveoli will determine the Mtb clearance or the establishment of the primary or latent infection.

Primary infection

After Mtb's initial interaction with the AECs, AM proceed to the recognition of Pathogen-associated molecular patterns (PAMP) present in Mtb envelope, such as lipoproteins, glycolipoproteins, lipomannan and ManLAM (74). Mtb components are recognized through an array of PRRs, as TLRs, c-type lectin receptors and scavenger receptors, among others (75). Upon recognition of Mtb, the phagocytosis mechanism begins, which triggers a wide range of cellular processes, such as ROS production, secretion of inflammatory mediators, maturation of Mtb-containing phagosomes, antigen processing, and presentation, as well as cell death (autophagy and apoptosis). All these processes are essential to prevent and control Mtb infection (51,76).

Nevertheless, Mtb has learned to circumvent host defenses prior or after being phagocyted. For example, Mtb is able to produce cell envelope glycolipids that are antagonists of TLR2, thus preventing its phagocytosis (77,78). Another example is the leucine-responsive regulatory protein (Lrp) of Mtb envelope, which shown to dampen TLR signaling by interfering with the assembly of the MyD88, thereby inhibiting proinflammatory cytokine production (79).

Once Mtb is internalized by macrophages, it activates mechanisms that ensure their survival, such as blocking phagolysosome formation or direct disruption of the phagosome by the ESX-1 secretion system. These mechanisms not only allow Mtb to escape but also promote the secretion of some bacterial components (mycobacterial DNA) into the cytoplasm of macrophages, which activates a type I IFN response and generates a more permissive environment for Mtb growth (42,76).

At the end, the balance between macrophage capacity to control intracellular replication and Mtb ability to escape macrophage killing may dictate the outcome of the infection (51).

Latent infection: Granuloma

After infecting AM in the alveoli, the Mtb infection process continues to progress at the level of the interstitial space of the lungs. As the primary infection is established, both DC and infected macrophages migrate to lymph nodes, presenting Mtb antigens to T cells for activation. This event allows the recruitment of more immune cells to the site of infection and favors granuloma formation (Figure 5) (42).

Granulomas are a structure formed by innate host immune cells (e.g., macrophages, neutrophils, DCs, multinucleated giant cells, epitheloid cells), surrounded by T and B lymphocytes (Figure 5) (49). Granulomas are involved in the control of the replication and dissemination of Mtb. Interestingly, the immune response in the granuloma is diverse, being pro-inflammatory at the center of this and antiinflammatory at its periphery (80). It has been reported that the granuloma microenvironment (low in oxygen, pH, and nutrients) is highly adverse to the bacillus, which has been persistently found in this environment in a non-replicative and metabolically adapted state. At this stage, Mtb does not induce substantial tissue pathology, then the person has LTBI (51). 

Progression to active infection

In the majority of people with LTBI, the presence of immune cell such as T cells, macrophages and DC is enough to maintain an asymptomatic infection for decades (42). However, sometimes when the host's immune system declines drastically due to factors such as TNF blockade treatments, malnutrition, HIV, DM, aging/immunesenescence, among others (81); granulomas grow in size and fail to contain Mtb. In this stage, the latent infection is reactivated (active TB disease), resulting in the generation of necrotic granulomas, extracellular growth of Mtb, destruction of lung tissue, and subsequent dissemination of Mtb (lung cavitation stage of TB) (Figure 6) (51). People in a severe state of cavitary pulmonary TB have so much bacteria in their respiratory tract that it is easily expelled in small droplets generated by coughing or sneezing, thus restarting the cycle of pathogen transmission (49). 

Treatment

Since TB is a common malignancy worldwide, different strategies have been develop to cure it. Currently standardized treatments against drug-susceptible TB (DS-TB) patients require the 6-9 months regimen with a combination of four first-line anti-TB drugs (rifampicin, isoniazid, pyrazinamide, and ethambutol) (82). Successful treatment of DS-TB has been reported in 85% of patients (83), and usually less than 5% of patients face a relapse. Unfortunately, at the early 1990s, a multidrug-resistant tuberculosis (MDR-TB) that is not affected for both rifampicin and isoniazid, emerged (84). Actually, MDR-TB can be cured but its treatment is usually longer, for 18 months or more and consists of selected first-line drugs along with different combinations of second-line drugs (such as fluoroquinolone and an injectable aminoglycoside), which are more expensive and toxic. WHO has reported a global success rate of 55% for MDR-TB treatment (82). Therefore, even if some successful therapies are available, the use of inappropriate drugs and regimens allowed Mtb to gain resistance to the most important anti-TB drugs (85).

Since 2006, it has been recognized the presence of even more resistant strains of Mtb labelled as extensively drug resistant (XDR-TB) (86).Treatments against XDR-TB have just 39% of success, they are resistant to rifampicin and isoniazid, in combination with fluoroquinolone, and to at least one of the three injectable secondline drugs (amikacin, kanamycin, or capreomycin) (51). More strikingly, totally drugresistant Mtb (TDR-TB) strains have been described recently, which, as it name stands, is resistant to all available antibiotics (86). Infections with TDR Mtb strains are essentially incurable by the current anti-TB drugs (87).

Treatment of TB has been a therapeutic challenge because of not only the naturally/intrinsic high resistance level of Mtb to antibiotics but also the newly acquired mutations that confer further resistance (Figure 7). For example, the principal natural resistance mechanism against macrolides and hydrophilic antibiotics is the low cell wall permeability of Mtb. On the other hand, acquired antibiotic resistance may occur in bacteria through either mutations or horizontal gene transfer mediated by phages, plasmids, or transposon elements. In Mtb, horizontal transfer of drug resistance genes has not been reported; but resistance mostly arises from chromosomal mutations under the selective pressure of antibiotic use (e.g., alteration of drug target, efflux pumps overexpression, drug inactivation).

Hence, the development of new anti-TB drugs is urgent (87,88). 

Mycobacterium abscessus

Overview

Pulmonary infections caused by NTM are also spread worldwide. Although over 170 different species of NTM have been described, pulmonary diseases in humans are mostly caused by species of Mycobacterium avium complex (MAC), Mycobacterium kansasii, and Mycobacterium abscessus complex (3). Mycobacterium abscessus complex comprises three distinct subspecies: Mycobacterium abscessus subspecies abscessus or Mabs, Mycobacterium abscessus subspecies bolletii or Mycobacterium bolletii, and Mycobacterium abscessus subspecies massiliense or Mycobacterium massiliense (89).

Mycobacterium abscessus is a rod-shaped acid-fast bacillus, and a facultative intracellular bacterium (90). This opportunistic mycobacterium was first isolated in 1953 by Moore and Frerichs from a 63-year-old woman's knee abscess (91). Mabs can cause a wide range of clinical diseases, including lung infections in people with chronic lung conditions such as cystic fibrosis, as well as skin and soft tissue infections, including infections in cartilage, tendons, and the fat and muscle layers beneath the skin [START_REF] Petrini | Mycobacterium abscessus: an emerging rapid-growing potential pathogen[END_REF].

Mycobacterium abscessus is a fast growth NTM and it is the third most common cause of lung disease [START_REF] Johnson | Nontuberculous mycobacterial pulmonary infections[END_REF], with an average treatment success rate of only 45.6%.

Mabs is one of the most resistant microorganisms to chemotherapeutic therapy, and its main threat as a human pathogen is its high multidrug resistance. Mabs is also associated with biofilm formation, resistance to germicides, high temperatures and acidic environments [START_REF] Lee | 10-DEBC Hydrochloride as a Promising New Agent against Infection of Mycobacterium abscessus[END_REF].

Epidemiology and transmission

Different to TB, it is difficult to calculate NTM-PD prevalence. because their diagnosis is criteria-based and the physicians are not obliged to notify infected patients (6).

However, NTM-PD is increasing in North America, Europe and Asia [START_REF] Van Der Werf | Inventory study of non-tuberculous mycobacteria in the European Union[END_REF][START_REF] Brode | The epidemiologic relationship between tuberculosis and nontuberculous mycobacterial disease: A systematic review[END_REF], having the highest prevalence in USA (23-37/100,000) and Japan (33-65/100,000) (6). In Europe, it is estimated that the annual prevalence rate of diagnosed NTM-PD cases is in the range of 3-6/100,000 [START_REF] Veziris | Non-tuberculous mycobacterial pulmonary diseases in France: an 8 years nationwide study[END_REF]. Importantly, in contrast to TB, pulmonary NTM infections are more prevalent in women (59%) and the elderly (median age 66) than younger men [START_REF] Winthrop | Pulmonary nontuberculous mycobacterial disease prevalence and clinical features: an emerging public health disease[END_REF].

The NTM infections are acquired by complex interactions between the host, the pathogen, environmental determinants and risk factors. The main risk factors include genetic and acquired structural lung diseases such as CF, chronic obstructive pulmonary disease (COPD), non-CF bronchiectasis, alpha-1 antitrypsin deficiency, previous pulmonary tuberculosis, lung cancer and primary ciliary dyskinesia [START_REF] Ratnatunga | The Rise of Non-Tuberculosis Mycobacterial Lung Disease[END_REF]100). Between 6-13% of patients with CF present NTM-PD, particularly due to Mabs infection (ranging from 16% to 68%), which appears to be remarkably well adapted to the CF lung (101). There, Mabs is able to cause severe pulmonary infections, making this pathogen an important cause of morbidity and mortality in CF patients (102).

Another high-risk group for NTM disease are patients under immunosuppressant medications, including oral corticosteroids, biological therapy against TNF-α, and biological drugs blocking innate cytokines that promote Th17 differentiation (6,103).

Finally, the presence of IFN-γ autoantibodies in adults and low CD4 + T cell counts in patients with advanced HIV were strongly associated with disseminated Mabs infection (104, 105). However, NTM-PD also occurs in immunocompetent patients without underlying respiratory disorders (Figure 8) (7, 106). Non-tuberculous mycobacteria are widely distributed throughout the environment, which is believed to represent the reservoir of human infection (107). NTM is frequently acquired through inhalation (aerosol, showers) or inoculation (trauma, plastic surgery, acupuncture) (108), and it can be isolated from water (e.g. swimming
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pool, showers, tap water) and soils (e.g. garden, mine, construction) (109). Mabs was originally thought to only be independently acquired from the environment, but cases of infection occurring at the same location suggest a common source (probably long-lived infectious aerosols or fomites) (110,111). Whole genome sequencing of Mabs isolated in global CF centers has revealed the presence of dominant circulating clones with diverse geographical distribution (112). Recent hospital data have shown that transmission of macrolide-resistant strains of Mabs is possible among CF patients (110,111,113). Therefore, hospitals were advised to enhance infection control measures around CF patients. Interestingly, the Mabs dominant circulating clones can also infect non-CF individuals (114, 115).

Pathogenesis

The infection process of Mabs shares remarkable similarities with that of Mtb infection. However, Mabs show essential differences in the morphotypes of the colonies that generate on a solid medium compared to Mtb, which provides clear pathogenesis differences between the two infections (35).

Mycobacterium abscessus displays two distinct morphotypes: a smooth (S) variant, non-cording but motile and biofilm-forming, and a rough (R) variant, cording but nonmotile and non or hyperaggregative/stiffer biofilm-forming. The major difference between these two variants resides in the decrease number of surface-associated glycopeptidolipids (GPLs) in the R form (116)(117)(118). GPLs are a family of glycolipids found in several pathogenic and nonpathogenic NTM species, their main function is to mask phosphatidyl inositol mannosides (PIM), lipoproteins and lipids at the bacterial surface, therefore avoiding their recognition through TLR2 receptors located at the macrophages and ECs membranes (Figure 9) (119, 120). Importantly, Mabs colonization of lung begins with S strains, whilst the hypervirulent R variant appears to arise only during severe infections as observed in CF patients (112,121).

The Mabs S to R transition is caused by the modulation of the expression of a cluster of genes that control the biosynthesis (mps genes) or transport (mmpL4a or mmpL4b genes) of GPLs (Figure 9) (90, 120). The cycle of Mabs pulmonary infection comprises three steps. First, inhalation of bacteria into the airways, leading to its colonization (108). Second, recruitment of macrophages, neutrophils and DC to the site of infection and phagocytose of Mabs in an attempt to destroy the invading pathogen (35). Third, the infected macrophages and DC migrate to the lymph nodes to present the mycobacterial antigen to naive T cells, which activates the polarization of effector T cells and the production of T-cellderived cytokines to the recruitment of adaptative immune cells and containment of the infection in a granuloma (35,122). However, granuloma formation is not always sufficient to restrict Mabs infection. Under certain unknown conditions, Mabs S switch to R morphotype, which induces macrophage cell death and release of extracellular bacteria, which form large serpentine cords that avoid phagocytosis and resist immune defense (Figure 10) (123, 124). 

Colonization of airways by Mabs

Water is the most significant environmental reservoir of mycobacteria that causes human disease. Humans are exposed to mycobacteria in water by drinking, swimming, and bathing. Furthermore, aerosol particles produced during these activities can be inhaled, potentially resulting in disease (125). Mabs pulmonary infection is uncommon in immunocompetent people with normal lung airways. On the other hand, individuals with abnormal lung airways, such as CF patients, develop a progressive, severe, intractable pulmonary infection (126, 127).

Cystic fibrosis as a risk factor for Mabs infection

Currently, cystic fibrosis is a disease affecting more than 90,000 people worldwide.

France is one of the top Treatments against CF are designed to target all different aspects of the disease.

Antibiotics are given for the infections, mucolytics to decrease the viscousness and stickiness of mucus, and physiotherapy is recommended to finish to detach and expectorate sputum from airways. Nowadays, etiologic therapies (targeting directly defects present in the CFTR) called CFTR correctors and potentiators are been implement (143).

In the last years, more evidence allowed to conclude that CF patients are more [START_REF] Petrini | Mycobacterium abscessus: an emerging rapid-growing potential pathogen[END_REF]. Although it is well accepted that CF predisposes to Mabs infection, it is still unclear why. Recently, some studies have shown that CF patients are especially susceptible to colonization by biofilm-forming bacteria due to their altered pulmonary physiology. Under these conditions, Mab S strains expressing GPL may be favored (121). However, further research is still needed.

Mabs interaction with airway epithelial cells

Mycobacterium abscessus is the most virulent RGM. However, the specific pathways in the colonization of the airways and the establishment of infection are not well understood. So far, there is only evidence that colonization of the lungs is primarily due to the role of GPLs during biofilm formation (144). GPL-expressing S Since the S morphotype is the one reported to be found in the environment, it is also the predominant one in the early stages of infection, which allows Mabs to evade recognition by the innate immune system (121). Interestingly, despite having GPLs on its cell wall, Mabs S showed interaction with normal human bronchial epithelial Mycobacterium abscessus has a unique course of infection in that it can irreversibly switch from the S to the R variety during persistent infections. The precise biological and environmental mechanisms that cause this transformation are still unclear.

Macrophages and neutrophils are unable to phagocytose the large cords of Mabs R (123). Instead, small clusters of rough bacilli are effectively detected via PIM-TLR2 interaction, and consequently engulfed by macrophages, leading to the formation of social phagosomes, which contain several bacteria (35,162). The social phagosome rapidly melds with the lysosome, causing the acidification of the phagosome, autophagy activation, and apoptosis, which leads to the release of the bacilli into the extracellular milieu, where they freely replicate and form cords, resulting in granuloma breakdown, strong inflammation and extensive tissue destruction (Figure 12) (144). 

Treatment

Mycobacterium abscessus is one of the most resistant NTM, being uniformly resistant to standard antituberculous drugs and most antimicrobial agents (163), so the cure rate of pulmonary disease is low, ranging from 30% to 50% (164).

Antimicrobial treatment for Mabs infection is particularly difficult owing to intrinsic, adaptive and acquired resistance to the majority of routinely used antibiotics (165).

Among its most important resistance mechanisms are a waxy and impermeable cell 51 wall, drug export systems, antibiotic modifying/inactivating enzymes and genetic polymorphism of target genes (Figure 13) (91). This was followed by a continuation phase (10-14 months) composed of nebulized amikacin and an oral macrolide in combination with additional antibiotics such as linezolid, clofazimine, minocycline cotrimoxazole, and moxifloxacin (Figure 14) (170).

In all cases the patients should receive a minimum of 12 months of treatment (171), unfortunately, the side effects caused by this drugs often discourage patients to finish the treatment (172). Importantly, Mabs infection in CF patients is notoriously difficult to treat, not only because the bacteria form biofilms and exhibit a natural resistance to a wide range of antibiotics, but also because CF patients often suffer from malnutrition, gastrointestinal problems, and have low body mass. Consequently, they show significant failure and recurrence rates despite adequate treatment (174-176).

When antibiotics are ineffective, surgery should be considered in specific individuals with localized structural lung disease and good pulmonary functions without having an impaired gas exchange (171, 177). Mabs treatment is longer than the one for TB, more likely to fail and more likely to cause toxicity, thus new or repurposed treatments are being explored in vitro, in animal models and in clinical trials, including novel beta-lactamase inhibitor/lactam combinations, dual-lactam combinations, efflux pump inhibitors, novel antimicrobials, inhaled clofazimine suspension and bacteriophages (178).

Models used to study Mabs infection

A major reason for the poor advances in Mabs research has been a lack of adequate experimental animal models leading to delayed progress in the effective evaluation of potentially active antibiotics. Indeed, Mabs has shown a decreased capacity to induce a sustained progressive infection in classical immunocompetent mouse models, which leads to transient colonization of them (179). Therefore, there is an urgent need to develop new models that allow us to deeply characterize Mabs infection, making possible the generation of host-directed therapies and therapeutic vaccines (180). However, in the past few years, the development of multiple cellular, non-mammalian and mammalian models has helped to study the chronology and the pathology of Mabs infection (179, 180).

Cellular models

Regarding the cellular models, several studies have used murine and human primary macrophages, as well as cell lines (THP-1, A549). The study of the interactions between Mabs and eukaryotic cells has significantly contributed to delineate the basis of the early interaction and survival strategies between the pathogen in its human host (179). For example, macrophage PRRs (TLR2 and Dectin-1) interact with Mabs surface lipids, promoting their phagocytosis (158). Also, these models established that Mabs R is more aggressive in cells and tends to aggregate in social phagosomes, which is associated with increased cell mortality (116, 181, 182).

Meanwhile, Mabs S showed intramacrophage survival and resistance mechanisms, such as phago-lysosomal fusion blockade and resistance to apoptosis and autophagy (116). Curiously, murine bone-marrow macrophages provided evidence of the ability of Mabs to assimilate host lipids, which may represent an important source of long-term energy supply (183). Interestingly, the cellular models have helped to elucidate one of the most important milestones in Mabs pathogenesis, the transition from S to R phenotype due to the loss of GPLs (184). In addition, in recent years, the Mabs research focused on neutrophils. However, they have shown a limited and sometimes ineffective response against Mabs (154, 155). Despite the great advances made with cellular models, they still lack the multicellular environment that Mabs face when infecting humans.

Non-mammalian models

Non-mammalian models are also used to study Mabs infection. Among these models, we can find amoebas (Dictyostelium discoideum, Ancathamoeba castellanii), Drosophila melanogaster, Galleria mellonella larvae, Silkworm, and zebrafish (Table 1). Non-mammalian models are valuable for screening antimycobacterial drugs and imaging host-pathogen interactions at a cellular level due to their relative transparency combined with the development of recombinant bacterial strains that express fluorescent proteins (180). Mabs (187), as well as the differential control of Mabs S and R by T cells during chronic infections (161). However, despite their unique features, the major disadvantage of non-mammalian models over mammalian models resides in their anatomical differences, such as gills instead of lungs (179).

Mammalian models

The mouse model has been more extensively utilized than any other preclinical model for drug discovery and vaccine research. As previously mentioned, the use of an immunocompetent mouse model in Mabs infection is not considered an adequate model due to the rapid clearance of this bacteria. Notwithstanding, further research has led to establishment of mouse models with deficits in innate or acquired immunity, resulting in high levels of Mabs progressive infection (Table 2) (180).

Table 2. Some mouse models to study Mabs infection (adapted from (180)).

However, initial studies established that immunocompromised mice, such as Beige (dominant Th-2 immunity), iNOS -/-, Cybb -/-(devoid of super-oxide generating enzyme), and TNFαR -/-were still able to clear Mabs. By contrary, C3HeB/FeJ, GKO, and MyD88 -/-mice sustained diminished amounts of Mabs after 40 days, whereas nude and GM-CSF -/-mice infected intravenously with Mabs showed progressive Mabs burden. Although certain genetically manipulated immunocompromised strains were able to maintain bacterial burden (179). This is a compromise in favor of perpetuating the infection, but at a loss of immune cells and inflammatory markers (NOS, ROS, TNF, IFNγ, and MyD88) normally observed in response to infection.

Therefore, as mice are unable to mount an immune response, this precludes evaluation of critical aspects of host-pathogen interactions and pathology development that may impact efficacy of antibiotic treatments (188). Therefore, there is still an imperative need to develop new models to study Mabs infection. One of the major breakthroughs by the stem cell field in the past decade consists in the development of "organs" in a dish, also known as organoids (190). Organoids are defined as 3D cell clusters formed from pluripotent or adult stem cells that spontaneously organize into organ-like or tissue-like structures that are enriched for the cell types typically present in the tissue of origin and recapitulate at least one function of the organ (190)(191)(192). Once in culture, the stem cell differentiation will be promoted by conditioned medium; regarding their self-organization, they will use hydrogels as scaffols, which resembles the presence of an extracellular matrix, (ECM). The most commonly use ECM is called Matrigel, a ECM rich in laminine secreted by the Engelbreth Holm-Swarm tumor line (193,194). Organoids recapitulate the general architecture and functional aspects of the original tissue while remaining genetically stable for years (195,196). Importantly, the same analytical techniques employed with single cell cultures can be applied to organoids, making them a useful model in basic research, disease modeling, with great promises for regenerative medicine (197,198). Moreover, organoid biobanking holds potential for future drug screening and personalized medicine. Even though organoids partially recapitulate organ complexity (no vasculature, no innervation, no immune cells) (199), drug regulatory agencies, such as the Food and Drug Administration, consider organoids for pre-clinical and clinical phases of drug development by filtering out the toxic compounds (191,200,201). In summary, the organoids resemble in a better way cells and conditions that can be found in the human body, making them are an important improvement in the model systems field.

(Figure 16). Organoids combine the best of two worlds, in vitro and in vivo models (1, 2). 

Classification of organoids

Organoids can be derived from two main types of stem cells. The first is derived from pluripotent stem cells (PSCs) that include both embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), and the second type is derived from organrestricted adult stem cells (ASCs). Both approaches exploit the seemingly infinite expansion potential of normal stem cells in culture. For PSCs, this potential has been a necessary requirement for their discovery. In contrast, ASCs were long thought to be incapable of proliferate outside of the body. Nonetheless, growth factor mixtures that replicate the numerous organ stem cell niches have been rapidly developed in recent years (202).

Organoids Derived from Pluripotent Stem Cells

All organs evolve from primitive tissues that form early in embryogenesis. Once the egg cells are fertilized, two compartments will be form: extraembryonic tissue that will differentiate to placenta and amniotic sac to support the fetus, and the inner cell mass (ICM) that will give rise to the embryo. The human PSCs resemble ICM stem cells, and actually, when human ESCs samples are collected, they are taken from the ICM of the human blastocyst. After gastrulation, the ICM will form the embryonic disc, that will later generate the three germ layers: endoderm, mesoderm and ectoderm (203). The acquisition of ESCs was first reported in 1998, with the expectation that they would be valuable for scientific research in different biological and medical fields. However, since their use implicate the sacrifice of human embryos, they gave rise to masive and serious ethical concerns (2,204). The generation of the human iPSCs in 2007, which allowed the conversion of differentiated skin or blood cells from an adult human into pluripotent cells, effectively circumvented the controversy about human ESCs. The cell reprogramming into a pluripotent state is achieved by the forced expression of a specific set of transcription factors, and once this state is reached, these cells can be differentiated into specific cell types (2). Surprisingly, human PSCs can be induced to spontaneously undergo differentiation and morphogenetic behaviors that mimic the embryonic germ layers formation, especially when they are forced to form 3D aggregates called embryoid bodies (EBs). By applying specific growth factors, the EBs are able to generate the different germ layers which are positive to well-described molecular markers (Figure 17). Therefore, the PSCs can be used as a starting point to produce 3D organois that recapitulate, in vitro, the human developmental process and tissue organogenesis (203). 

Human lung organoids

The lung organoids, as other kind of organoids, can derive from stem cells or organspecific progenitors through a self-organization process. The lung organoids can simulate the developmental process of the lung, as well as recapitulate the 3D organizational structure (such as alveoli, airways, and lung buds) and some functions (such as ciliary beating and mucus production) of the lung in vitro (196,208,209). when studying the pathogenesis of respiratory infectious diseases (221). The composition of epithelial cells varies between similar regions of human and mice (222-224), and pathogens often have a narrow species or tissue tropism, meaning that they infect only certain species or even just certain cell types (221). Lung organoids are particularly well-suited as a model for the study of infectious diseases because they are mainly composed by epithelial cells that can grow in vitro, plus, they can be coculture with pathogens, allowing the study of cell-pathogen interaction as in a human infection (225). To date, lung organoids have been used in studies of a number of viruses that cause respiratory diseases, including influenza and parainfluenza viruses, respiratory syncytial virus and coronaviruses (220). On the contrary, further research on bacteria is needed; so far, there are only a couple of studies, one with Pseudomonas aeruginosa and another with Streptococcus pneumoniae (226, 227).

Types of human lung organoids

The human lungs are an incredibly complex organ that consists of several regions or compartments. In general, it is composed of thin tubes, branching and transporting air to the most distal part where the alveoli are located for gas exchange. Each compartment is populated by various epithelial cell types (228). Accordingly, lung organoids can be broadly classified as proximal lung organoids that feature cells mimicking the conducting airway, intermediate lung organoids which correspond to the transitional respiratory airway, and distal lung organoids that recapitulate the alveoli (Figure 19) (228,229). Most of the conducting airways are formed by pseudostratified columnar epithelium, which contains specific lineages of stem cells that maintain lung tissue homeostasis by participating in its regeneration after damage (230). Because organoids are derived from cells with progenitor potential, lung organoids may be created from epithelial stem/progenitor cell populations found in the adult lung, qualifying three categories of cells. In the proximal and middle airways, basal cells and secretory club cells (formerly known as Clara cells), meanwhile in the distal airways AEC2 (231). However, these organoids still lacked certain cells that form the conductive airways.

In 2015, using human bronchospheres, a study discovered that the Notch signaling pathway plays an essential role in basal cell differentiation. This study showed that blocking the Notch1 receptor increases basal cell markers, whereas blocking the Notch2 receptor increases ciliated markers at the expense of goblet ones (234). This advancement enabled another group of researchers to propose a methodology for the production of mature bronchospheres from primary human airway basal cells in 2016. Mature bronchospheres were composed of ciliated functional cells, mucinproducing cells, and basal cells (196,235).
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At this point, organoids had shown to be a promising alternative in developing more relevant models for the study of diseases. However, they still lacked certain cells, could not be maintained in culture for long periods, and did not present a natural 3D configuration (192).

Intermediate lung organoids

The intermediate organoids are constituted by the bronchiolar organoids, also known as airway organoids. In 2017, Emma Rawlins and co-workers were the first who identified signaling pathways that allow long-term self-renewal of murine primary fetal lung tip progenitors as differentiation-competent organoids (209). However, it was not until 2019 that Hans Clevers and co-workers reported long-term culture conditions for adult human lung tissue-derived airway organoids (196). In this study, primary human lung tissue was digested and seeded in a growth factor cocktail and 3D Matrigel. The growth factor cocktail comprised differentiation molecules, including FGF7 and FGF10, and inhibition of the BMP and TGF-β pathways, which allow the maintenance of the basal cell population for long-term culture (192). The airway organoids form approximately after 21-28 days in culture. These organoids are fully differentiated and are composed of a polarized, pseudostratified airway epithelium containing secretory club cells, multiciliated cells, mucus-producing goblet cells, and basal (stem) cells (Figure 21). Importantly, both the secretory cells and the cilia were functional, as evidenced by the beating of the cilia and the presence of mucus in the lumen of the organoids. It is worth noting that human airway organoids can not only be developed from "healthy" tissue but can also be generated from lung cancer or cystic fibrosis patient tissue, under the same culture conditions (196). on the exterior and AEC1s inside the lumen (Figure 22). These organoids can be sustained long-term (243). Alveolar organoids generated from primary sources have shown tremendous promise in mimicking disease pathology and addressing the scarcity of physiologically appropriate in vitro systems for therapeutic testing (13,229). A recent example of this was the use of lung organoids as a model for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection (241, 243-245).

Other lung organoid models

Organoid models are a constantly evolving technology. Therefore, other lung organoid models have been created, which have not yet been fully characterized but are worth mentioning. That is the case with the human nasal epithelial (HNE) organoids. HNE organoids are derived directly from patient nasal brushing samples, which circumvents the problem of obtaining tissue biopsies (246). These organoids grow after 21 days of culture in Matrigel and are composed of basal cells, secretory club cells, goblet cells, and ciliated cells (247). However, more studies are needed to know the percentage of each cell type forming the HNE organoid and if this is similar to the cellular composition of the bronchiolar organoids. Until now, HNE organoids have been applied to study therapeutic responses in CF and respiratory virus pathogenesis (246-248).

Finally, during the COVID-19 pandemic in 2021, researchers generated a complete lung organoid model (also known as the bronchioalveolar model) derived from adult stem cells. This organoid model was generated from lung biopsies obtained from the healthy regions of lung lobes surgically resected for lung cancer. After digestion of the tissue, the cells were seeded in Matrigel and 10 days cultured in a growth factor cocktail supplemented with the conditioned media from L-WRN cells that express Wnt3, R-spondin, and Noggin. The complete adult lung organoid was scalable, propagable, personalized, and cost-effective. The complete lung organoid showed both proximal (basal, ciliated, club, and goblet cells) and distal (AEC1 and AEC2) airway epithelia. This model demonstrated that proximal airway cells are critical for sustained SARS-CoV-2 infection, whereas distal airway cells contribute to fatal disease by generating an exacerbated immune response (245, 249-251).

In summary, lung organoids represent state-of-the-art platforms that recapitulate the main architecture and functions of the lung. Therefore, they are promising powerful tools for the modeling of human lung diseases and drug screening (210).

Disease modelling in human organoids

Human organoids have had a variety of applications since their creation. They can be used to model from rare inherited diseases to cancer or infections. One of their main advantages are the diversity of approaches they can be used for, including genotype-phenotype testing, drug screening, and even the generation of biobank for future personalized treatments, including cell therapies (203, 206).

Cystic fibrosis

The first human condition that was modelled in organoids was CF in an intestinal organoid system context. In 2013, Dekkers and colleagues generated CF-patientderived intestinal organoids that could closely recapitulate the disease features in vitro. They developed a swelling assay in which wild-type organoids respond to cAMP stimulation (forskolin-cAMP signalling-induced CFTR channel activity) by importing fluid into the lumen and swelling, but CF organoids do not respond (203). This relatively simple in vitro assay made possible to identify which CF patients would respond to, and could therefore be treated with, existing CFTR modulator therapies (2,252) In addition to the intestinal organoids, other organoid models have been created for the CF study, such as the AOs and the HNE organoids. The AOs can be generated from CF patients' tissue resections or broncho-alveolar lavage fluid. Interestingly, AOs from F508del CF individuals exhibit secondary phenotypes such as mucus buildup, in addition to faulty CFTR mediated swelling, as initially described in rectal organoids, allowing us to consider them a more faithful model of CF lung disease.

Additionally, CFTR modulators can partially rescue the defective swelling of forskolin stimulated AOs, same that was reported for rectal organoids (196). On the other hand, CF HNE organoids were generated relatively easily from nasal brushings.

These organoids showed less luminal area and forskolin induced swelling in compared to non-CF controls. Organoids swelling in F508del CF HNE organoids can be rescued with CF modulators (246, 259, 260). Overall, the organoids are an excellent tool for testing the reaction of modulators on patients.

Infectious diseases

The emergence of new pathogens and increased resistance to most current antibiotic treatments have resulted in infectious diseases remaining a severe health problem today. Therefore, a better understanding of infectious processes is necessary (219). Given that organoids have established as a reliable model representing different tissues in vivo (such as the brain, lung, stomach, intestine, liver, kidney, heart, and reproductive tract) (261), they have been exploited for modeling infectious diseases and monitoring how these behave in the hosts (219).

In addition, organoids are a model with a high predictive value for patient response to drugs. As a result, they have served as platforms for developing new treatments and evaluating their efficacy and toxicity (262).

However, the study of pathogen-host interactions remains challenging to date due to the cystic nature of organoids (263). To circumvent this limitation, scientists have developed several techniques, such as the generation of apical out organoids, microinjection devices, and monolayer cultures (264).

Currently, organoids are used to model viral, bacterial, and parasitic infections, making them an essential tool in the fight against infectious diseases (Table 3) (220). In conclusion, organoid studies have identified specific important points during infections, host factors that influence disease outcomes, and clarified patient-specific responses to treatments (219). The organoid future as models of infection will be associated with improvements in system complexity, including abilities to model tissue structure, a dynamic microenvironment, and co-infection (220).

Chapter II: Objectives

As stated in the introduction, our understanding regarding the mycobacterial interactions with the human airway epithelium, as well as the models to study the early steps during the establishment of the infections, and the efficacy of their 

Chapter III: Results

Mycobacteria-host interactions in human bronchiolar airway organoids

Paper summary

Mycobacterial pulmonary diseases cause significant morbidity and mortality in humans (3). In addition to TB, caused by Mtb, recent epidemiological studies have shown that the prevalence of pulmonary infections caused by NTM has increased over the past three decades, being Mabs one of the most common (110, 265). While TB is transmitted by inhalation of aerosol droplets containing Mtb produced by persons with active disease, NTM is spread primarily through aerosols originated from the environment (49,266). After inhalation, only the smallest droplets containing mycobacteria reach the alveolar space, where macrophages try to control the infection by several well-described mechanisms (116, 267, 268). However, it is still unknown how the epithelial cells that comprise the trachea, bronchi, and bronchioles interact and contribute to mycobacteria pathogenesis during the early infection.

The study of early stages of mycobacterial infections in vivo is complicated; the lung is not easily accessible and the patients are often diagnosed at later stages of the infection. In addition, some animal models, including mice, vary in epithelial cell composition between similar regions of the lungs when compared to humans (53).

Though, recent advances in cell culture technologies have offered the opportunity to model the lung microenvironment more closely (269).

In this study, for the first time, we implemented the ASC-derived airway organoid technology to study specific early stages of mycobacterial infection. We showed that mycobacteria occupied mainly the lumen of the organoids as extracellular bacteria; regardless, the NTM Mabs S was able to thrive. On the opposite, Mtb was controlled by the organoid microenvironment through the overexpression of cytokines and AMPs. Interestingly, both bacteria down-regulated the mucins expression by AOs during the infection. Finally, we demonstrated that macrophages can interact with mycobacteria-infected AOs. In conclusion, this paper brought the AO technology as 

| RE SULTS AND D ISCUSS I ON

First of all, we evaluated the morphology and cell composition of AOs. As shown in Figure S1, AOs displayed a cystic structure (Figure S1a) and are composed of basal cells lined with ciliated and goblet cells on the lumen facing side (Figure S1b and Movie S1). AOs presented functional ciliate beating (Movies S2 and S3) and evident from the live-cell imaging is the functional mucociliary system where cilia beat secreted mucus and cell debris around the lumen (Movie S4).

Due to the innate cystic structure of AOs, where the pathogensensing apical side faces the lumen, DsRed-expressing H37Rv Mtb or dTomato-expressing Mabs were microinjected via a BSL-3-or a BSL-2-approved custom-made micro-injection system (Figure 1a). Mycobacteria could be found in the lumen of AOs and occasionally making contact with epithelial cells but without causing obvious alterations to organoid architecture and ultrastructure (Figures 1b,c triggered additional cell death compared to uninfected AOs, which undergo regular cell turnover (Figure 1d).

Mtb is known to infect bronchial epithelial cells in 2D conditions [START_REF] Reuschl | Innate activation of human primary epithelial cells broadens the host response to Mycobacterium tuberculosis in the airways[END_REF], and pneumocytes in vitro [START_REF] Ryndak | Transcriptional profile of Mycobacterium tuberculosis replicating in type II alveolar epithelial cells[END_REF] and in vivo [START_REF] Cohen | Alveolar macrophages provide an early Mycobacterium tuberculosis niche and initiate dissemination[END_REF], but with low efficiency.

To determine whether Mtb could infect airway epithelial cells, Mtbinfected AOs were dissociated and analyzed by flow cytometry to quantify cells positive for Mtb in an unbiased manner. Only 2% of the cells composing the organoid were positive for Mtb (Figure 1e).

As mucociliary movement could minimize bacteria interaction with epithelial cells, to favor optimal contact between epithelial cells and bacteria, AOs were dissociated, and single cells were infected with Mtb and analyzed by flow cytometry. Approximately 13% and 15% of epithelial cells were found associated with bacteria after 4 and 24 hr of infection, respectively (Figure 1e), confirming that Mtb has a low tropism for epithelial cells as already described with primary bronchial cells [START_REF] Reuschl | Innate activation of human primary epithelial cells broadens the host response to Mycobacterium tuberculosis in the airways[END_REF] We next investigated mycobacterial survival in AOs. Bacteriainfected AOs were collected individually, lysed and analyzed for bacterial load by CFU assay. Mtb demonstrated a bi-phasic curve, with a significant decrease of bacterial load after 7 days followed by an increase at 21 days post-infection back to the initial load, without affecting AO viability (Figure 1d). This suggests an early stage of Mtb control by the AO microenvironment followed by bacterial adaptation and proliferation, with cell debris present in the lumen which could foster bacterial replication, as already shown in macrophages [START_REF] Mahamed | Intracellular growth of Mycobacterium tuberculosis after macrophage cell death leads to serial killing of host cells[END_REF]. By contrast, Mabs growth displayed a 2-day lag phase followed by significant bacterial replication and an increase in bacterial burden over 6 days (Figure 1g). These results also confirm that the airway constitutes a hospitable microenvironment for Mabs to thrive, compared to Mtb that establishes its replicative niche in alveolar macrophages [START_REF] Corleis | Early dynamics of innate immunity during pulmonary tuberculosis[END_REF]Johansen et al., 2020).

Next, we determined whether AOs mounted an inflammatory/ antimicrobial response to mycobacteria infection. Mtb-or Mabsinfected AOs were collected and subjected to RT-qPCR analysis to evaluate cytokine, antimicrobial peptide, and mucin gene expression (Figure 2a). Mtb induced significant gene expression of IL-8 (Figure 2b), a immune cell chemoattractant (Baggiolini & Clark-Lewis, 1992), while IL-8 secretion did not reach significance (Figure 2c). Non-significant expression of IP-10, GM-CSF, and CCL5, cytokines mediating the accumulation of neutrophils and macrophages for optimal granuloma formation and control of Mtb Interestingly, β-defensin-3 and 4, which are related to long-term control of mycobacterial infection [START_REF] Dong | Defensins: the case for their use against mycobacterial infections[END_REF] were downregulated. The upregulation of Hepcidin and Lactoferrin could contribute to decrease the transmembrane transport of iron [START_REF] Sow | Expression and localization of hepcidin in macrophages: a role in host defense against tuberculosis[END_REF][START_REF] Sow | Role of STAT1, NF-κB, and C/EBPβ in the macrophage transcriptional regulation of hepcidin by mycobacterial infection and IFNγ[END_REF] and modulate its extracellular pool by hijacking it [START_REF] Schaible | Correction of the iron overload defect in β-2-microglobulin knockout mice by lactoferrin abolishes their increased susceptibility to tuberculosis[END_REF], making the airway microenvironment more hostile for Mtb survival [START_REF] Boelaert | The effect of the host's iron status on tuberculosis[END_REF].

By contrast, Mabs infection did not enhance the expression of cytokines and antimicrobial peptides (Figure 2a). This could be due to the presence of glycopeptidolipids on the surface of its cell wall (Johansen et al., 2020), which mask other lipids and prevent the interaction of Mabs with pattern recognition receptors expressed by host cells [START_REF] Rhoades | Mycobacterium abscessus glycopeptidolipids mask underlying cell wall phosphatidyl-myo-Inositol mannosides blocking induction of human macrophage TNFα by preventing interaction with TLR2[END_REF], resulting in overall low responsiveness of lung epithelial cells to bacterial challenge [START_REF] Matsuyama | Transcriptional response of respiratory epithelium to nontuberculous mycobacteria[END_REF]. Surprisingly, both Mabs and Mtb significantly downregulated the expression of mucins, including MUC5B and MUC4 (Figure 2b). Mucin 

mimics the paracrine macrophage-epithelial signaling naturally occurring during lung Mtb infection [START_REF] Reuschl | Innate activation of human primary epithelial cells broadens the host response to Mycobacterium tuberculosis in the airways[END_REF].

Finally, due to the essentiality of macrophages in TB disease (Cadena et Together, these data indicate that AOs offer a valuable 3D system to assess early interactions of mycobacteria with the human airway.

The ability to model these early timeframes in a responsive, multicellular and functionally similar system to the human airway, but without the complications, monetary and ethical restrictions of animal research, constitutes a major advance for the field.

Organoid technology provides a complementary strategy to model in vitro human tissues, and infection by human-related pathogens.

Organoids based on lung ASC's are advantageous as they generate AOs via a one-step proliferation and differentiation protocol and naturally self-organize in 3D to recapitulate the complexity of the lung epithelium. The resulting epithelium comprises all the different cell types and related secreted products (mucus, surfactant proteins), thus providing a reductionist system to assess host-pathogen interactions at the tissue level. Due to the self-renewal of ASC's, one of the most important advantages of organoids is that they are a genetically stable during long-term culture, allowing for their cryopreservation in biobanks.

One of the main limitations of the organoid system comes from the absence of air-liquid-mucosa interface due to their closed, cystic structure. Very recent advances in bioprinting and microfluidic approaches allowed intestinal organoid-based tissue engineering to create tubeshaped epithelia and a continuous lumen [START_REF] Nikolaev | Homeostatic mini-intestines through scaffold-guided organoid morphogenesis[END_REF], with the potential of extending such an approach to airway models. Lungon-a-chip technology also constitutes an alternative approach to reproduce the air-liquid-mucosa interface and model mycobacterial infection (Huh et | 687
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| Organoid culture

Healthy tissue from five independent donors receiving surgical treatment for lung cancer were used to derive organoids. AOs were characterized as described (Sachs et al., 2019).

| Bacterial culture and microinjection

DsRed-WT H37Rv Mtb strains were obtained by complementation with the pMRF plasmid containing a DsRed cassette, and were cultured in the continuous presence of 20 μg/ml of the selective 

F I G U R E 2 Mycobacteria-induced
antibiotic hygromycin under BSL-3 conditions [START_REF] Simeone | Cytosolic access of Mycobacterium tuberculosis: criticalimpact of phagosomal acidification control and demonstration of occurrence invivo[END_REF].

Mtb strains (BSL-3) and GFP expressing M. bovis BCG (BSL-2) were grown under the selection of 20 μg/ml Kanamycin in BSL-2 conditions.

M. abscessus sensu stricto (Mabs) strain CIP104536T (ATCC19977T) morphotype Smooth (S) carrying pASTA3 plasmid (Addgene, plasmid 24,657) that express red fluorescent protein (tdTomato), was cultured in presence of 500 μg/ml of the antibiotic hygromycin B as previously described [START_REF] Bernut | Mycobacterium abscessus cording prevents phagocytosis and promotes abscess formation[END_REF]. All the bacterias were prepared for microinjection as described [START_REF] Lastrucci | Tuberculosis is associated with expansion of a motile, permissive and immunomodulatory CD16 + monocyte population via the IL-10/STAT3 axis[END_REF]. Bacterial density was adjusted to OD 600 = 1, and phenol red was added at 0.005% to visualize successful microinjection (Bartfeld & Clevers, 2015).

Pulled borosilicate capillaries (1.2 mm diameter, Harvard Apparatus Ltd.) were backfilled with the bacterial suspension using Microloader Tips (Eppendorf) and the tapered end broken off using tweezers until the smallest size droplet could be injected using a Femtojet microinjector (Eppendorf). We determined the CFU of these droplets that were destined for organoids by injecting them into 100 µl media and plating directly onto agar for enumeration. This was a reproducible way to quantify the initial bacterial load at the start of our experiments. An in-house custom-made Raspberry Pi-controlled digital camera was used to observe organoids and the capillary. The capillary was attached to a TransferMan micro-manipulator (Eppendorf)

to facilitate semi-automated injection. Injected organoids were allowed to recover for 2 hr at 37°C, individually collected, washed to remove extracellular bacteria and re-seeded into fresh matrix for subsequent analysis. 

| Microscopy

| Colony-forming unit (CFU) assay

| RT-qPCR

Uninfected control and Mtb-or Mabs-infected AOs (15 per condition) were collected at 48 hr post-infection, lysed in 1 ml of TRIzol Reagent (Invitrogen) and stored at -80°C for 2 days. As positive controls, AOs were stimulated with 0.02 µg/ml of human IL-1β

(Invivogen) or 0.1 µg/ml of IFNγ (PeproTech) for 48 hr. Total RNA was extracted using the RNeasy mini kit (Qiagen) and retrotranscribed (150 ng) using the Verso cDNA Synthesis Kit (Thermo Scientific).

mRNA expression was assessed with an ABI 7,500 real-time PCR system (Applied Biosystems) and the SYBRTM Select Master Mix (ThermoScientific). Relative quantification was determined using the 2 -ΔΔCt method and normalized to GAPDH. Primer sequences are provided in Table 1.

| Enzyme-linked immunosorbent assay

Between 20 and 30 organoids were embedded in fresh BME Cultrex and cultured with 800 µl complete media. After 48 hr, the supernatant was collected, sterilized through double 0.22 µm filters and stored at -80°C until analysis. IL-8 ELISA was performed according to manufacturer instructions (Qiagen). 

| Flow cytometry and cell sorting
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Human bronchial organoids unveil druggable pathways against

Mycobacterium abscessus infection in cystic fibrosis

Paper summary

Non-tuberculous mycobacteria are increasingly being identified in the sputum of adults and children with CF, both in America and in Europe (174). To date, Mabs is one of the most NTM isolated from individuals with CF (270). Mabs is an opportunistic pathogen of increasing clinical importance (271). In CF patients, Mabs is associated with rapidly worsening disease, is difficult to treat and requires antibiotic regimens with substantial side effects. Since NTM can infect transplanted lungs causing high mortality, this procedure is often contraindicated (121, 272). The underlying mechanisms that allow Mabs to preferentially colonize the lungs of the CF patients, remain largely unknown.

A major reason for the poor advances in Mabs research has been a lack of adequate models that resembles human CF manifestations (zebrafish, mice), like the severe muco-obstructive phenotype (126, 179, 273).

In the present study, for the first time, we applied the human airway organoid technology to model Mabs infection in a CF environment. We showed that CFderived airway organoids have a thicker epithelium, accumulate mucus, undergo oxidative stress, and increased lipid peroxidation and cell death, all of them key features of CF. Both, Mabs S and R replicated more efficiently in CF patient organoids and CF-induced organoids (treated with CFTR inhibitors) compared to the healthy ones. Remarkably, while Mabs S forms biofilms, Mabs R forms cords and display a higher virulence, further validating the relevance of CF organoids as a model for the study of Mabs pathogenesis. Finally, we exhibited that direct activation of antioxidant pathways, mitigates oxidative stress in CF AOs and synergizes with cefoxitin to control Mabs growth. In conclusion, we demonstrate that the oxidative microenvironment of the CF airway epithelium plays a fundamental role during Mabs colonization.

In this article, of which I am the first author. I performed and/or was involved in all the experiments, as well as in the writing of the manuscript.

Introduction

Cystic Fibrosis (CF) is due to mutations in the CF transmembrane conductance regulator (CFTR) gene (1), which regulates ion transport, that impair lung mucociliary clearance and result in pathological triad hallmarks of CF, i.e., chronic airway mucus build-up, sustained inflammation, and microbe trapping leading to parenchyma epithelial cell destruction. The major reason CF patients succumbing to this disease is respiratory failure resulting from chronic lung infection (2).

CF Patients have a greater risk of infection by Non-Tuberculous Mycobacteria (NTM), mainly by the most virulent and drug-resistant NTM Mycobacterium abscessus (Mabs) (3,4). Mabs display two distinct morphotypes based on the presence or absence of glycopeptidolipids (GPL) in their cell wall (5). The smooth (S) GPL-expressing variant forms biofilm and is associated with environmental isolates. The Rough (R) variant does not express GPL, forms cording and induces more aggressive and invasive pulmonary disease, particularly in CF patients (5)(6)(7). In CF patients, Mabs colonization is initiated by the infection with the S variant that, over time, switches to the R morphotype by losing or down-regulating surface GPL (8,9). Although animal models like immunocompromised mice (10), zebrafish (11)(12)(13) and Xenopus laevis (14) contributed to a significant advance in the understanding of Mabs infection (15), their tissue architecture and cell composition are different from that of humans and do not recapitulate the hallmarks of CF (16)(17)(18). Models with anatomical and functional relevance to the human airway and displaying CFTR gene mutations would complement other in vivo models.

Recent advances in stem cell biology have allowed the growth of human tissues in vitro that resemble organs in vivo (19)(20)(21). Human airway organoids (AOs) are derived from adult stem cells present in lung tissues (22), are self-organized 3D structures and share important characteristics with adult bronchiolar part of the human lung (22,23). Of particular interest, organoids derived from CF patients constitute a unique system to model natural mutations of CFTR and its dysfunctions, thus recapitulating critical aspects of CF in human (22,24,25) that are not achievable with other cellular or animal models. AOs have also been adapted for modelling infectious diseases with bacteria, such as Pseudomonas aeruginosa (26), with viruses, such as RSV (22) and SARS-CoV-2 (27)(28)(29), and with parasites (30). We previously showed that M. abscessus thrives in AOs (31) demonstrating that AOs constitute a suitable human system to model mycobacteria infection.

Here, we report that both Mabs S and R infect and replicate within AOs and display their specific features, such as forming biofilm and cording, respectively. Moreover, enhanced reactive oxygen species (ROS) production by Mabs infection or the CF context favours Mabs growth, which is reversed by antioxidant treatments, synergizing with antibiotics.

Results

Bronchial airway organoids support S-and R-Mabs replication and phenotype

To investigate whether bronchial airway organoids (AOs) can be used for modelling Mabs infection in vitro, we infected AOs with S-and R-Mabs variants as previously described (31). We first quantified bacterial load in AOs overtime by colony forming unit (CFU) (Figure 1A). After a latency phase of 2 days, both Mabs S and R propagated over 12 days. Based on these data, we decided to perform experiments at 4 days post-infection, corresponding to bacteria exponential growth phase.

When analysed microscopically, we observed that bacteria mainly reside in the lumen of AOs and did not detect obvious alteration of the architecture of Mabs-infected AOs compared to mock injected AOs (Figure 1B-C, supp fig 1, supp movies 1 & 2). Interestingly, we observed that S bacteria formed aggregates in the lumen of the organoids whereas R variant formed the characteristic serpentine cords (Figure 1B-C) observed in vitro and in vivo (32). To further characterize the interaction of Mabs with airway epithelial cells S-and R-Mabs-infected AOs were analysed by SEM and then TEM (Figure 1D). As previously described (22), the organoid epithelium is composed of basal, ciliated and goblet cells (Figure 1D, 1st row). As expected, Mabs S bacilli occupied the organoid lumen, formed chaotically scattered aggregates (Figure 1D, 2nd row) (33). Mabs S preferentially localised in close contact with the apical side of the epithelial cells (Figure 1D,4), particularly in the presence of cilia (Figure 1D,3). More importantly, the same samples observed by TEM revealed that S bacteria in the lumen were surrounded by what could be an extracellular polymeric substance (34) (Figure 1D,5), suggesting that S variant Mabs might form biofilm in the organoid lumen. We convincingly identified Mabs R forming serpentine cords, characterized by aligned bacteria, in the organoid lumen (Figure 1D, 6-8). Importantly, electron microscopy confirmed no significant internalization of Mabs by epithelial cells (31). Finally, we evaluated the virulence of S-and R-Mabs by assessing epithelial cell death. As shown in Figures 1E-F, AOs infected with the R variant exhibited enhanced cell death compared to those infected with the S variant, reflecting R bacteria hypervirulence.

Altogether, our results showed that S and R Mabs variants thrived in AOs and displayed respective features observed in in vivo models and in the lung of CF patients.

ROS production contributes to Mycobacterium abscessus growth

ROS production is an important antimicrobial process and is enhanced in the CF context (35,36), we thus evaluated whether oxidative stress played a role in Mabs fitness in AOs. We first evaluated the expression of genes related to the production and detoxification of ROS upon Mabs infection and observed increased expression of oxidases NOX1 and DUOX1, suggesting enhanced ROS production upon Mabs infection. Moreover, we observed overexpression of not only the transcription factor Nrf-2 and the Nrf-2-induced gene NQO-1, denoting Nrf-2 activation, but also detoxifying enzymes such as superoxide dismutases, PDRX1, and catalase, suggesting activation of cell protective antioxidant pathways (Figure 2A).

To confirm ROS production upon Mabs infection, Mabs-infected AOs were microscopically analysed after incubation with either MitoSOX or H2DCFDA to detect mitochondrial ROS and H2O2 production, respectively. Both S-and R-Mabs infections enhanced the incorporation of MitoSOX and H2DCFDA (Figures 2B-D), in agreement with the induction of ROS production. Interestingly, productions of mitochondrial ROS and H2O2 were higher with the R variant, further confirming R-Mabs hypervirulence compared to S-Mabs in AO.

The contribution of cell protective antioxidant pathways during mycobacterial infection remains poorly understood (37,38). We then determined the consequence of boosting antioxidant pathways for Mabs fitness. First, we used the anti-oxidant N-acetyl cysteine (NAC) known to exhibit potent anti-mycobacterial effects both through suppression of the host oxidative response and direct antimicrobial activity (39). We found that NAC inhibited Mabs growth both in vitro and in AOs (Supp Altogether, the results showed that, independent of the immune system, epithelial cells mounted an oxidative response upon Mabs infection, which contributed to Mabs growth in the human airway microenvironment.

AOs recapitulate hallmarks of cystic fibrosis, and display enhanced oxidative stress

In order to evaluate CF lung context on Mabs infection, we derived AOs from a CF patient who underwent lung transplantation. Characterization of CF versus healthy AOs showed that CF AOs displayed a thicker epithelium (Sup figures 3A-B), abolished swelling in the forskolin assay (Sup figure 3C) denoting CFTR channel malfunction, even stronger than pharmacological inhibition of the CFTR. Mass spectrometry analysis of CF vs healthy AOs revealed enhanced abundance of mucins MUC5AC and MUC5B (Figure 3A) that was confirmed at the mRNA level and by exacerbated accumulation of mucus in the CF AO lumen (Figures 3B-D, sup Fig. 3D). A gene ontology enrichment study revealed the upregulation of the cellular oxidant detoxification pathway in CF AOs (foldchange 11.6; p-value 3.55e-2; Figure 3E). To further evaluate the oxidative status in the CF context, healthy and CF AOs were stained with MitoSOX or H2DCFDA. The ROS production was enhanced in CF AOs compared to healthy ones (Figures 3F-H), which was further exacerbated after treatment with the oxidative stress inducer tert-Butyl hydroperoxide (tBHP) (40) (Sup fig. 3E). Because high ROS levels induce lipid peroxidation leading to cell death (41-43), we examined and quantified these processes by microscopy using BODIPY (measuring lipid peroxidation) or propidium iodide (measuring cell death) and found that levels of peroxidized lipids (Figures 3I-J) and cell death (Figure 3K, sup Fig. 3F) were higher in CF AOs than in healthy AOs.

Altogether, these results showed that organoids derived from CF lung tissue exhibited not only CFTR dysfunction and exacerbated mucus accumulation but also an increased oxidative stress, therefore representing a suitable ex vivo model to investigate how the lung CF context drives Mabs infections.

Mycobacterium abscessus takes advantage of CF-driven oxidative stress to thrive

As oxidative stress is enhanced in CF AOs, we hypothesised that the CF context could favour Mabs Finally, we evaluated the potential synergy between cefoxitin, a fist line antibiotic to treat Mabsinfected patients, and anti-oxidant. While both cefoxitin and sulforaphane alone significantly inhibited Mabs growth in CF-AOs, combination of both compounds was much more efficient to reduce bacterial load (Figure 5G).

Altogether, these results confirmed that, exuberant oxidative stress, enhanced in the CF context, favoured Mabs fitness, which could be pharmacologically targeted to complement current antibiotic therapies.

Discussion

In this study, we evaluate the pertinence of human AOs to model Mabs infection in the context of CF. We show that both S-and R-morphotypes of M. abscessus proliferate and exhibit infection hallmarks in AOs. Moreover, AOs derived from a CF patient recapitulate key features of CF disease.

Finally, we demonstrate that antioxidant pathway boosting as a potential complementary therapeutic strategy to current antibiotic treatment to better control Mabs infection in CF patients.

Therefore, AOs are suitable to model both CF disease and Mabs infection, opening new venues for deciphering critical relevant host pathways and identifying new potential therapeutic intervention.

We and others have already applied the organoid technology to model host-pathogen interactions (22,26,30,31,44,45). Here, we have reproduced Mabs infection hallmarks in AOs. Specifically, we show that both S-and R-Mabs replicate in AOs, that S variants are surrounded by an extracellular substance resembling a biofilm, and that the R variant forms serpentine cords associated with higher virulence, in agreement with reported in vivo Mabs R hypervirulence compared to Mabs S (5-7).

Although Mabs R form characteristic cords in vitro and in vivo (32,46), visualizing bacterial biofilm remains a challenge, especially in ex vivo and in vivo settings. The formation of biofilm plays a crucial role in establishing an infection and at protecting bacilli from immune response and antimicrobial agents, leading to treatment failure (47,48). Therefore, the detection of biofilm in Mabs S-infected AOs opens new venues to not only testing potential anti-biofilm compounds but also further investigating how the CF lung context favours biofilm formation (47,49).

ROS production is a part of host antimicrobial defence but requires a fine-tuned balance to prevent tissue damage. Indeed, during Mabs infection, the production of ROS is essential to control infection, as knock-down of NOX2, expressed in immune cells, resulted in uncontrolled bacteria proliferation in zebrafish and mouse models (12,50). Here, we show that Mabs infection of AOs triggers ROS production through enhanced expression of host ROS production genes NOX1 and DUOX1 concomitantly to enhanced expression of the Nrf2-mediated antioxidant pathway. In alveolar macrophages, Nrf2 deficiency results in a better control of Mtb infection (37), indicating that early activation of cell protective pathways impairs the control of mycobacteria. By contrast, an oxidative environment has been shown to favour Mabs growth in macrophages (51,52).

Moreover, activation of Nrf2 reduces the bacterial burden both in vitro and in vivo (38,(53)(54)(55).

Finally, apart from its direct antimicrobial effect, the antioxidant N-acetyl cysteine has been shown to inhibit Mtb growth in macrophages and in infected mice (39). Consistently, we show here that treatment of Mabs-infected AOs with resveratrol or sulforaphane results in a better control of bacteria growth. Because resveratrol and sulforaphane do not inhibit Mabs growth in vitro, our results indicate that ROS production by epithelial cells is sufficient to generate a permissive environment for Mabs proliferation. Even in the absence of immune cells and low bacteria internalization by epithelial cells (31), AOs recapitulate the contribution of host oxidative stress in bacteria fitness in the airway.

The organoid technology has demonstrated its usefulness in developing potential therapies for treating CF (56,57). CF patient-derived organoids bear natural CFTR mutations, thus allowing to recapitulate ex vivo the spectrum of CFTR dysfunctions and CF disease severities (24,58). Extended to the airway, CF patient-derived AOs have been shown to display epithelium hyperplasia, luminal mucus accumulation and abrogated response to forskolin-induced swelling, thus recapitulating CFTR dysfunction and consequences on the airway homeostasis (22). Here, we derived an AO line from a CF patient carrying class I mutations, which lead to the most severe manifestation of CF disease (59). These CF AOs reproduce the expected epithelium hyperplasia, mucus accumulation and defective response to forskolin-induced swelling. Moreover, these CF AOs display enhanced oxidative stress and lipid peroxidation, as previously measured in CF patients (35,36) or in vitro in CFTR mutated cell lines (60), as well as enhanced cell death recapitulating CF-driven tissue damage.

Therefore, AOs derived from CF patients also recapitulate the CF-driven imbalance in oxidant/antioxidant status observed in patients and, importantly, demonstrate that CFTR dysfunction in epithelial cells is sufficient to cause the oxidative status imbalance in the airway epithelium, independent of immune cells.

Finally, using both AOs derived from a CF patient and CFTR pharmacological inhibition, we show that CF microenvironment favours the multiplication of Mabs associated with enhanced cell death, recapitulating the higher susceptibility of CF patients to NTM infection (61,62). Cumulative oxidative stress due to both the CF context and Mabs infection might result in a permissive environment for bacteria growth and the establishment of chronic infection in the lung of CF patients. Interestingly, CF is associated with a defective Nrf2 expression, which contributes to the excessive oxidative stress and lung tissue damage, whereas CFTR modulators rescue Nrf2 function and therefore improve tissue oxidative status (63), which might contribute to a better control of bacterial infection. Indeed, CF AOs treated with sulforaphane have reduced oxidative stress, tissue damage, and better control of Mabs growth, indicating that activation of Nrf2 can constitute a complementary therapeutic strategy to improve tissue redox homeostasis and better infection control by synergizing with current antibiotic treatment as we observed here with cefoxitin. Further investigation are required to integrate ROS production by immune cells. Interestingly, treating R Mabs-infected zebrafishes with resveratrol improves fish survival and reduces bacterial load (54), indicating that modulating the global host redox status improves Mabs infection control.

A limitation of our study is that only one CF patient-derived organoid line has been used. This CF AO line bears class I mutations that lead to the most severe form of CF disease. As a complementary approach, we also observe better bacteria growth by using CFTR inhibitors to partially alter the CFTR function indicating that this phenotype can also be observed with partially impaired CFTR function as seen with other classes of CFTR mutations. Nevertheless, establishing CF AO lines carrying a wide range of CFTR mutations might be facilitated by emerging protocols (64) and would constitute precious tools to further model the full spectrum of CF disease severity, susceptibility to infection and potential of host-directed therapies targeting oxidative stress on tissue damage (26) and bacteria fitness.

In conclusion, we have established AOs as a pertinent model of both CF airway dysfunction and susceptibility to NTM infection. Moreover, we have identified the cell protective Nrf2 pathway as a potential therapeutic target to restore CF tissue redox homeostasis and improve the control of bacteria growth, opening promising venues to further decipher CF airway dysfunction and susceptibility to infection.

Materials and Methods

Detailed protocols are provided in the supplement. All patients participating in this study consented to scientific use of their material; patients can withdraw their consent at any time, leading to the prompt disposal of their tissue and any derived material.

Airway organoid culture and maintenance

Healthy adjacent tissue from donors with lung cancer, and lung biopsy of a cystic fibrosis heterozygous patient (G542X/1811+1.6kbA-->G) were used to derive organoids as previously described with minor changes (22,31). To prevent risk of culture contamination, airway organoid complete media was supplemented with 10 µg ml -1 Normocure (InvivoGen) and 2.5 µg ml -1 Fungin (InvivoGen) during the first 4 weeks of the cystic fibrosis airway organoid culture.

Bacteria culture and organoid infection

Mycobacterium abscessus sensu stricto strain CIP104536T (ATCC19977T) morphotype S and R were grown as previously described (32). Before infection, AO were pretreated or no with 10μM of Resveratrol (Sigma-Aldrich) or Sulforaphane (Selleck Chemicals, Houston, TX, USA) for 1hr or 6hr respectively. Bacteria were prepared for microinjection as described (31,65) and bacterial density was adjusted to OD600 = 0.1-0.4. Injected organoids were individually collected, washed in PBS 1x and embedded into fresh matrix. Injected organoids were cultured for 3-4 day if not stated otherwise. Both antioxidants were maintained throughout the experiment and refreshed every two days. Where indicated, 20µg/ml of cefoxitin (Sigma-Aldrich) was added with or without sulforaphane.

RT-qPCR and Colony forming unit assay

Organoids were collected at day 4 post-infection or stimulation and processed as reported (31).

Primer sequences are provided in supplementary Table S1.

Microscopy

Assessing CFTR function was performed by forskolin-induced organoid swelling assay as described (66). Live imaging was performed to quantify mucus accumulation with Zinpyr-1 (Santa Cruz Biotechnology), ROS levels by H2DCFDA (Invitrogen) or MitoSOX (Thermo Scientific), lipid peroxidation by BODIPY (Thermo Scientific) and cell death with Propidium Iodide (Thermo Scientific) in non-infected and Mabs-infected organoids. Images were acquired under an EVOS M7000 Imaging System and analyzed post-acquisition with Fiji/ImageJ.

For scanning electron microscopy (SEM) and transmission electron microscopy (TEM), organoids were fixed in 2% paraformaldehyde (EMS, Hatfield, PA, USA), 2.5% glutaraldehyde (EMS) and 0.1 M Sodium Cacodylate (EMS). Samples were embedding in Durcupan ACM resin (Sigma-Aldrich) then, semi-thin (300nm) serial sections were made using an UC7 ultramicrotome (Leica, Wetzlar, Germany) and collected on silicon wafers (Ted Pella, Redding, CA, USA). Sections were imaged on a Quanta FEG 250 SEM microscope in BSE mode. Ultrathin sections were also collected on copper grids formvar coated for TEM analysis on a JEOL 1200 EXE II microscope.

For Lightsheet imaging, fixed (overnight in 4% paraformaldehyde) airway organoids were stained with propidium iodide (6µg/ml in PBS) for 30 minutes at room temperature then rinsed in PBS.

Organoids were then embedded in 1% low-melting agarose inside glass capillaries and imaged in PBS using a light-sheet fluorescence microscope (Zeiss Lightsheet Z.1). The 3D reconstructions were performed with Amira software (v2020.2).

Statistics

Statistical analyses were performed using Prism 8 and 5 (GraphPad Software). Data were compared by Mann-Whitney or unpaired T test and results reported as mean with SD. Data statistically significant was represented by *P<0.05; **P<0.01; ***P<0.001 and **** P<0.0001. 

Materials and Methods

Airway organoid culture and maintenance

Healthy and cystic fibrosis airway organoids were derived from lung biopsies as described (1).

Briefly, biopsies (1 mm 3 ) of normal lung tissue adjacent to the tumour obtained from donors who underwent lung resection due to Non-small cell lung carcinoma (NSCLC), and a biopsy of cystic fibrosis lung tissue of a heterozygous patient (G542X/1811+1.6kbA-->G) undergoing lung transplantation, were minced and digested with 2 mg ml -1 collagenase (Sigma-Aldrich) on an orbital shaker at 37°C for 1h. The digested tissue suspension was sheared using flamed glass Pasteur pipettes and strained over a 100-μm cell strainer (Corning, NY, USA). The resultant single cell suspensions were treated with Red Blood Cell Lysis Buffer for 5min. and washed before being embedded in 10 mg ml -1 of Cultrex growth factor reduced BME type 2 (R & D Systems, Minneapolis, MN, USA). 40μl drops were seeded on 24-well plates (Nunclon Delta surface, Thermo Scientific).

Following polymerization, 500μl of airway organoid complete media (Advanced DMEM/F12 (Invitrogen) supplemented with 1x L-Glutamine (Fisher Scientific), 10mM Hepes (Fisher Scientific), 100 U ml -1 / 100 µg ml -1 Penicillin / Streptomycin (Fisher Scientific), 50 µg ml -1 Primocin (InvivoGen, San Diego, CA, USA), 10% Noggin (homemade), 10% RspoI (homemade), 1x B27 (Gibco, Thermo Scientific), 1.25mM N-Acetylcysteine (Sigma-Aldrich), 10mM Nicotinamide (Sigma-Aldrich), 5µM Y-27632 (Cayman Chemical, Ann Arbor, MI, USA), 500nM A83-01 (Tocris Bioscience, Bristol, UK), 1µM SB 202190 (Sigma-Aldrich), 25 ng ml -1 FGF-7 (PeproTech), 100 ng ml -1 FGF-10 (PeproTech)) was added to each well for healthy and cystic fibrosis airway organoid maintenance. To prevent risk of culture contamination, airway organoid complete media was supplemented with 10 µg ml -1 Normocure (InvivoGen) and 2.5 µg ml -1 Fungin (InvivoGen) during the first 4 weeks of the cystic fibrosis airway organoid culture. Plates were transferred to humidified incubator at 37°C with 5% CO2 and the organoids were passaged every 4 weeks. After the first passage, the cystic fibrosis airway organoids were maintained only with the airway organoid complete media.

Epithelium thickness

Healthy and cystic fibrosis airway organoids were passaged after 4 weeks. After passage, 10 thousand cells were embedded in Cultrex, seeded and cultured on Nunclon Delta surface 24-well plates (Thermo Scientific) with airway organoid complete media for 5 weeks at 37°C with 5% CO2.

At the end of the 5 weeks, bright field images of each well were acquired using an EVOS M7000 microscope, and epithelium thickness measured with Image J software.

CFTR inhibition

Healthy airway organoids were seeded on Nunclon Delta surface 35x10mm Dish (Thermo Scientific) and 2ml of airway organoid complete media without N-Acetylcysteine and without antibiotics was added to each plate. Two days prior infection, the organoids were treated with 25μM CFTRinh-172 (Selleck Chemicals) and 25μM GlyH 101 (Tocris Bioscience). Every 48hr the culture media with inhibitors was refreshed until the end of the experiment.

Mucus staining

Healthy and cystic fibrosis airway organoids were seeded on Nunclon Delta surface 24-well plates (Thermo Scientific). 500μl of airway organoid complete media was added to each well. Organoids were stained with 10μM Zinpyr-1 (Santa Cruz Biotechnology) over night at 37°C. The next day, each well was washed (1hr between wash) 3 times with PBS 1x. After the last wash, airway organoid complete media was added to each well and images were acquired using an EVOS M7000 microscope. GFP brightness threshold was kept equal for all the independent experiments. MFI was analyzed using Fiji/ImageJ.

Measurement of ROS, lipid peroxidation and cell death

Mabs-infected organoids and/or uninfected controls (PBS 1x injected organoids) were seeded on Nunclon Delta surface 24-well plates and cultured for 3-4 days. 500μl of airway organoid complete media without N-Acetylcysteine and without antibiotics was added to each well. At day 3-4, the culture media was replaced and ROS levels, lipid peroxidation and cell death were measured by live imaging. As positive control for ROS, 20mM tert-Butyl hydroperoxide (tBHP) (Sigma-Aldrich) was added to 1-2 wells of uninfected organoids for 1hr at 37°C. After an hour, the culture media was replaced. For ROS, at day 3 organoids were stained with 10μM H2DCFDA (Invitrogen) or with 5μM MitoSOX (Thermo Scientific) for 30 minutes at 37°C, while for lipid peroxidation and cell death, at day 4 organoids were stained with 2µM BODIPY (Thermo Scientific) for 30 minutes at 37°C or 50 µg ml -1 propidium iodide (Thermo Scientific), respectively. At the end of the staining, each well was wash 3 times with PBS 1x and images were acquired using an EVOS M7000 microscope. RFP and GFP brightness threshold were kept equal for all the independent experiments. MFI was analyzed using Fiji/ImageJ.

Bottom-up mass spectrometry analysis of airway organoids:

Organoid pellets (washed three times with PBS) were lysed with 5% SDS in 50 mM ammonium bicarbonate, pH 7.55. Sonication with Bioruptor (15 cycles, 45 sec ON and 15 sec OFF) was done followed by ultracentrifugation at 4°C and 16,000 g for 45 min to obtain the clear lysate. A volume corresponding to 50 µg of total protein in the lysate was reduced with 100 mM tris(2-carboxyethyl) phosphine (Sigma) and alkylated with 400 mM 2-chloroacetamide (Sigma) at 95 °C for 5 min. Each sample was loaded on an S-trap Micro spin column (Protifi, USA), according to the manufacturer's instructions and digested with trypsin (Promega) overnight at 37°C. Digested peptide extracts were analysed by online nanoLC using an UltiMate 3000 RSLCnano LC system (ThermoScientific) coupled with an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific) operating in positive mode. Five µL of each sample (2.5 µg, analysed by Pierce quantitative fluorometric peptide assay) were loaded onto a 300 mm ID 5 mm PepMap C18 pre-column (Thermo Scientific) at 20 ml/min in 2% (v/v) acetonitrile, 0.05% (v/v) trifluoroacetic acid. After 5 min of desalting, peptides were on-line separated on a 75 mm ID 50 cm C18 column (in-house packed with Reprosil C18-AQ Pur 3 mm resin, Dr. Maisch; Proxeon Biosystems) equilibrated in 95 % buffer A (0.2% [v/v] formic acid), with a gradient increased to 25% buffer B (80% [v/v] acetonitrile, 0.2% [v/v] formic acid) for 75 min, then to 50% B for 30 min and then to 98% B for 10 min, held for 15 min before returning to starting conditions for 25 min, totaling an entire run time of 160 min at a flow rate of 300 nL/min.

The instrument was operated in data-dependent acquisition mode using a top-speed approach (cycle time of 3 s). Survey scans MS were acquired in the Orbitrap over 400-1500 m/z with a resolution of 120,000, and a maximum injection time (IT) of 50 ms. The most intense ions (2+ to 7+) were selected at 1.6 m/z with quadrupole and fragmented by Higher Energy Collisional Dissociation (HCD). The monoisotopic precursor selection was turned on, the intensity threshold for fragmentation was set to 50,000, and the normalized collision energy (NCE) was set to 35%. The resulting fragments were analysed in the Orbitrap with a resolution of 30,000. Dynamic exclusion was used within 60 s with a 10 ppm tolerance. The ion at 445.12003 m/z was used as the lock mass.

The Mascot (Mascot server v2.8.1; http://www.matrixscience.com) database search engine was used for peptide and protein identification. Mass tolerance for MS and MS/MS was set at 10 ppm and 20 mmu, respectively. The enzyme selectivity was set to full trypsin with two missed cleavages allowed. Protein modifications were fixed carbamidomethylation of cysteines, variable oxidation of methionines, variable phosphorylation of serine, threonine and tyrosine, and variable acetylation of protein N-terminus. Uniprot proteome for both human and mouse was used as the database. The result files were then imported into Proline (doi:10.1093/bioinformatics/btaa118) for validation with false discovery rate (FDR) of ≤ 1.0%. Label-free quantitation was also performed in Proline to compare the two conditions (Healthy vs Cystic Fibrosis). Iterative alignment computation was applied using peptide identity with three as the maximum number of iterations. Alignment smoothing was done with landmark range with 50 landmarks and 50% sliding window overlap. For the master map creation, the mapping tolerances were 5 ppm and 60 sec for the m/z and time, respectively. For the statistics parameters, the T-test p-value of 0.01 was applied on both peptide and protein profile significant analysis. Only specific peptides were used and the median ratio fitting was chosen as the abundance summarizer method. Normalization, missing values inference (Gaussian model), t-test and z-test were also applied. For the R-analysis and reporting, rows with at least two number of values identified by MS/MS (in whole experiment) and with at least 50% of defined values (in one condition) were filtered. LIMMA test was performed with two-sided hypothesis and equal variance assumption. Volcano plot was based on the cut-off: p-value of 5% and log2 ratio of 0.6. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (2) partner repository with the dataset identifier PXD030104".

Bacteria culture

Mycobacterium abscessus sensu stricto strain CIP104536T (ATCC19977T) morphotype S and R carrying pTEC15 (Addgene, plasmid 30174) that express green fluorescent protein (Wasabi, kindly provided by Ph.D. Laurent Kremer (Research Institute of Infectious Diseases, Montpellier, France)) or carrying pASTA3 (Addgene, plasmid 24657) that express red fluorescent protein (tdTomato), respectively, were grown as previously described (3) by three days pre-culture and a later on three extra days culture at 37°C without agitation until reach log phase in 7H9 liquid medium (BD Difco™) supplemented with 10% oleic acid-dextrose-catalase (OADC) (BD Difco™), 0.05% Tween-80 (Sigma-Aldrich) and 500 µg ml -1 Hygromycin B (Euromedex, Souffelweyersheim, France).

Organoid infections

Before infection, 25μl drops of Matrigel (Fisher Scientific) containing healthy or cystic fibrosis airway organoids were seeded on 35x10mm Dish (Nunclon Delta surface, Thermo Scientific) and 2ml of airway organoid complete media without N-Acetylcysteine and without antibiotics was added to each plate. Depending on the indicated conditions, airway organoids were pretreated or no with 10μM of Resveratrol (Sigma-Aldrich) or with 10μM of Sulforaphane (Selleck Chemicals) for 1hr or 6hr respectively before infection. Both antioxidants were maintained throughout the experiment.

At day two of infection, the media with the indicated antioxidant was refresh. The day of the infection, the bacterial pellets of the Mabs S and R cultures were harvested and resuspended in PBS 1x. Bacterial clumps were disaggregated with a 1ml syringe (Terumo™) with blunt needle (Bio-Rad, Hercules, CA, USA) and bacterial density was adjusted to OD600 = 0.1-0.4. Phenol red (Sigma-Aldrich) was added at 0.05% to allow tracking of injected organoids (4). Injected organoids with Mabs or PBS 1x were individually collected, washed in PBS 1x and embedded into fresh Cultrex (R & D Systems) and 40μl drops were seeded on Nunclon Delta surface 24 or 6-well plates. Injected organoids were cultured for 3-4 day if not stated otherwise.

Electron microscopy

For SEM and TEM, injected organoids were seeded on Nunclon Delta surface 6-well plates (Thermo Scientific) and cultured for 4 days. Airway organoid complete media without N-Acetylcysteine and without antibiotics was added to each well. At day 4, injected organoids were individually collected and fixed in 2% paraformaldehyde (EMS), 2.5% glutaraldehyde (EMS) and 0.1 M Sodium Cacodylate (EMS) over night at room temperature. After fixation, injected organoids were stored at 4°C for subsequent processing. Samples were post-fixed with 2% osmium tetroxide(OsO4) (EMS), followed by 2,5% K-ferrocyanide (EMS) without washing and 1% thiocarbohydrazide (EMS) at 40 °C, prior 2% OsO4 for second time and followed by overnight in 1% uranyl acetate (EMS) at 4°C. Next day, the samples were heated at 40°C, followed incubation in lead aspartate (EMS) at 50°C. Dehydration was performed with growing concentrations of acetonitrile (EMS). Sample were then impregnated in Durcupan ACM resin (Sigma-Aldrich), and polymerized 48h at 60°C. All the procedure except the overnight incubation in uranyle acetate were performed using a Pelco Biowave® PRO+ Microwave processing systems (TED Pella).

Semi-thin (300 nm) serial sections were made using an UC7 ultramicrotome (Leica) equipped with a Jumbo Histo diamond knife (Diatome) and an ASH2 (RMC Boeckler) and collected on silicon wafers (Ted Pella). Sections were imaged on a Quanta FEG 250 SEM microscope in BSE mode, set up at 15kV, spot 4.0, working distance 6.8 mm, dwell time 300 ms. Ultrathin sections were also collected on copper grids formvar coated for TEM analysis on a JEOL 1200 EXE II Microscope at 100kV.

Lightsheet imaging of AO

Fixed airway organoids were stained with propidium iodide (6µg/ml in PBS) for 30 minutes at room temperature then rinsed three times in PBS.

Organoids were then embedded in 1% low-melting agarose inside glass capillaries and imaged in PBS using a light-sheet fluorescence microscope (Zeiss Lightsheet Z.1) with a 20x/1.0 detection objective combined with a 0.5 zoom (10x final magnification) and dual illumination with 488nm and 561nm lasers (exposure times were 49-99 ms). The voxel size is 0.4645 x 0.4645 x 1 µm.

For image processing, images were processed with Fiji software (5). The 3D reconstructions were performed with Amira software (v2020.2).

Effect of N-Acetylcysteine, Resveratrol and CFTR inhibitors on Mabs growth

Mabs S and R were grown as previously described until reach OD600 = 1. Bacterial density was adjusted to OD600 = 0.1 with 7H9 liquid medium (supplemented as before) without Hygromycin B.

N-Acetylcysteine (10µM), Resveratrol (10µM) or CFTR inhibitors (25µM) were added to the bacterial cultures as appropriate. N-Acetylcysteine, Resveratrol and CFTR inhibitors were refreshed after 48 hours. The cultures were maintained at 37°C without agitation and each 24 hours the OD600 was measured. 

SI Table Table S1. List of primers used for RT-qPCR

Gene

F: GGAACTGTGGGGACAGCTCTT R: GTCACATTCCTCAGCGAGGTC (9)

Chapter IV: Discussion and perspectives

The airway tract is the main port of entry of allergens, pollutants and microorganisms into the human body. It is mainly composed of specialized epithelial cells, which act as the first line of defense against the inhaled challenges, playing a fundamental role in either their clearing or establishment (274). However, due to pulmonary differences in terms of physiology and cellular composition between animal models and humans, the knowledge we have about the early interactions between respiratory pathogens and host airways is still limited (275). To tackle these issues, for the first time, I exploited in this thesis the ASC-derived airway organoid technology to study the early stages of mycobacterial infections, a major cause of human pulmonary disease.

In my first article: "Mycobacteria-host interactions in human bronchiolar airway organoids", I generated organoids from biopsies of adjacent healthy tissue of lung cancer patients. Electron microscopy and live-cell imaging revealed that these organoids were composed of basal, goblet, club, and ciliated cells, as previously reported (196). This cell composition corresponds to the bronchiolar part of the respiratory tract (276). However, a limitation of this study is that we did not have access to the demographic and clinical data (except for the diagnosis of non-small cell lung carcinoma) of the patients from whom the biopsies were taken, which could affect the kinetics of proliferation and differentiation of basal cells from the different donors, as well as the reproducibility and homogeneity of the data generated due to the interindividual variability of each culture (277). Nevertheless, we tried to overcome inter-donor variability by establishing a strict protocol to take only biopsies (1 mm 3 ) of normal lung tissue adjacent to the tumor from donors undergoing lung resection for non-small cell lung carcinoma, thus avoiding differences in organoid cultures due to sampling from different regions of the lung (277). It is worth mentioning that all organoid cultures used in this study did not show major differences in terms of proliferation and differentiation.

The human healthy airway organoids (H-AO) presented a classic cystic structure with the apical part of the cells towards the lumen and exhibited functional secretory and ciliated cells (278). Because of the polarization of the organoids, we set up a system to microinject the mycobacteria into their lumen. After microinjection of Mtb or the NTM Mabs S, both bacteria resided mainly at the lumen of the AOs. However, on some occasions, the bacteria were found interacting with the epithelial cells at the surface of the organoids. The transient interactions observed between mycobacteria and epithelium may be due to the proper functioning of the mucociliary clearance mechanism in the AOs. The mucociliary clearance constitutes an innate lung defense mechanism primarily driven by ciliated cells. Respiratory mucus traps pathogens entering the airways, and lung cilia propel them outward via their coordinated directional motion (279). However, since the AOs are a closed system, the bacteria cannot be expelled from them. Instead, the bacteria remain in their lumen with mucus and cellular debris. It should be noted that after 4 days of infection, the epithelial cells forming the organoids showed neither cell death nor massive internalization of the bacteria. These further confirm the previously observed slight response of the NHBE cells to Mtb and Mabs S (52,150). Notably, the GM-CSF expression was higher when the organoids were stimulated with conditioned media than when they were infected, thus, reinforcing the fact that a crosstalk between ECs and alveolar macrophages exists (52). We confirmed this, after observing human macrophages interacting with Mtb-infected AOs in co-culture.

Contrary to Mtb, the response of AOs to Mabs S was generally low. It could be explained by the presence of GPLs on the cell wall surface of Mabs S (294). The GPLs mask lipids and other molecules, preventing their recognition by epithelial cells through TLR2 (149). Surprisingly, both Mtb and Mabs S showed down-regulation of mucins expression. Maybe this is a common mechanism used by mycobacteria to avoid the mucociliary clearance and directly encounter macrophages at the alveoli (49). So far, just Helicobacter pylori and Pseudomonas aeruginosa have shown to be able to regulate mucins expression to favor the colonization of the stomach tissue and the airways, respectively (295, 296). However, further studies are needed to determine whether or not down-regulation of mucin expression provides an advantage for mycobacterial colonization of the respiratory tract.

Airway organoids are an advantageous model for studying respiratory infections compared to 2D cultures and animal models. AOs are sophisticated multicellular systems that mimic the architecture and essential functions of the human lung. Also, they can be cryopreserved in biobanks and remain stable for years (297, 298).

Despite their numerous benefits, organoids have certain limitations, including a lack of vascularization and immune cells and the absence of an air-liquid interface due to their cystic form (2,210). Nevertheless, the organoid field is evolving all the time.

Recent advances such as bioprinting to generate scaffolds (299), the ALI cultures (300), the lung on a chip technology (301), and the improvement of co-culture protocols, as we showed previously in my first article (302), between organoids and immune cells are helping to sort the system limitations (303). Air-liquid interface cultures can be generated from organoids (300). These cultures have an accessible polarized pseudostratified epithelium (196), which allowed them to be broadly used during the Sars-Cov-2 pandemic (13). However, their establishment is highly dependent on the use of a tissue culture plate insert, which is composed of a permeable membrane and has limited scalability (304). On the other hand, lung on a chip technology comprises microfluidic devices on microchips, which consist of a 3D cell culture system separated by a porous membrane, which contains channels that allow continuous perfusion to mimic circulation in the body and vacuum chambers to mimic breathing in human lungs. Organs on a chip can recapitulate in vivo-like environments and allow for the comparison of biological responses under normal and disease conditions. However, lungs on chips are generally developed using iPSCs or epithelial cell lines, requiring complex expertise in iPSC differentiation protocols and nano-micro fabrication for on-chip devices (305). Therefore, all these models are complementary approaches.

In particular, in this work, the main limitation was that the replicative niche of Mtb is the alveoli and not the bronchiolar part of the airways. However, my laboratory and others have already established the appropriate conditions to generate alveolar organoids derived from ASCs (243), thus, we will be able to compare the response of bronchiolar and alveolar organoids to Mtb and Mabs infection in the near future (Figure 23). This will provide us with a comprehensive view of how ECs behave in the presence of Mtb and Mabs. In conclusion, this paper showed that AOs are a suitable and reliable technology that can be applied to understand early events during mycobacterial infections.

Furthermore, it opened new questions to be addressed, including the regulation of mucins by mycobacteria. Although, to combat pathogens, ROS are considered as deadly weapons used by phagocytes and other cell types including lung epithelial cells, there is increasing evidence supporting that in certain particular infections or conditions, antioxidants decrease and prooxidants increase pathogen burden (321). In the particular case of Mabs, the exacerbated oxidative environment in the airway epithelium of CF patients, in the absence of immune cells, seems to provide the right conditions for the establishment of this bacterial infection. However, the exact mechanism by which Mabs take advantage of ECs-generated ROS is still unknown. In this regard, complementary data generated in our laboratory demonstrate that CF-AOs are more sensitive to dye by ferroptosis (Figure 24), an iron-and lipid peroxidation-dependent cell necrosis (322, 323), than the H-AO; this in accordance to what has been described before in CF ECs (314). Apparently, the main peroxidized lipid in the CF-AOs is the arachidonic acid (aa); this was shown by a decreased cell death of the CF-AOs when they were pre-treated with an inhibitor of the enzymes (FADS1 and 2) in charge of aa synthesis, prior ferroptosis induction by cumene (Figure 24).

Interestingly, a previous report unraveled that increased bio-availability of aa promotes mycobacterial growth (324). In conclusion, all these complementary data indicate that the ROS effect in Mabs growth could be indirect, by promoting ferroptosis and the bio-availability of aa in the airways of CF patients. Nevertheless, more studies are necessary to confirm this hypothesis. Finally, Mabs S-infected CF-AOs were treated with a mixture of the antibiotic cefoxitin and the NRF2 activator sulforaphane. We found that this combination worked together to limit Mabs growth. This synergic effect might be attributed to the antioxidant treatment's reduction of ROS. In recent years, oxidative stress has emerged as one of the primary factors that induces a microorganism to transition from a planktonic to a biofilm state (325). Antibiofilm molecules, such as the antioxidant N-acetylcysteine, can be used to increase the antimicrobial effect of molecules against NTM biofilms (326).

The weakness of this study, is that just one CF patient-derived organoid line was employed. This constraint stems from the difficulty to obtain lung samples from CF patients. However, in the laboratory we have already generated two more CF-AO The SARS-CoV-2 pandemic has created an economic and health crisis worldwide [1][2][3][4]. Since a large proportion of the world's population is currently unvaccinated, or incompletely vaccinated, the availability of outpatient treatment options for COVID-19, such as nirmatrelvir-ritonavir (Paxlovid ® ), neutralizing monoclonal antibodies, remdesivir, and molnupiravir, has raised hopes for reducing COVID-19-related morbidity and mortality. However, the use of these treatments may be held back due to either their medical indications (e.g., within 5 days of symptom onset for nirmatrelvir-ritonavir, specific variants for sotrovimab), contraindications (e.g., concomitant use of drugs that are potent CYP3A inducers, severe hepatic impairment or severe renal impairment for nirmatrelvir-ritonavir [5]), the need of intravenous therapy (for neutralizing monoclonal antibodies and remdesivir), limited supplies, and substantial cost [6]. This supports the urgent need for research on other outpatient treatment options, especially those at lower cost and which are immediately available to allow their use, particularly in low-and middle-income countries with limited access to vaccines and approved treatments against COVID-19 [7][8][9].

Prior research suggests that certain selective serotonin reuptake inhibitor (SSRI) antidepressants, particularly fluoxetine and fluvoxamine, could be beneficial against COVID- 19 [6,10,11], and thus may be a potential means of reaching this goal. First, several preclinical studies demonstrated the in vitro efficacy of fluoxetine against different variants of SARS-CoV-2 in human and non-human (i.e., Vero E6, Calu-1, Calu-3, HEK293T-ACE2-TMPRSS2) cells [12][13][14][15][16][17][18][19]. Second, five retrospective observational cohort studies [20][21][22][23][24] of patients with COVID-19 in the acute-care setting reported reduced death or mechanical ventilation in those prescribed with SSRIs prior to hospitalization-particularly fluoxetine. Another observational study [25] also found that exposure to antidepressants, especially those with functional inhibition of acid sphingomyelinase (FIASMA) properties such as fluoxetine, was associated with reduced incidence of emergency department visitation or hospital admission among SARS-CoV-2 positive outpatients, in a dose-dependent manner and from daily doses of at least 20 mg fluoxetine equivalents. Moreover, a retrospective cohort study conducted in an adult psychiatric facility suggested a significant negative association of prior antidepressant use-particularly fluoxetine-with laboratorydetectable SARS-CoV-2 infection [26], a finding that has been recently replicated in another observational study [24]. Third, in the ambulatory setting, two prospective randomized, placebo-controlled trials [27][28][29] and one non-randomized open-label clinical study [30], as well as a meta-analysis [31], found a significant association between the short-term use (10-15 days) of fluvoxamine prescribed at a dose between 100 and 300 mg/d within 7 days of symptom onset and reduced risk of clinical deterioration. Contrariwise, an RCT of low-dose fluvoxamine [32,32] (i.e., 100 mg/d) among overweight or obese outpatients with COVID-19 showed no significant benefit on emergency department visits, hospitalizations or death. Finally, a prospective cohort study [33] of patients admitted to intensive care unit for COVID-19 reported a significant association between the 15-day use of fluvoxamine prescribed at 300 mg/d and reduced mortality. Taken together, these findings support that certain antidepressants, and particularly fluoxetine or fluvoxamine, could be efficient when prescribed at doses of at least 20-40 mg fluoxetine equivalents [24,25] in limiting clinical deterioration of patients infected with SARS-CoV-2 in both ambulatory and acute-care settings.

Although the mechanisms underlying this potential therapeutic effect of fluoxetine and fluvoxamine against COVID-19 are likely to be multiple and interrelated, several studies support that the interaction with the acid sphingomyelinase (ASM)/ceramide system, resulting in both antiviral and anti-inflammatory effects, may be a prominent one [13]. First, these SSRI antidepressants belong to the group of functional inhibitors of acid sphingomyelinase (FIASMA) [13,34]. In vitro and in vivo, these pharmacological compounds inhibit ASM, an enzyme that catalyses the hydrolysis of sphingomyelin to ceramide and phosphorylcholine, by detaching it from the lysosomal membrane and thereby triggering its degradation [34]. Preclinical data indicate that SARS-CoV-2 activates the ASM/ceramide system, resulting in the formation of ceramide-enriched membrane domains, which facilitate viral entry and infection by clustering ACE2, the cellular receptor of SARS-CoV-2, and the release of pro-inflammatory cytokines [12,13,35]. Importantly, the reconstitution of ceramides in cells treated with FIASMA antidepressants restored the infection [12]. In healthy volunteers, oral use of the FIASMA antidepressant amitriptyline prevented infection of freshly isolated nasal epithelial cells, which is also restored after the reconstitution of ceramides in these cells [12]. In observational retrospective studies, the use of a FIASMA medication upon hospital admission was significantly associated with reduced mortality or mechanical ventilation [36]. Finally, plasma levels of certain sphingolipids, including increased levels of ceramides, decreased levels of their derivatives hexosylceramides, and decreased hexosylceramide/ceramide ratio, were found to correlate with clinical disease severity and inflammation markers [37][38][39] in patients with COVID-19. Altogether, these data support the central role of the ASM/ceramide system in SARS-CoV-2 infection and the potential of FIASMA antidepressants in prevention and treatment of COVID-19.

Among SSRIs, the magnitude of the in vitro inhibition of ASM appears to correlate with the magnitude of the in vitro antiviral effect against SARS-CoV-2 [13,15,40] (e.g., amitriptyline > fluoxetine > paroxetine > fluvoxamine > citalopram). While amitriptyline exhibits potential toxicity issues in elderly, fluoxetine displays the highest FIASMA activity. In addition, fluoxetine shows anti-inflammatory properties in lipopolysaccharide (LPS)challenged mouse models [41,42], which may be of interest in patients infected with SARS-CoV-2, as increased levels of proinflammatory cytokines in serum (e.g., IL1B, IL6, IFNγ, CXCL10, and CCL2) are associated with pulmonary inflammation and extensive lung damage [43].

While observational and in vitro data on fluoxetine are promising, experiments examining its effect against SARS-CoV-2 infection in an animal model are lacking. Mice are not naturally permissive to SARS-CoV-2 infection, due to the low affinity of the S protein receptor binding domain for mouse ACE2. Previously, a transgenic mouse expressing the human ACE2 gene under the control of the cytokeratin 18 (K18) promoter (the K18-hACE2 mouse) was generated to study SARS-CoV pathogenesis [44]. Recent studies have demonstrated that K18-hACE2 mice support SARS-CoV-2 infection and develop a lethal respiratory illness with weight loss and inflammation [45][46][47].

In this report, we tested the potential antiviral and anti-inflammatory activities of fluoxetine against SARS-CoV-2 in a K18-hACE2 mouse model of infection, and against several variants of concern in vitro, and tested the hypothesis of the implication of ceramides and/or their derivatives hexosylceramides.

Results

Antiviral Activity

Viral loads were evaluated from 44 K18-hACE2 mice euthanized at day 2 and day 6 post-infection. As shown in Figure 1B, fluoxetine treatment significantly reduced the viral load in the lung of SARS-CoV-2 infected mice at both day 2 (log 10 TCID 50 /mL 6.19 (±0.14) vs. 4.04 (±0.44); Mann-Whitney test p = 0.0012) and day 6 (log 10 TCID 50 /mL 4.22 log 10 (±0.19) vs. 3.28 (±0.17); p = 0.0048). Moreover, viral RNA in lung homogenates was significantly reduced at day 2 post-infection in fluoxetine-treated mice compared to vehicle-treated mice (9.91 × 10 4 (± 4.15 × 10 4 ) vs. 1.04 × 10 6 (± 6.60 × 10 5 ); p = 0.0310) (Figure 1C). Viral RNA in lung homogenates was still significantly reduced at day 2 postinfection in fluoxetine-treated mice compared to vehicle-treated mice when excluding the 2 outliers in the saline-treated group (3.85 × 10 4 (± 2.50 × 10 4 ) vs. 3.85 × 10 5 (± 1.22 × 10 5 ); p = 0.0295) (Supplemental Figure S5A). These results show that fluoxetine displays a significant and substantial antiviral activity against SARS-CoV-2 in mice. mice (9.91 × 10 4 (± 4.15 × 10 4 ) vs. 1.04 × 10 6 (± 6.60 × 10 5 ); p = 0.0310) (Figure 1C). Viral RN in lung homogenates was still significantly reduced at day 2 post-infection in fluoxetin treated mice compared to vehicle-treated mice when excluding the 2 outliers in the salin treated group (3.85 × 10 4 (± 2.50 × 10 4 ) vs. 3.85 × 10 5 (± 1.22 × 10 5 ); p = 0.0295) (Supplemen Figure S5A). These results show that fluoxetine displays a significant and substantial a tiviral activity against SARS-CoV-2 in mice. As shown in Figure 1D, fluoxetine significantly reduced expression of IL-6 in the lung tissues at both day 2 (IL-6 8.97 × 10 -4 (± 4.09 × 10 -4 ) vs. IL-6 1.06 × 10 -1 (± 4.88 × 10 -2 ); p = 0.0017) and day 6 post-infection (IL-6 3.01 × 10 -3 (± 1.58 × 10 -3 ) vs. IL-6 2.31 × 10 -3 (±6.11 × 10 -3 ); p = 0.0140), and other pro-inflammatory cytokines at day 2 post-infection, including TNFα (8.07 × 10 -4 (± 1.21 × 10 -4 ) vs. 2.24 × 10 -3 (± 3.70 × 10 -4 ); p = 0.0004), CXCL10 (2.44 × 10 -3 (± 7.17 × 10 -4 ) vs. 9.99 × 10 -2 (± 4.14 × 10 -2 ); p < 0.0001) and CCL2 (8.83 × 10 -4 (± 1.21 × 10 -4 ) vs. 2.24 × 10 -3 (± 3.70 × 10 -4 ); p < 0.0001). A reduction in pro-inflammatory cytokine expression did not appear to be solely related to reduced viral load in fluoxetine-treated mice. Indeed, the difference in levels of IL-6 and TNFα between fluoxetine-treated and vehicle-treated mice was still significant after adjusting successively for viral load and viral RNA at both day 2 and day 6 (Supplemental Table S2). In addition, IL-6 expression level did not correlate with lung viral load or RNA load in both fluoxetine-treated (lung viral load, r = -0.11, p = 0.7131; lung viral RNA load, r = -0.18, p = 0.5403) and vehicle-treated mice (lung viral load, r = -0.14, p = 0.6222; lung viral RNA load, r = -0.22, p = 0.4508) (Supplemental Figure S2). These results were maintained when excluding three outliers (one fluoxetine-and one vehicle-treated mouse at day 2, and one fluoxetine-treated mouse at day 6) from the analyses (Supplemental Figure S5). To evaluate the immunomodulatory property of fluoxetine, independently of the viral load, we used the A549-Dual™ cells consisting in a human NF-κB-SEAP & IRF-Luc Reporter lung carcinoma cell line. Upon cell stimulation with PolyI:C or TNFa, fluoxetine inhibited NF-κB activation, while IRF pathway was not affected (Supplemental Figure S3D), indicating that fluoxetine displays, as previously described [41], an immunomodulatory function on the NF-κB pathway. Altogether, these findings suggest that fluoxetine dampens inflammation during SARS-CoV-2 infection, independently of its antiviral properties.

Body Weight and Temperature

While fluoxetine at 40 mg/kg is well tolerated over a period of 15 days [48], it induces body weight loss in the first 24 h of treatment [49]. We showed that fluoxetine induced a significant body weight loss after the first 24 h in K18-hACE2 mice, while the body weight was constant in vehicle-treated mice (Supplemental Figure S3). Moreover, we confirmed that vehicle-treated K18-hACE2 mice started to lose weight 2 days post-infection [46], while the body weight was stable longer in fluoxetine-treated mice (Supplemental Figure S3). Further comparison of body weight between groups was biased due to the initial body weight loss in fluoxetine-treated mice, and did not show an overall significant difference (Supplemental Figure S3). While body temperature was reduced at day 6 in vehicle-treated K18-hACE2 mice (compared to non-infected mice (37 ± 0.3 • C, n = 4)) as a sign of critical illness [50], we measured a significantly improved body temperature in fluoxetine-treated mice (33.3 ± 1.00 • C vs. 28.6 ± 0.94 • C; p = 0.0052) (Supplemental Figure S3).

Fluoxetine Modulates the Ceramide System

We evaluated whether fluoxetine could modulate the ceramide system in the lung tissues of mice infected with SARS-CoV-2. As shown in Figure 2B,C, fluoxetine treatment significantly increased levels of hexosylceramides 16:0 (166.93 (± 22.4) vs. 101.65 (±11.0); p = 0.0186) and the ratio HexCer 16:0/Cer 16:0 (0.40 (±0.05) vs. 0.28 (±0.03); p = 0.0408). There were no significant between-group differences in ceramides 16:0 and sphingomyelin 16:0 levels (Figure 2A,D). The between-group differences in ceramides 16:0 and sphingomyelin 16:0 remained non-significant when excluding outliers from the analyses (one fluoxetine-treated mouse in ceramides 16:0, and one fluoxetine-and one saline-treated mouse in sphingomyelin 16:0) (Supplemental Figure S5). levels (Figure 2A,D). The between-group differences in ceramides 16:0 and sphingom lin 16:0 remained non-significant when excluding outliers from the analyses (one flu tine-treated mouse in ceramides 16:0, and one fluoxetine-and one saline-treated mous sphingomyelin 16:0) (Supplemental Figure S5). 
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Vero E6 cells were successively infected with Alpha B.1.1.7, Gamma P1, Delta B1.617 and Omicron BA.5 variants of concern, and viral cytopathic effect and replication were measured. As shown in Figure 3A, fluoxetine, at the non-cytotoxic dose of 12.5 µM (Supplemental Figure S4) inhibited replication of all the variants of concern tested. Finally, we evaluated fluoxetine effectiveness in the human A549 lung carcinoma cells stably overexpressing the SARS-CoV-2 receptor ACE2, and the protease TMPRSS2 to increase their permissiveness to SARS-CoV-2 infection [51]. A549-hACE2-TMPRSS2 cells were permissive to infection by all variants of concern (Figure 3B). A549-hACE2-TMPRSS2 cells infected with SARS-CoV-2 ancestral strain, Alpha B.1.1.7, Gamma P1, Delta B1.617 and Omicron BA.5 variants of concern, and treated with fluoxetine (12.5 µM) showed reduced amount of infectious virus and restored cell viability (Figure 3B). Altogether, these results show that fluoxetine is efficient at inhibiting replication across several SARS-CoV-2 variants of concern.
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Anti-Viral Activity of Fluoxetine Ex Vivo on Human Primary Airway Epithelial Cells

Human airway organoid-derived epithelia cultured in 2D were infected with SARS-CoV-2 as previously described [52], and the percentage of infection was microscopically quantified (Figure 4A). We confirmed that SARS-CoV-2 mainly infects ciliated cells revealed by the AcTUB staining. As shown in Figure 4B, fluoxetine significantly inhibited infection of human primary airway epithelial cells in a dose-dependent manner.
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Discussion

In this report, we show that fluoxetine has both significant anti-viral and anti-inflammatory effects in a K18-hACE2 mouse model of SARS-CoV-2 infection, both mechanisms appearing to be potentially, at least partly, independent to each other. We also show that fluoxetine efficiently inhibits the replication of different SARS-CoV-2 variants of concern, including the SARS-CoV-2 ancestral strain, Alpha B.1.1.7, Gamma P1, Delta B1.617 and Omicron BA.5.

These findings support prior preclinical studies that showed an in vitro efficacy of fluoxetine against SARS-CoV-2 in different host cells (i.e., Vero E6, Calu-1, Calu-3, HEK293T-ACE2-TMPRSS2 cells) and human lung epithelial cells [12,17,18]. They are also in line with results of observational studies showing significant associations between fluoxetine use and reduced COVID-19-related mortality or mechanical ventilation [20,22,24,25] and laboratorydetectable SARS-CoV-2 infection [24,26], and extend them by indicating that fluoxetine effects could be observed quickly when administrated after the start of the infection. Furthermore, they are consistent with results from animal models of septic shock and allergic asthma showing that fluoxetine markedly reduces the inflammatory reaction [42]. Finally, these results are in line with clinical studies conducted among individuals with major depressive disorder, showing that several antidepressants, including fluoxetine, significantly decrease peripheral levels of IL-6, TNF-α, IL-10, and CCL-2 [53], which have been shown to increase in severe COVID-19 patients [54].

By showing a significant increase in lung levels of hexosylceramides 16:0 and in the ratio HexCer 16:0/Cer 16:0 in fluoxetine versus vehicle-treated mice, our results suggest that the ceramide system might be implied in the observed antiviral and/or anti-inflammatory effects. Further analysis is now required to evaluate overtime, in comparison to baseline levels, those lipids dynamics during SARS-CoV-2 infection. Nevertheless, these findings are consistent with preclinical data indicating that the inhibition of the ASM/ceramide system by fluoxetine prevents infection of Vero E6 cells with pp-VSV-SARSCoV-2 spike [12] and that the reconstitution of ceramides in cells treated with fluoxetine restores the infection [12]. They are also in line with observational study results suggesting the utility of medications with high FIASMA activity against COVID-19 disease progression [23,24,36]. The modifica-tion of the metabolic ratio hexosylceramide/ceramide by fluoxetine is a novel finding of this study that might explain its observed antiviral and anti-inflammatory effects, as this ratio has been shown to correlate with clinical disease severity and inflammation markers in patients with COVID-19 [55]. This result is compatible with either increased activity of glucosylceramidases/galactosylceramidases (leading to the hydrolysis of hexosylceramides to ceramides) or decreased activity of glucosylceramide synthase/galactosylceramide synthase (converting ceramides to hexosylceramides) upon SARS-CoV-2 infection. Further research is required to delineate the explicative weight of these different hypotheses [55][56][57][58]. Altogether, these data suggest that the ceramide system could be a relevant treatment target in COVID-19, especially because via its mode of action, fluoxetine maintains activity against SARS-CoV-2 variants.

Importantly, because the blood half-life of fluoxetine is about 2 to 4 days in humans and experimental data showed a human fluoxetine concentration lung:plasma split of 60:1 [59], fluoxetine may lead to subsequent potential antiviral and anti-inflammatory effects in the lungs quickly after its dispensation. This assertion is supported by a population pharmacokinetic modelling study [60] predicting that most patients would reach the antiviral EC 90 target, obtained from Calu-3 cells, in the lung tissues by day 1 at 40 mg/d and by day 3 at 20 mg/d. It is also supported by an experiment conducted in healthy volunteers showing that oral use of another FIASMA antidepressant, amitriptyline, whose blood half-life is about 20 h, prevents infection of freshly isolated nasal epithelial cells several hours after having taken the treatment, which is restored after the reconstitution of ceramides in these cells [12].

Fluoxetine is a prescription medication with a number of potential side effects and drug interactions, which are detailed in the Summary of Product Characteristic (SmPC) [61] and should be considered by the treating physician prior to use. Particularly, consistent with the medical contraindications, fluoxetine should not be used in combination with irreversible nonselective monoamine oxidase inhibitors or metoprolol. Fluoxetine is included in the World Health Organization's Model (WHO) List of Essential Medicines [62]. When selecting essential medicines, their safety is also considered. Fluoxetine is the best tolerated antidepressant in the treatment of patients with depression; discontinuation rates are even lower than with placebo treatment [63]. In the U.S., over 10% of the adult population has taken an antidepressant in the past 30 days [64], with fluoxetine being one of the most commonly prescribed antidepressants [65]. This means that fluoxetine is used very widely without major problems.

To the best of our knowledge, this study is the first to identify fluoxetine as a potential anti-SARS-CoV-2 medication in an animal model, through mechanisms that result in both antiviral and anti-inflammatory properties. Since fluoxetine is easy to use as a once-a-day pill, shows high safety margins and good tolerability, is widely available at low cost, and has, among SSRIs, both the greatest in vitro inhibition effect on the ceramide system and antiviral effect [13,15,34], this molecule should be prioritized in large-scale clinical trials at different stages of the disease [6,10], either alone or in combination with other medications. Given the promising results of the FIASMA antidepressant fluvoxamine in four clinical trials [27,28,30,33], fluoxetine, if proven effective in clinical trials, would enrich the current therapeutic arsenal with an inexpensive, well-tolerated, and easily administered medication in the global fight against COVID-19.

Materials and Methods

Safety Procedures

All described experiments involving SARS-CoV-2 infections have been entirely performed and processed in a Biosafety Level 3 (BSL-3) facility. Prior samples from infected cells being taken out of the BSL-3 for subsequent analysis, and all SARS-CoV-2 inactivation procedures were validated and approved by Institute of Pharmacology and Structural Biology (IPBS) biosecurity committee.

SARS-CoV-2 Virus Production

Virus productions were performed as previously described [51]. Briefly, SARS-CoV-2 isolates were amplified by infecting Vero E6 cells (ATCC CRL-1586) (MOI 0.005) in DMEM (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10 mM HEPES and 1% penicillin-streptomycin (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA). The supernatant was harvested at 48 h post-infection when cytopathic effects were observed, cell debris were removed by centrifugation, and aliquots were frozen at -80 • C. Viral stocks were titrated by TCID50 assays in Vero E6 cells (see Supplementary Information).

Virus Titration by TCID 50 Calculation

The day prior to infection, 50,000 VeroE6 cells per well were seeded in 96-well tissue culture plates using 10% FBS DMEM, and then incubated overnight at 37 • C in a humidified, 5% CO 2 atmosphere-enriched chamber. Serial 2.5-fold dilutions (from 10 -1 to 10 -6.5 ) of the samples were prepared in DMEM and used to infect Vero E6 cells; each dilution was tested in four replicates. The plates were incubated for at least 96 h and observed to monitor the development of cytopathic effect using an EVOS Floid microscope (Invitrogen). Viral titres, expressed as median tissue culture infectious dose (TCID 50 /mL), were calculated according to both Reed and Muench and Karber methods based on three or four replicates for dilution [66].

Cell Infection and Treatment with Fluoxetine

For in vitro experiments, fluoxetine hydrochloride (Tocris Bio-Techne, Noyal Châtillon sur Seiche, France; CAS Number: 56296-78-7) was dissolved in H 2 O 2 at 10 mM concentration and stored at -20 • C until use. The day prior to infection, 50,000 Vero E6 or A549-ACE2-TMPRSS2 cells were seeded in 96-well tissue culture plates in 10% FBS DMEM supplemented with 10 mM HEPES (Gibco™) and 1% penicillin-streptomycin (Gibco™), and then incubated overnight at 37 • C in a humidified, 5% CO 2 atmosphere-enriched chamber. One day later, cells were treated with fluoxetine (12.5 µM) for 2 h prior infection, and then infected with SARS-CoV-2 strains at indicated MOI in 90 µL DMEM supplemented with 10 mM HEPES, 1% penicillin-streptomycin and 1% L-Glutamine for 1 h at 37 • C. Then, culture medium was completed with 90 µL of culture medium containing fluoxetine at 25 µM.

Air Liquid Interface (ALI) Cultures

Air-liquid interface cultures were established as previously described [52]. Briefly, to obtain ALI cultures, human airway organoids, derived as previously described [67,68], were dissociated into single cells using TrypLE express. Cells were seeded at a density of ~50,000 cells per transwell on human placenta collagen I-coated Transwell ® permeable supports (6.5 mm diameter; 0.4 µm pore size; Corning) and cultured with organoid medium [67,68]. The medium was replaced 48 h after seeding, and once the cells reached confluence (~3 days after seeding), the medium was removed from the apical side of the transwell and replaced by differentiation media (STEMCELL Technologies, Saint Égrève, France; PneumaCult™-ALI Medium (Catalog #05001)). The medium was refreshed every 3 days and mucus removed with warm PBS every week. After 3-4 weeks of differentiation, ALI were used for SARS-CoV-2 infection. Prior to infection, the apical side of ALI were washed with PBS to remove excess of mucus and then pre-treated with fluoxetine on apical (100 µL) and basolateral (500 µL) sides for 2 h at the indicated concentrations. Then ALI were infected with 10 µL of SARS-CoV-2 (5 × 10 5 PFU/ALI) on the apical side for 4 h, washed with 150 µL of warmed PBS and then incubated for 72 h while maintaining fluoxetine on the basolateral side. Apical side of each ALI was washed with 150 µL of warm PBS to assess live viral load by TCID 50 assay on Vero E6 cells. ALI were fixed with 4% paraformaldehyde overnight before being taken out of the BSL-3. For staining, cells were permeabilized with 0.2% Triton X-100, then membranes were excised in 2 mL Eppendorf tubes containing blocking buffer (PBS 3% BSA) and incubated for 20 min at room tempera-ture. Primary antibodies were incubated overnight at 4 • C (Supplementary Table S3). After three washes with 0.2% Triton X-100 in PBS, secondary antibodies were incubated for 1 h at room temperature in the dark. Three washes were performed and following staining with DAPI. Slides were mounted in Vectafield Antifade Mounting Medium with coverslips on membranes. Images were acquired with an Olympus FV100 inverted confocal microscope.

Cell Death and Viability

Cell death and viability were measured 72 h after infection, as previously described [51] (see Supplementary Information). C57BL/6 male mice (Charles River, Sulzfeld, Germany) received 5 mg/kg fluoxetine (fluoxetine hydrochloride; Sigma Aldrich, Darmstadt, Germany) orally and serum levels of fluoxetine and its active metabolite desmethylfluoxetine were measured over time as indicated (Supplemental Figure S1). To determine the appropriate dose of fluoxetine that efficiently reduces the activity of ASM in the lung, mice were injected intraperitoneally (i.p.) with saline (0.9% NaCl solution) or different doses of fluoxetine as indicated. Blood and lung tissue were collected 6 h later. As shown in Supplemental Figure S1, serum level of fluoxetine and its metabolite peaked at 6 h and showed a half-life around 20 h. Similar serum levels were obtained by i.p. administration of fluoxetine. ASM activity in lung lysates was assessed as previously described [69], and revealed that a dose of 40 mg/kg i.p. is required to significantly inhibit lysosomal ASM activity in the lung of fluoxetine-treated C57BL/6 mice (Supplemental Figure S1). Therefore, we evaluated the efficacy of 40 mg/kg i.p. fluoxetine on SARS-CoV-2 infection in K18-hACE2.

Pharmacokinetics of Fluoxetine in Mice

Mouse Infection

Mouse infection studies were approved by local and national ethic committees (License APAFIS#27729-2020101616517580 v3, Minister of Research, France) and performed according to local guidelines (French ethical laws) and the European Union animal protection directive (Directive 2010/63/EU).

K18-hACE2 mice (Jackson Laboratory-USA, female, weight between 18 and 20 g, 8 (day 6) to 16 (day 2) per group and time point) were infected under a short anaesthesia (isoflurane 4%), by the intranasal route with 10 5 PFU of SARS-CoV-2 (strain Beta-CoV/France/IDF0372/2020). Thereafter, 4 h post-infection and then once daily, the first group received the vehicle (saline) treatment and the second group received fluoxetine (40 mg/kg i.p.) (Figure 1). During the 6 days of infection, mice were monitored daily for body weight as a measure of disease progression. At day 2 and 6 post-infection, after a terminal anaesthesia (ketamine 100 mg/kg + xylazine 10 mg/kg i.p.), the lung tissues were harvested and homogenated in gentleMACS™ M Tubes (Miltenyi Biotec, Paris, France) containing 3 mL of DPBS (Gibco™) using a gentleMACS™ Dissociator (Miltenyi Biotec, Paris, France). At day 6, body temperature was recorded using a lubricated rectal probe before mouse euthanasia.

Quantitative Real-Time PCR Analysis of Viral RNA and Inflammatory Genes

For each mouse, 150 µL of lung tissue homogenate was mixed with 1 mL TRIzol Reagent (Invitrogen) and stored at -80 • C at least 48 h before being taken out the BSL-3 facility. Total RNA was extracted, reverse-transcribed and gene expression levels of cytokines and chemokines were assessed as previously described [67]. Viral loads were performed as previously described [70,71]. Briefly, viral load quantifications were carried out by linear regression employing a standard curve of six known quantities of plasmids containing the RdRp sequence (10 7 to 100 copies) and qPCRs were performed in TaqMan Universal PCR Master Mix (Thermo Fisher Scientific). qPCRs for gene expression and viral load were performed in triplicate and assessed with an ABI 7500 real-time PCR system (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA, USA). Primers and probe sequences are provided in Supplemental Table S1. 4.10. Sphingolipid Quantification by Liquid Chromatography Tandem-Mass Spectrometry (LC-MS/MS) Sphingolipids were extracted from lung tissue homogenates (20 µL) as previously described [72]. To this end 1.5 mL methanol/chloroform (2:1, v:v) containing the internal standards 17:0 ceramide (d18:1/17:0), d 31 -16:0 sphingomyelin (d18:1/16:0-d 31 ) and 17:0 glucosyl(β) ceramide (d18:1/17:0) (all Avanti Polar Lipids, Alabaster, AL, USA) were added. Extraction was facilitated by incubation at 48 • C with gentle shaking (120 rpm) overnight. To reduce interference from glycerolipids, samples were saponified with 150 µL 1 M methanolic KOH for 2 h at 37 • C with gentle shaking (120 rpm) followed by neutralization with 12 µL glacial acetic acid. After centrifugation at 2200 g for 10 min at 4 • C, organic supernatants were evaporated to dryness using a Savant SpeedVac concentrator (Thermo Fisher Scientific, Dreieich, Germany). Dried residues were reconstituted in 200 µL acetonitrile/methanol/water (47.5:47.5:5 (v:v:v), 0.1% formic acid) and subjected to LC-MS/MS sphingolipid quantification applying the multiple reaction monitoring (MRM) approach. Chromatographic separation was achieved on a 1290 Infinity II HPLC (Agilent Technologies, Waldbronn, Germany) equipped with a Poroshell 120 EC-C8 column (3.0 × 150 mm, 2.7 µm; Agilent Technologies) guarded by a pre-column (3.0 × 5 mm, 2.7 µm) of identical material. MS/MS analyses were carried out using a 6495 triple-quadrupole mass spectrometer (Agilent Technologies) operating in the positive electrospray ionization mode (ESI+). Chromatographic conditions and settings of the ESI source and MS/MS detector have been published elsewhere [73]. Peak areas of Cer 16:0 (m/z 520.5 → 264.3), SM 16:0 (m/z 703.6 → 184.1), and HexCer 16:0 (m/z 700.6 → 264.3) subspecies, as determined with MassHunter software (version 10.1, Agilent Technologies), were normalized to those of their internal standards. Quantification was performed with MassHunter Software (version 10.1, Agilent Technologies). Further, the determined Cer, SM and HexCer amounts were normalized to the actual protein content of the tissue homogenate used for extraction determined by the Coomassie (Bradford) Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA).

Dual A549 Cell Stimulation

To investigate whether fluoxetine modulates NF-kB and interferon pathways, we used A549-Dual cells carrying both an NF-κB-driven secreted phosphatase alkaline (SEAP) gene and an IRF-driven Luciferase reporter genes (InvivoGen, Toulouse, France). Cells were plated in 96-well plates at 5 × 10 4 cells per well and incubated at 37 • C. The following day, cells were pre-incubated with or without fluoxetine (12.5-25 µM) for 1 h before treatment with various activators of the NF-kB and/or IRF pathways including TNF-α (10-0.1 ng/mL), IFN-α (10-0.1 ng/mL), and poly I::C (10-0.1 µg/mL, InvivoGen, Toulouse, France). After 24 h of incubation, supernatant was collected and the presence of SEAP and Lucia reporting respectively for NF-kB and IRF activation was quantified following incubation with SEAP and Lucia enzyme substrates Quanti-blue and Quanti-luc, respectively, according to the manufacturer's instructions (InvivoGen, Toulouse, France).

Statistical Analysis

All data in the text and figures are expressed as mean (±SEM). All means were compared using t-tests or Mann-Whitney tests when assumptions were not met. For all associations, we performed residual analyses to assess the fit of the data, checked assumptions, and examined the potential influence of outliers. Outliers were defined as having values outside the 1.5 interquartile range (IQR). Analyses were carried out with and aliquots were frozen at -80°C. Viral stocks were titrated by TCID50 assays in Vero E6 cells. Typical titers were 5 to 10× 10 6 PFU/ml.

Cell death and viability

Cell death was measured by quantification of the lactate dehydrogenase (LDH) release into the cell supernatant using LDH Cytotoxicity Detection Kit (Takara). Briefly, 50 µL cell supernatant were incubated with 50 µL LDH substrate and incubated for 15 min. The enzymatic reaction was stopped by adding 50 µL of stop solution. Maximal cell death was determined with whole cell lysates from unstimulated cells incubated with 1% Triton X-100. Cell viability was measured by quantification of intracellular ATP using CellTiter-Glo® One Solution Assay (Promega) according to manufacturer's instructions.

Mice

C57BL/6 mice (Charles River, Sulzfeld, Germany; 22 -26g) and 32 K18-hACE2 mice (Jackson Laboratory-USA, 18 -20g) were housed in individually ventilated cages under standard laboratory conditions (12:12 light:dark cycle, lights on at 07:00 h, 22 °C, 60% humidity, food and water ad libitum) in groups of 4 mice per cage.

Quantitative real-time PCR analysis of viral RNA and inflammatory genes

Lung tissue was first homogenized in 3 ml PBS in an M tube using a GentleMACS dissociator (Miltenyi biotec). For each mouse, 150 µl of lung tissue homogenate were mixed with 1 mL TRIzol Reagent (Invitrogen) and stored at -80 0C at least 48 h before to be taken out the BSL-3 facility. Total RNA was extracted using the RNeasy mini kit (Qiagen) and reverse-transcribed (150ng) with the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).

Gene expression levels of cytokines and chemokines were assessed with the SYBR Select

Master Mix (Thermo Scientific) and relative quantifications were determined using the 2^-Ct method with β-actin as reference. Viral loads were performed as previously described.41,42

Briefly, viral load quantifications were carried out by linear regression employing a standard curve of 6 known quantities of plasmids containing the RdRp sequence (107 to 100 copies) and qPCRs were performed in TaqMan Universal PCR Master Mix (Thermo Fisher Scientific). qPCRs for gene expression and viral load were performed in triplicate and assessed with an ABI 7500 real-time PCR system (Applied Biosystems). Primers and probe sequences are provided in Supplemental Table S1. 1 In these patients, infection with M. abscessus is often associated with a more rapid decline in lung function, and the presence of M. abscessus can be deleterious for subsequent lung transplantation. 2-4 The M. abscessus complex comprises three subspecies exhibiting different clinical outcomes and drug susceptible profiles to antibiotics: 5 M. abscessus subsp. abscessus (designated hereafter M. abscessus), M. abscessus subsp. bolletii (designated hereafter M. bolletii), and M. abscessus subsp. massiliense (designated hereafter M. massiliense). 6 All three subspecies can display either a smooth (S) or a rough (R) morphotype as a consequence of the presence or absence, respectively, of surface-associated glycopeptidolipids (GPL). 7-10 These morphological changes are linked to major phenotypic differences, including sliding motility, biofilm formation, 8,9,11 or produc-tion of large bacterial cords. 11,12 S and R variants can be viewed as two representative forms of the same isolate, which can coexist in the patient and evolve differently in response to the host immune pressure. They can also display specific pathophysiological characteristics; 10 S variants are generally less virulent than their corresponding R variants, 11,13,14 the latter being more frequently associated with severe pulmonary diseases in CF patients. 2,4 In addition, different susceptibility profiles to drugs have been reported between S and R
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Received: June 14, 2022 variants, 15,16 thus warranting the need for evaluating compounds/drug regimens against both variants. Due to intrinsic resistance to a wide panel of antimicrobials, including most antitubercular drugs, treatment of M. abscessus lung disease remains extremely challenging. 17-20 Multidrug regimens are administered for months to years, generally comprising an oral macrolide (clarithromycin or azithromycin) and intravenously administered aminoglycosides (amikacine) and β-lactams (imipenem or cefoxitin). 21-23 Other drugs, such as tigecycline or clofazimine, can be added to strengthen the regimen, mostly in response to toxic side effects or poor clinical response. 24 However, despite intensive chemotherapy, treatment success rates typically remain very low in the case of macrolide resistance (25-40%), which occurs in at least 40-60% of clinical isolates. 25 Thus, given the unsatisfactory performances of the current regimens, more effective drugs are required. Unfortunately, de novo drug discovery efforts to identify new chemical scaffolds are impeded by low hit rates, 26,27 explaining why the M. abscessus drug pipeline focuses mainly on repurposing and reformulation of approved drugs.

In addition to mutations in genes encoding the drug targets conducting to acquired drug resistance, 7,26 the widespread resistome of M. abscessus results also from the low permeability properties of the cell envelope, the expression of a wide range of drug-modifying enzymes, the induction of efflux pumps and the absence or dysfunctional drug-activating enzymes. 17,20,28 The latter, for instance, explains why isoniazid (INH) is totally inactive against M. abscessus. Indeed, it has been recently shown that the catalase-peroxidase KatG MAB is unable to transform INH into an active metabolite. 29 INH, the most efficient first-line anti-TB drug against actively replicating M. tuberculosis, remains the first choice for prophylaxis and treatment. Its biotransformation requires the catalase-peroxidase KatG 30,31 to generate an isonicotinoyl radical that reacts with NAD + to produce an INH-NAD adduct. 32,33 This adduct blocks the enoyl-ACP reductase (InhA) of the type II fatty acid synthase (FAS-II), 34-37 leading to the arrest of mycolic acid biosynthesis. Mycolic acids are essential and unique long-chain (C 70 -C 90 ) α-alkyl, β-hydroxy fatty acids, 35,38 and their inhibition ultimately results in mycobacterial cell death. 39 However, while being a validated drug target in M. tuberculosis, it remains to be established whether InhA represents an attractive target for future drug developments against M. abscessus.

To fill this gap, this study was undertaken to test the hypothesis whether NITD-916, a direct inhibitor of InhA that bypasses the KatG bioactivation process, 40 offers potential for future chemotherapeutic developments against M abscessus. NITD-916 is a 4-hydroxy-2-pyridone lead candidate previously identified in a phenotypic screen against M. tuberculosis that exerts bactericidal activity against common INH-resistant TB clinical isolates. Herein, we aimed at assessing the activity of NITD-916 against M. abscessus S and R strains in vitro, in macrophages as well as in CF lung airway organoids and report the mechanism of action of the inhibitor in M. abscessus.

■ RESULTS

M. abscessus Strains Are Susceptible to NITD-916

Treatment in Vitro. To address whether InhA inhibitors bypassing KatG bioactivation can offer potential chemotherapeutic options against M abscessus, we first screened the literature for commercially available direct InhA inhibitors, previously validated against M. tuberculosis and for which in vitro data and efficacy in mice have been reported. This led to the 4-hydroxy-2-pyridone lead compound NITD-916. 40 Initial experiments revealed that the M. abscessus CIP104536 T S reference strain was particularly susceptible to NITD-916 in CaMHB (MIC = 1.56 μg/mL which is 5 μM). However, as shown previously for other compounds, 41 the MIC was greatly dependent on the medium, with values of 0.195 μg/mL and 6.25 μg/mL in Sauton's medium and Middlebrook 7H9, respectively (Table S1). MICs in an artificial sputum medium (ASM) containing components of the CF sputum 42 were comparable to those obtained in CaMHB.

To determine the effect of the compound in broth culture, exponentially growing M. abscessus was exposed to increasing concentrations of NITD-916, corresponding to 1.25×, 10×, and 20× MIC. This resulted in a noticeable growth inhibition (Figure 1A). However, the number of colony-forming units (CFU) remained relatively stable at the lowest concentration tested during the 3 days of treatment and comparable to those in the inoculum, suggesting a bacteriostatic effect. In addition, the killing effect was not concentration-dependent, at least during the first 2 days of treatment. An additional 1-Log drop was observed after 3 days with 10× or 20× MIC. At these concentrations, NITD-916 resulted in a growth inhibitory effect comparable to the one of imipenem (IPM) used at the MIC (16 μg/mL), a known β-lactam antibiotic active against 43 In addition, while overexpression of KatG from M. tuberculosis restored susceptibility to INH in M. abscessus carrying pSMT3-katG MTB -tdTomato as previously reported, 29 the MIC of NITD-916 remained unchanged in this strain as compared to its parental progenitor (Table S2). This implies that, in contrast to INH, the activity of NITD-916 is KatGindependent in M. abscessus.

The potency of NITD-916 was next assayed using a representative panel of clinical isolates from CF patients or non-CF patients, comprising 8 M. abscessus, 11 M. abscessus, and 9 M. abscessus strains. All these strains were susceptible to NITD-916, similarly to the CIP104536 T reference strains (Figure 1B) and, in general, the MIC of R and S strains were similar, although slight variations were observed between the M. massiliense strains. The MIC values of NITD-916 were found to be much lower than those of rifabutin (RFB), included as a control drug. 41 Overall, these results demonstrate that NITD-916 exerts potent activity on the M. abscessus complex and is equally active against strains isolated from CF and non-CF patients.

NITD-916 Inhibits Intramacrophage Growth of M. abscessus. To assess whether NITD-916 is active against M. abscessus in a macrophage infection model, we next compared the intracellular efficacy of the compound in human THP-1 macrophages infected with either CIP104536 T S or R variants after 1 and 3 days of exposure to the compound (Figure 2A and2B). First, the cytotoxicity of NITD-916 against THP-1 cells was investigated after 1 and 3 days of exposure to the compound. Figure S1 clearly shows that NITD-916 exerts cytotoxicity only at very high concentrations (>100 μg/mL) at both time points. NITD-916-induced cytotoxicity was intermediate between INH (no cytotoxicity at 100 μg/mL) and RFB (100% macrophage killing at 100 μg/mL) after 3 days of exposure to each drug. These results indicate that NITD-916 exhibits very little toxicity at concentrations below 100 μg/mL and, based on these results, all subsequent macrophage studies were conducted with 1.56, 15.6, and 31.2 μg/mL NITD-916, corresponding to 1×, 10×, and 20× MIC. RFB was included as a positive control at 12.5 μg/mL, a concentration at which it significantly reduces the intracellular burden. 41 DMSO-treated macrophages were added as a negative control for intracellular bacterial replication. At 0, 1, and 3 days postinfection (dpi), macrophages were lysed and plated to determine the intracellular bacterial burden after drug treatment. Similarly to the DMSO condition, exposure of macrophages to NITD-916 at 1× MIC failed to inhibit intramacrophage growth of M. abscessus CIP104536 T S (Figure 2A) and CIP104536 T R (Figure 2B) at 1 and 3 dpi. In contrast, exposure to 10× MIC strongly decreased the intracellular bacterial loads at 1 dpi and this effect was further amplified at 3 dpi in both strains. Interestingly, there was no difference between 10× and 20× MIC of NITD-916, and the CFU counts were comparable to those in the inoculum (Day 0), similarly to what was observed in liquid cultures (Figure 1A). In addition, the NITD-916 susceptibility profile for the S variant at 1 and 3 dpi was comparable to that of the R variant, with a ∼2 log reduction in the CFU counts at day 3, reaching the same level of inhibition as RFB (Figure 2A and2B).

We further explored the activity of NITD-916 against S and R clinical isolates of the M. abscessus complex within THP-1 macrophages. Supporting our previous observations with the CIP104536 T reference strains, we found that NITD-916 was very active against all M. abscessus subspecies tested within macrophages at 1 and 3 dpi when compared to day 0 and DMSO treatment, irrespective of S and R morphotype: M. abscessus 2069 (S) (Figure 2C), M. abscessus 2524 (R) (Figure 2D), M. massiliense 179 (R) (Figure 2E), M. massiliense 120 (S) (Figure 2F), M. bolletii 112 (R) (Figure 2G), and M. bolletii 108 (R) (Figure 2H). In all cases, the optimal activity was reached in the presence of 10× MIC of NITD-916. Overall, these results indicate that NITD-916 is a potent intracellular growth inhibitor of M. abscessus.

Intracellular M. abscessus Loads and Cording Are Reduced by NITD-916. THP-1 macrophages were infected with red fluorescent M. abscessus strains expressing TdTomato and exposed to either DMSO, NITD-916, or RFB, stained with anti-CD63 and DAPI, and observed under the microscope. A quantitative analysis highlighted a marked reduction in the percentage of M. abscessus R-infected cells treated with NITD-916 at 10× MIC (while no effect was observed at 1× MIC), which was comparable to the effect observed with 12.5 μg/mL RFB at 1 dpi (Figure 3A). This trend was even more pronounced at 3 dpi. Since the proportion of NITD-916treated infected cells remained similar to the one at day 0, this suggests that the compound is very likely to be bacteriostatic inside the macrophage. Similar results were found when macrophages were infected with M. abscessus S (Figure S2A). Representative immunofluorescent fields illustrate the reduced number of macrophages infected with the R (Figure 3B) or S (Figure S2B) variants treated with NITD-916 at 1 and 3 dpi, as compared to the untreated or DMSO-treated control cells.

Macrophages infected with the R variant were then classified into three classes as judged by their bacterial load content: poorly infected (<5 bacilli/cell), moderately infected (5-10 bacilli/cell), and heavily infected (>10 bacilli/cell). Bacteriacontaining macrophages were then individually observed under the microscope and scored for their belonging to one of the three categories. The quantitative analysis indicates that treatment with NITD-916 at 10× MIC or RFB significantly reduces the percentage of heavily infected THP-1 cells and increases the proportion of the poorly infected category, as compared to the untreated or DMSO-treated cells at 1 and 3 dpi (Figure 3C), with ≈20% of the infected bacilli belonging to the heavily infected category and ≈50% associated with the poorly infected category at 3 dpi. Analysis performed on macrophages infected with the S variant generated a similar category pattern (Figure S2C). Collectively, these data indicate that NITD-916 enters THP-1 macrophages and impedes bacterial replication of both M. abscessus S and R variants.

In contrast to the S variant, strains exhibiting a R morphotype are typified by increased bacterial clumping and R bacilli remain aggregated to generate compact colonies comprising corded structures on agar, in broth medium, and inside macrophages. 8,12,14,41 Figure 3D clearly illustrates that, upon infection with TdTomato-expressing M. abscessus R, the total number of intracellular cords displayed in 30 fields was significantly reduced in the presence of NITD-916 at 10× MIC or 12.5 μg/mL RFB when compared to untreated or DMSOtreated cells, and this effect was maintained at 1, 2, and 3 dpi. 
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The effect was not significant at 1× MIC. Representative images of intracellular cords show the kinetics of cord formation at 1, 2, and 3 dpi (Figure 3E). While very small in size at 1 dpi, cords continue to elongate at 2 dpi and 3 dpi, often leading to a structure capable of extruding out of the cells at 3 dpi, presumably participating in macrophage killing. In the presence of drugs (NITD-916 or RFB), there was a clear reduction in size of the cords as compared to the untreated cells. This effect is supported by a quantitative analysis of the cord surface area (expressed in μm 2 ). While control cords continue to increase in size over time (reaching a surface area >100 μm 2 ), their size remained constant (≈20 μm 2 ) upon exposure to NITD-916 or RFB (Figure 3F). Together, these results indicate that NITD-916 is highly effective in reducing the number and size of M. abscessus cords, which is thought to affect the outcome of the infection.

NITD-916 Reduces M. abscessus Loads in Human Airway Organoids. Lung airway organoids (AO) from healthy individuals have recently been developed to study the early steps of interaction between M. abscessus and the airway. 44 In this biological model where mycobacteria are injected in AO, M. abscessus was found to actively replicate over 7 days in the lumen, and this was accompanied by reduced expression of mucin genes, usually participating in the clearance of pulmonary pathogens. 44 Moreover, AO derived from CF patients were characterized by low CFTR activity and enhanced mucus accumulation, and the subsequent injection of M. abscessus in these 3D structures revealed the production of biofilms formed by the S variant and serpentine cords formed by the R variant. 45 Importantly, both variants replicated more efficiently in CF AO than in AO derived from healthy lungs, thus highlighting the relevance of this model to study the pathogenesis of M. abscessus and to test the therapeutic potential of compounds in a system that recapitulates a CF environment. 45 As illustrated in Figure 4A, CF-derived AO were injected with the M. abscessus S and R variants expressing Wasabi, and drug treatment was commenced 2 h later with NITD-916 at 1.56 μg/mL or 15.6 μg/ mL and with RFB at 12.5 μg/mL, included as a control drug. After 3 days of treatment, fluorescence microscopy showed high bacterial loads in AO left untreated or exposed to 1.56 μg/mL NITD-916, while exposing the AO to the 15.6 μg/mL dose significantly reduced the green fluorescence signal, similarly to the RFB treatment (Figure 4B). AO were then lysed at 3 dpi, and plating the lysates on agar indicated a 2 log increase in the CFU of M. abscessus S in the untreated control 
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or in the presence of 1.56 μg/mL NITD-916 (Figure 4C). In contrast, treatment with either 15.6 μg/mL NITD-916 or 12.5 μg/mL RFB was associated with a striking decrease in the CFU counts, at levels similar to those found in the inoculum (Day 0) (Figure 4C). Very similar results were observed for M. abscessus R-containing AO (Figure 4D and4E). Overall, these results clearly indicate that NITD-916 is active in CF patient-derived AO characterized with severe CF airway dysfunction and susceptibility to M. abscessus infection.

Mutations in inhA MAB Confer High Resistance Levels to NITD-916. Mutations in inhA coding for the enoyl-ACP reductase of the type II fatty acid synthase have been reported previously in M. tuberculosis mutants resistant to NITD-916. 40 To get insights into the mode of action of NITD-916 in M. abscessus, a genetic approach was conducted involving the selection of spontaneous NITD-916-resistant mutants derived from either the smooth (S) or rough (R) M. abscessus parental strains on agar supplemented with 15.6 μg/mL NITD-916 (10× MIC) at frequencies estimated to 2.3 × 10 -7 (S resistant strains) and 2.4 × 10 -6 (R resistant strains). MIC determination of four individual colonies for each morphotype confirmed their high resistance levels (MIC > 100 μg/mL) against NITD-916 while remaining susceptible to RFB and ETH (Table 1). Sequencing the inhA MAB (MAB_2722c) locus identified single nucleotide polymorphisms (SNPs) across the different resistors, leading to amino acid replacements at position 96. In the S resistors, NITD916 R1 and NITD916 R4 , Gly96 was replaced by a Val residue, while in NITD916 R2 and NITD916 R3 , Gly96 was replaced by a Ser residue. All four mutants derived from the R variant (NITD916 R5 to NITD916 R8 ) harbored a G96V amino acid exchange (Table 1). As shown for NITD916 R2 , resistance to NITD-916 was independent of the medium (Table S1).

To validate inhA MAB as a specific target of NITD-916, wildtype and mutated inhA MAB alleles were cloned in frame with a HA-tag under the control of the constitutive hsp60 promoter to allow overexpression of the wild-type and mutated versions of the protein. The resulting constructs, pMV261-inhA MAB , pMV261-inhA MAB (G96V), and pMV261-inhA MAB (G96S), were introduced in both S and R variants and expression of the different InhA MAB variants was confirmed by Western blotting using anti-HA antibodies, while levels of the Ag85 complex remain constant (Figure 5A). Whereas overproduction of the wild-type proteins did not significantly alter the MIC values as compared to the parental progenitors (2-fold effect), overproduction of InhA MAB (G96V) or InhA MAB (G96S) resulted in 8-to 32-fold upshift in the MIC level (Table 2). These effects were specific to NITD-916 as the MIC of RFB against the same recombinant strains were comparable to those of the parental progenitors (Table 2). This indicates that transferring the single point mutations identified in the NITD-916 spontaneous resistant mutants into a susceptible strain is sufficient to confer high resistance levels to NITD-916.

It was previously reported that isoniazid, diazaborine, or ethionamide (ETH) induced the production of a KasAcontaining complex in M. smegmatis and that formation of this complex is a consequence of InhA inhibition while other FAS-II inhibitors such as thiolactomycin or isoxyl, inhibiting KasA and the HadABC dehydratase, respectively, fail to induce this complex. 46 Thus, we inquired whether NITD-916 induces this complex in M. abscessus by probing crude lysates from cultures exposed to 1× and 5× MIC NITD-916 with anti-KasA antibodies. Figure 5B reveals, in addition to free KasA MAB , the presence of an additional immunoreactive band at both concentrations. This protein comigrated with a protein also present in the ETH-treated lysates (used as a positive control of InhA MAB inhibition) while absent in the untreated sample. Importantly, this KasA-containing complex was not induced in strain NITD916 R2 resistant to NITD-916, presumably because the G96S mutation in InhA MAB renders the enzyme insensitive to NITD-916. Overall, these results suggest that InhA MAB is the primary target of NITD-916 in M. abscessus and that its inhibition leads to the induction of a KasA-containing complex.

NITD-916 Inhibits De Novo Mycolic Acid Biosynthesis in M. abscessus. In contrast to M. tuberculosis, M. abscessus does not synthesize oxygenated mycolic acids but produces exclusively α and α′ mycolates, corresponding to long-chain (C 77-79 ) and short chain (C 62-64 ) mycolic acid subspecies, respectively. 47 To interrogate whether NITD-916 inhibits de novo synthesis of mycolic acids, [ 14 C]-labeled lipids were extracted from wild-type M. abscessus cultures treated with increasing concentrations of NITD-916 prior to labeling with 1 μCi/mL [2-14 C]acetate. Mycolic acid methyl esters (MAMEs) and fatty acid methyl esters (FAMEs) were then separated by thin-layer chromatography (TLC). Synthesis of both α and α′ mycolates was dramatically affected in a dose-dependent manner (Figure 6A). De novo synthesis was almost completely abrogated in the presence of 1.56 μg/mL (1× MIC). ETH, a drug known to target InhA and whose biotransformation is dependent on EthA instead of KatG, 48 was included as a positive control. However, due to the elevated MIC of ETH against M. abscessus (25 μg/mL), only partial inhibition was achieved at the concentrations tested. Importantly, no inhibition was noticed in the production of fatty acid methyl esters (FAMEs) during treatment with NITD-916, which indicates that, like ETH or INH, NITD-916 specifically inhibits FAS-II rather than FAS-I, as expected for InhAdependent inhibition.

We next addressed whether resistance to NITD-916 can be linked to an unaltered mycolic acid profile in strains carrying mutations in InhA MAB . Supporting this hypothesis, mycolic acid biosynthesis in strain NITD916 R2 (carrying G96S point mutation) was much more refractory to inhibition by NITD-916 as compared to the wild-type progenitor (Figure 6B). Collectively, these biochemical data underline a mode of action that results in the abolishment of mycolic acid biosynthesis by targeting InhA MAB .

Structural Basis for InhA MAB Inhibition by NITD-916. To demonstrate direct target engagement, we obtained a 1.45 Å resolution crystal structure of InhA MAB bound to NITD-916 and NAD (Figure 7A and Table S3). As described above, 
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resistance mutants arose at residue Gly96. In our structure, the C α of Gly96 residues is in proximity to the 2′-hydroxyl of the NMN portion of NAD as well as the phenyl moiety of NITD-916 (Figure 7A). Mutation of this residue would cause a steric clash with the phenyl ring of NITD-916, potentially explaining the G96S and G96V resistance mutations. Modifying the phenyl ring of NITD-916 could potentially result in molecules which overcome resistance at G96. However, given the proximity to the 2′-hydroxyl of the NMN portion of NAD, mutation of G96 could also cause loss of InhA specific activity and these resistance mutations may not arise in a clinical setting. Residues interacting with NITD-916 are indicated in Figure 7A. Overall, our structure is similar to a previously obtained 3.2 Å resolution structure of InhA MTB bound to NITD-916 and NAD 40 (Figure 7B). The 4-hydroxy-2-pyridin-2-one moiety stacks on top of the nicotinamide ring, presumably where the unsaturated portion of the substrate binds, whereas the 4,4dimethylcyclohexyl moiety projects into the hydrophobic cavity presumably where the lipid portion of the substrate binds. Thus, NITD-916 appears to be a direct substrate competitor. In addition, there appears to be some induced fit upon NITD-916 binding when compared to our structures of the InhA MAB apoenzyme (1.75 Å resolution) or the holoenzyme (1.85 Å resolution) (Figure 7C). Our structures of InhA MAB in the apoenzyme, holoenzyme, and NITD-916 inhibited state show that the residues spanning Thr196 through Gly212 move considerably in response to the ligand-bound state. In the InhA MAB apoenzyme state these residues form a β-hairpin turn and generate an open catalytic cavity. In the holoenzyme state, these residues change to an αhelix which packs tightly against the cofactor and generate a narrow substrate binding cleft. In the inhibited form, this new α-helix moves away from the cofactor to accommodate the binding of NITD-916. These residues and to a lesser extent α6 (numbering using the apoenzyme state) are the only major conformational changes that occur between the different states. Similar conformational changes have been observed previously for InhA MTB substrates (e.g., PDB ID 1BVR 49 ) and other inhibitor-bound structures (e.g., PDB ID 1P44 50 ).

To complement the crystallography work and gain some understanding of the effects of the inhibitor NITD-916 on the thermal stability of InhA MAB , we performed differential scanning fluorimetry (DSF). Apoenzyme InhA MAB had a melting temperature of 39.3 °C (Table S4 and Figure S3). Incubation with the cofactor NAD to generate the holoenzyme resulted in a modest increase in melting temperature to 39.8 °C (ΔT m = 0.5 °C). Generation of the inhibited complex of InhA MAB with NAD and NITD-916 resulted in a large increase in the melting temperature to 54.0 °C (ΔT m = 14.7 °C relative to apo or 14.2 °C relative to NAD alone). Although such stability measurements are not directly correlated with affinity, significant stabilization can be indicative of potency in biochemical experiments.

■ DISCUSSION

The success rate of M. abscessus pulmonary disease treatment remains very poor despite prolonged, multidrug antibiotherapy with an important risk of severe secondary effects, emphasizing the rapid need for more effective treatments. 26 While mycolic acids represent essential cell wall components in mycobacteria and are the primary target of INH and ETH in M. tuberculosis, none of the current drugs used in clinical settings against M. abscessus infections are hitting mycolic acid biosynthesis. However, recent studies have emphasized that this metabolic pathway represents an attractive niche for druggable targets in M. abscessus. First, thiacetazone has proven to bind to the HadA component of the FAS-II HadABC dehydratase complex, leading to mycolic acid inhibition in M. tuberculosis, 51 and thiacetazone derivatives exhibited potent activity against the M. abscessus complex. 52 Second, a large number of hits against M. abscessus have recently been shown to inhibit the transport of mycolic acids across the membrane by targeting the MmpL3 transporter. 27,53,54 In this context, the present study was undertaken to evaluate the potential of inhibiting the FAS-II enoyl-ACP reductase in M. abscessus. In agreement with a previous study, 29 our results indicate that the lack of activity of INH in M. abscessus presumably relies on the incapacity of KatG MAB to convert INH into an active metabolite, while partial susceptibility levels to INH were recovered when overexpressing the katG gene from M. tuberculosis. This indicates that while KatG-dependent inhibition of InhA is compromised in M. abscessus, it opens, however, the possibility of inhibiting mycolic acid biosynthesis via KatG-independent M. abscessus at 1× MIC. This higher MIC value of NITD-916 against M. abscessus as compared to M. tuberculosis 40 is currently not known but may rely on differences in the composition and/or architecture of the cell wall between the two species, potentially affecting cell wall permeability to this inhibitor. In addition, M. abscessus possesses a large number of efflux pumps, which may also contribute to the lower susceptibility of this species to NITD-916. However, at 1× MIC concentration, the compound did not show any activity in M. abscessus-infected macrophages. In contrast, at 10× MIC there was a significant reduction in the intracellular bacterial loads at 1 dpi, which remained comparable at 3 dpi, with similar results obtained against various clinical isolates, with no distinctions between S and R morphotypes. In general, at 3 dpi, the CFU levels remained equivalent to those in the inoculum (Day 0), indicating that NITD-916 behaves as a bacteriostatic drug in the macrophage under the conditions tested. NITD-916 not only reduced the intracellular bacterial burden but also the proportion of infected macrophages, similarly to RFB, a drug recently proposed to be included in drug regimens to reduce treatment duration of M. abscessus pulmonary diseases. 55 Furthermore, exposure of macrophages infected with the R variant to NITD-916 was associated with a reduction in the number and size of cords, presumably resulting from bacterial growth inhibition. Therefore, compounds, such as NITD-916 or RFB, inhibiting intracellular cord formation participate also in the prevention of macrophage death caused by the disruptive activity of cords on macrophage integrity. Consistently, we found that NITD-916 was as active as RFB in CF patient-derived AO recapitulating the CF airway dysfunctions, such as thick mucus, and with increased susceptibility to M. abscessus infection. 45 Thus, our data emphasize an unexploited chemical structure class active against M. abscessus infections with promising translational development possibilities for the treatment of CF patients.

From a mechanistic perspective, our genetic and biochemical studies unambiguously indicate that NITD-916 does not undergo bioactivation by KatG prior to binding to InhA MAB , but rather inhibits biosynthesis of mycolic acids by directly binding to InhA MAB . These assumptions can be inferred from the following results: (i) A panel of spontaneous mutants resistant to NITD-916 harbored point mutations in InhA MAB at residue 96, and the mycolic acid pattern of these mutants remained unchanged upon exposure to NITD-916. Replacement of Gly96 by a more bulky residue is associated with NITD-916 resistance, suggesting that conservation of Gly96 is requested for susceptibility to this compound. Multiple sequence alignments of InhA proteins from different mycobacterial species indicate that Gly96 is very well conserved (Figure S4), thus suggesting that other NTM may be susceptible to NITD-916 inhibition, although this remains to be investigated in future studies. Interestingly, while replacements occurred only at Gly96 in all M. abscessus resistant mutants selected, many more mutations were identified in residues within or near the active site of InhA in M. tuberculosis resistant mutants. 40,56 In addition, strains harboring the InhA MAB G96S or G96V point mutations remained fully sensitive to ETH, as shown previously in M. tuberculosis. 40 (ii) Overexpression of the mutated inhA alleles in a susceptible strain conferred resistance to the inhibitor. (iii) NITD-916 treatment induced the formation of a KasA-containing complex, reported previously as a marker of InhA inhibition. 46 (iv) NITD-916 could be identified in a ternary NITD-916:NAD:InhA MAB costructure. Collectively, these results indicate that NITD-916 shares the same mode of action in M. abscessus and M. tuberculosis and confirms that the biosynthetic steps of mycolic acids represent an excellent pathway to be further exploited in drug discovery programs against M. abscessus. Previous work indicated that NITD-916 has no mutagenic or cardiotoxicity potential and showed no in vitro safety pharmacological liabilities and did not inhibit the major CYP450 isoenzyme 3A4, 40 thus stimulating new medicinal chemistry programs for the rational optimization of NITD-916-related analogues targeting InhA MAB with improved efficacy. Changes in the 4-hydroxy 2-pyridone may include substitutions of the R6 lipophilic group and replacement of the R3 phenyl group with other aromatic substituents. In addition, to increase solubility and lipophilicity, phosphate ester prodrugs are typically designed, favoring oral administration and are rapidly hydrolyzed by intestinal alkaline phosphatases. This has been emphasized by synthesizing a 4-hydroxy methyl phosphate ester prodrug of NITD-916, designated NITD-113, displaying improved aqueous solubility by two log orders and with good bioconversion to NITD-916 in mice. 40 The availability of the InhA MAB crystal structure in complex with NAD and NITD-916 will greatly facilitate and guide the chemistry to generate these analogues. In addition, the very high structural conservation between InhA MAB and InhA MTB is a key factor prompting the future testing of a large panel of validated direct InhA MTB inhibitors against M. abscessus. Indeed, such direct InhA MTB inhibitory scaffolds have been identified in high throughout screenings, encoded library technology, or fragment-based screenings and have received considerable attention during these past few years. 57 Another important feature to consider in future studies relies on the possibility to increase the activity of NITD-916 when given in combination with other drugs. Since any M. abscessus antibiotic has to be clinically administered in combination with other drugs, 22 the absence of drug-drug interactions is critical for clinical development and needs to be checked. Using the checkerboard assay, we found that the Fractional Inhibitory Concentration Index (FICI) values between NITD-916 and most drugs used in clinics were in the 0.5-1.5 range (Table S5), suggestive of an indifferent interaction between the compounds, and thus highlighting the suitability of including NITD-916 in combinational therapy.

■ CONCLUSIONS

This work reports the potent in vitro and intracellular anti-M. abscessus activity of NITD-916 and underscores the strong activity of this unexploited chemical scaffold in CF-derived AO, opening future possibilities for the treatment of CF patients. Subsequent studies should now advance this compound as well as its derivatives into preclinical animal models. Our findings also support the view that targeting mycolic acid biosynthesis has serious translational potential for development into a real tool for treatment and control of M. abscessus pulmonary diseases.

■ METHODS

Mycobacterium abscessus

Strains and Culture Conditions. M. abscessus subspecies abscessus CIP104536 T , M. abscessus subspecies bolletii CIP108541 T , and M. abscessus subspecies massiliense CIP108297 T reference strains as well as clinical strains from CF and non-CF patients were reported earlier. 52,58 Bacteria were routinely grown and maintained at 37 °C in Middlebrook 7H9 broth (BD Difco) containing 0.025% Tyloxapol (Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9 T/OADC ) or on Middlebrook 7H10 agar (BD Difco) containing 10% OADC enrichment (7H10 OADC ). M. abscessus carrying pTEC27 and expressing TdTomato was reported earlier and grown in the presence of 1000 μg/mL hygromycin. 14 M. abscessus smooth and rough strains were transformed with pSMT3-katG MTB -tdTomato 59 and grown in the presence of 1000 μg/mL hygromycin.

For drug susceptibility testing, bacteria were grown in Cation-Adjusted Mueller-Hinton Broth (CaMHB; Sigma-Aldrich). Rifabutin and NITD-916 were purchased from Selleckchem and Merck, respectively, and dissolved in DMSO.

Drug Susceptibility Testing. The minimal inhibitory concentrations (MIC) were determined according to the CLSI guidelines. 60 The broth microdilution method was used in CaMHB with an inoculum of 5 × 10 6 CFU/mL in exponential growth phase. The bacterial suspension was seeded in 100 μL volumes in all of the wells of a 96-well plate, except for the first column, to which 198 μL of the bacterial suspension was added. In the first column, 2 μL of drug at its highest concentration was added to the first well containing 198 μL of bacterial suspension. Two-fold serial dilutions were then carried out, and the plates were incubated for 3-5 days at 30 °C. MICs were recorded by visual inspection. MIC were also determined using Middlebrook 7H9 supplemented with OADC, Sauton's medium, or an artificial sputum medium (ASM) containing components of the CF sputum. 42 Growth Kinetics. To monitor growth inhibition of M. abscessus CIP104536 T (S), 96-well plates were setup as for MIC determination, and serial dilutions of the bacterial suspensions exposed to increasing concentrations of NITD-916 were plated on LB agar plates after 0, 1, 2, and 3 days. Colony-forming units (CFUs) were counted after 4 days of incubation at 37 °C. Results from each drug concentration are representative of 2 independent experiments in triplicates.

Cytotoxicity Assay. Human THP-1 monocytes were grown in RPMI medium supplemented with 10% Fetal bovine serum (Sigma-Aldrich) (RPMI FBS ) and incubated at 37 °C in the presence of 5% CO 2 . Cells were differentiated with 20 ng/ mL Phorbol Myristate Acetate (PMA) in 96-well flat-bottom tissue culture microplates (2 × 10 4 cells/well) for 48 h at 37 °C with 5% CO 2 and exposed to decreasing concentrations of NITD-916, RFB, or INH (starting at 100 μg/mL) for 24 or 72 h at 37 °C with 5% CO 2 . Following incubation, 10% (v/v) resazurin dye was added to each well and left to incubate for another few hours at 37 °C and 5% CO 2 . Data were acquired using a fluorescent plate reader (excitation 540 nm, emission 590 nm).

Intracellular Killing Assay. THP-1 were grown and differentiated into macrophages as reported above but wells were seeded with 10 5 cells. Infection with M. abscessus strains was carried out at 37 °C in the presence of 5% CO 2 for 4 h at a MOI 2:1. After extensive washing with 1× phosphate buffered saline (PBS), macrophages were incubated with RPMI FBS containing 250 μg/mL amikacin for 2 h and washed again with PBS prior to the addition of 500 μL RPMI FBS 
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Triton X-100 after 1 day or 3 days postinfection. Serial dilutions of macrophage lysates were plated onto LB agar plates, and colonies were counted to determine intracellular CFU.

Microscopy-Based Infectivity Assays. Differentiated THP-1 macrophages were grown on coverslips in 24-well plates at a density of 10 5 cells/mL for 48 h at 37 °C with 5% CO 2 prior to infection with M. abscessus expressing TdTomato for 4 h at a MOI of 2:1. After washing and AMK treatment to remove the extracellular bacilli, cells were exposed to DMSO (negative control), RFB, or NITD-916 and fixed at 0, 1, and 3 days postinfection with 4% paraformaldehyde in 1× PBS for 20 min. Cells were then permeabilized using 0.2% Triton X-100 for 20 min, blocked with 2% BSA in PBS supplemented with 0.2% Triton X-100 for 20 min, incubated with anti-CD63 antibodies (Becton Dickinson; dilution 1:1000) for 1 h and with an Alexa Fluor 488-conjugated antimouse secondary antibody (Molecular Probes, Invitrogen; dilution 1:1000) for 45 min. After 5 min of incubation with DAPI (dilution 1:1000), cells were mounted onto microscope slides using Immu-mount (Calbiochem) and examined with an epifluorescence microscope using a 40× objective. Images were acquired by focusing on combined signals (CD63 in green and M. abscessus in red) and captured on a Zeiss Axioimager upright microscope equipped with a 40× and 100× oil objective and processed using ImageJ software. Equal parameters for the capture and scoring of images were consistently applied to all samples. For each condition, approximately 1000 infected macrophages were analyzed. The presence of the intra-or extracellular cords within or among the macrophages infected exclusively with the M. abscessus (R) variant were treated in the presence of DMSO, RFB, or NITD-916, counted, and imaged using fullfield upright microscopy. Areas of intracellular cords were quantified using ImageJ.

Selection of Resistant M. abscessus Mutants and Target Identification. Exponentially growing M. abscessus CIP104536 T S and R cultures were plated on LB agar containing 15.6 μg/mL NITD-916, corresponding to 10× MIC. After 1 week of incubation at 37 °C, four individual colonies deriving from the S and R strains were selected, grown in CaMHB and individually assessed for MIC determination and scored for resistance to NITD-916. Identification of SNPs in the NITD-916-resistant strains was completed by PCR amplification using the primers MAB_2722c s1 (F) 5′-GTG GCA GGA CTA CTT GAG GGC-3′ and MAB_2722c s2 (R) 5′-TCA GAG CAG CTG AGT GTG AGC G-3′ to produce a 810 bp amplicon for full coverage sequencing of the inhA MAB gene.

Cloning and Overexpression of the inhA MAB Alleles in M. abscessus. Wild-type inhA MAB and the corresponding mutated genes harboring the G287T or G286A polymorphisms were amplified by PCR (Q5 polymerase) using genomic DNA prepared from the WT or spontaneous resistant mutants as well the forward 5′-GGG GCA GGA TCC GAG TGG CAG GAC TAC TTG AGG GCA A-3′ and reverse 5′-GGG CTA CGA ATT CTG CTA AGC GTA ATC TGG AAC ATC GTA TGG GTA GAG CAG CTG AGT GTG AGC GC-3′ primers (restriction sites are underlined and HA tag coding sequence is in bold). PCR-amplified fragments were cloned into the BamHI and EcoRI sites of pMV261, 61 and the resulting plasmids were introduced into M. abscessus following selection in the presence of 250 μg/mL kanamycin.

Immunoblotting. Bacteria cultures were collected by centrifugation and lysed using 1 mm diameter glass beads and a Mixer Mill MM 301 (Retsch, Germany) at a frequency of 30 Hz for 10 min. Equal amount of total proteins (10 μg) were separated by 12% SDS-PAGE and transferred to a nitrocellulose membrane prior to Western blot analysis. Primary antibodies used were rat anti-HA (1:5000 dilution), rat anti-KasA (1:2000 dilution), or mouse monoclonal antibody 32/15 (1:10 dilution) recognizing the Ag85 complex. 62 After washing, membranes were incubated for 45 min with an anti-rat or anti-mouse antibody conjugated to HRP (dilution 1:5000), incubated with SuperSignal West Femto (ThermoFisher Scientific) and revealed using a ChemiDoc MP system (Bio-Rad).

Mycolic Acid Analysis. To investigate the drug-induced changes in the mycolic acid profile, M. abscessus cultures were exposed to increasing drug concentrations of either ETH included as a positive control or NITD-916 for 1 h prior to metabolic labeling in the presence of 1 μCi/mL of [2-14 C]acetate (59 mCi/mmol, PerkinElmer) for an additional 2 h under shaking at 37 °C. Extraction of total mycolic acids was carried out as previously reported. 48 Briefly, cell pellets were washed and treated with 15% tetrabutylammonium hydroxide (TBAH) at 100 °C overnight. Fatty acids and mycolic acids were methyl-esterified and extracted in diethyl ether. Lipid extracts were dried and resuspended in dichloromethane and separated by thin-layer chromatography (TLC). Fatty acid methyl esters (FAMEs) and mycolic acid methyl esters (MAMEs) were developed in petroleum ether/acetone (95:5, v/v). The [ 14 C]-labeled FAME and MAME content was analyzed using an Amersham Typhoon imaging system.

Human Bronchial Organoid Culture. The CHU of Toulouse (CHU 19 244 C) and the CNRS (CNRS 205782) approved the use of materials for this study. Organoids were derived from a lung biopsy of a cystic fibrosis heterozygous patient (G542X/1811 + 1.6kbA → G), as previously reported. 45 Organoid Infections. On the infection day, organoids were infected with M. abscessus S and R variants adjusted to OD 600 = 0.2. Organoids in 25 μL drops of Matrigel (Fisher Scientific) were seeded on Nunclon Delta surface 35 × 10 mm Dish (Thermo Scientific). After Matrigel polymerization, 2 mL of airway organoid complete media 45 without N-acetylcysteine and without antibiotics were added to each plate. Organoids were microinjected using a Femtojet microinjector (Eppendorf), as previously described. 44 Two hours after infection, organoids were collected, washed in 1× PBS, embedded into a fresh matrix and treated or not for 3 days with 1.56 μg/mL or 15.6 μg/mL NITD-916 or 12.5 μg/mL RFB.

Live Imaging and Colony-Forming Unit Assay. At day 3 post infection, images of the organoids were acquired under an EVOS M7000 Imaging System (20×, at 37 °C with 5% CO 2 ) (Thermo Scientific). Following image acquisition, infected organoids were individually collected and lysed in 100 μL of 10% Triton X100 in PBS. 44 Serial dilutions of the lysates were plated on LB agar plates and incubated for 4 days at 37 °C prior to CFU counting.

Crystal Structure Determination. M. abscessus InhA (InhA MAB ) was expressed and purified using our standard structural genomics expression and purification protocols reported previously. 63,64 S3: Crystallographic data collection and refinement statistics; Table S4: Differential scanning fluorimetry (DSF) measurements on InhA MAB ; Table S5: Interactions between NITD-916 and other antibiotics using the checkerboard assay; Table S5. Interactions between NITD-916 and other antibiotics against M. abscessus CIP104536 T (S) and CIP104536 T (R) were determined using the checkerboard assay in CaMHB and MICs evaluated by REMA (resazurin microtiter assay). Plates were incubated for 4 days at 30 °C, after which 10 µL (10%, vol/vol) of resazurin 0.025% was added to the wells and incubated overnight at 30 °C.

The Fractional Inhibitory Concentration Index (FICI) was calculated as follows: FICI = (MIC drug A in combination/MIC drug A alone) + (MIC drug B in combination/MIC drug B alone), where drug A was NITD-916 and drug B was imipenem (IPM), amikacin (AMK), rifabutin (RFB), cefoxitin (CFX), bedaquiline (BDQ), clofazimine (CFZ) or EJMCh6 (benzimidazole inhibiting MmpL3). Interaction between the two compounds was defined as synergistic when FICI was ≤ 0.5, indifferent when 0.5 < FICI ≤ 4, and antagonistic when FICI was > 4. Inflammasomes comprise an important response to viral infection. These cytosolic multiprotein complexes are composed of a receptor/sensor, the adaptor protein ASC (at the noticeable exception of the CARD8 inflammasome), and the proinflammatory protease caspase-1 [START_REF] Broz | Inflammasomes: mechanism of assembly, regulation and signalling[END_REF]. Upon inflammasome assembly, caspase-1 autoactivates and processes As previously described, immunoblotting analysis of the expression of inflammasome-forming sensors in human primary epithelial and cell lines highlights that primary bronchial and alveolar epithelial cells specifically express the inflammasome-forming sensor NLRP1 (Figures 1A andS1A and TP1 [telomerase-associated protein]) LRR (Leucine-Rich Repeats) domain. This mechanism also promotes inflammasome signaling in keratinocytes and bronchial epithelial cells infected with the RNA-positive (+RNA) strand Semliki Forest Virus [START_REF] Bauernfried | Human NLRP1 is a sensor for double-stranded RNA[END_REF]. SARS-CoV-2 is a +strand RNA virus that expresses two proteases, a 3CL-(3C-like) protease, namely NSP5, and a chymotrypsin protease, NSP3. Thus, here, we evaluate the ability of NLRP1 to detect SARS-CoV-2 infection.
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RESULTS

NLRP1 triggers an inflammasome response upon SARS-CoV-2 infection of epithelial cells

NLRP1 is expressed in primary airway epithelial cells, but its expression is lost in various human tumor cell lines (Figures 1A, S1A, andS1B), limiting the ability to use these cells to analyze the innate immune response to viral infection. Therefore, we expressed hNLRP1 in the alveolar epithelial cell line A549 ACE2 . This cell line expresses endogenous ASC, caspase-1, and GSDMD (Figure S1A). Fluorescent (GFP)-tagged ASC was coexpressed in some experiments, allowing us to monitor inflammasome assembly upon NLRP1 activation and ASC polymerization (Figure S1B S1E). In addition, only NLRP1-expressing cells contained ASC-GFP specks upon Val-boro treatment, indicating that this fusion protein can be used to monitor inflammasome assembly (Figure S1F).

Emmanuelle Jouanguy, 8,9,10 Olivier Neyrolles, 1 Clare E. Bryant, 11,12 Andres R. Floto, 4 Caroline Goujon, 3 Franklin Zhong Lei, 7,14,15 Guillaume Martin-Blondel, 16,17 Stein Silva, 18 Jean-Laurent Casanova, 8,9,10,19 Ce ´line Cougoule, 1 Bruno Reversade, 5,6,20,21,22 Julien Marcoux, 1 Emmanuel Ravet, 2,25 and Etienne Meunier 1,23,25,27, * Next, we infected A549 ACE2/NLRP1+ or A549 ACE2/NLRP1À cells with various multiplicity of infection (MOI) of SARS-CoV-2 and monitored for cell lysis (LDH release), cell viability (ATP levels), and inflammasome activation (ASC-speck formation) over time (Figures 1B-1D). We observed that SARS-CoV-2 infection triggered a dose-dependent cell death of epithelial cells, a process that was dependent on the NLRP1 expression (Figures 1B and1C). In addition, only cells expressing NLRP1 exhibited active inflammasome complexes upon SARS-CoV-2 infection, hence suggesting that NLRP1 is an innate immune sensor of SARS-CoV-2 infection (Figure 1C). In addition, we observed that such process occurred in the presence of various SARS-CoV-2 variants, suggesting that NLRP1-driven response is not directly impacted by the appearance of those viral mutations (Figure S1G). Although primary bronchial epithelial cells and A549 ACE2/NLRP1+ cells do not express detectable levels of NLRP3, we controlled that NLRP3 was not involved in triggering this process by treating NHBEs and A549 ACE2/NLRP1+ cells with an inhibitor of the NLRP3 inflammasome, namely MCC950 (Figures S1H andS1I). We observed no impact of MCC950 in the ability of SARS-CoV-2 to promote cell death or ASC-speck formation in either NLRP1 + or NLRP1 À cells (Figure S1H). The efficacy of MCC950 was also tested in THP1 human monocyte cell line, which express detectable levels of NLRP3 and inhibited the activation of NLRP3 inflammasome upon exposure with the wellknown toxin nigericin (Figure S1I).

Next, we explored the viral steps that were required for efficient NLRP1 inflammasome activation upon SARS-CoV-2 infection. We used two inhibitors of SARS-CoV-2 replication, namely remdesivir that targets SARS-CoV-2 RNA polymerase and PF-00835231 that inhibits the activity of the 3CL NSP5 protease. Both inhibitors efficiently inhibited SARS-CoV-2 replication in A549 ACE2/NLRP1+ cells as measured by the lack of appearance of the nucleocapsid (N) protein (Figure S1J). When we addressed the ability of both compounds to modulate SARS-CoV-2-dependent NLRP1 activation, we found that cell lysis (LDH release) levels as well as ASC-specks did not appear in presence of those inhibitors (Figures 1D and1E). As control, those inhibitors did not show any effect in inhibiting NLRP1 inflammasome activation when cells were exposed to Val-boro (Figure S1K). Furthermore, the use of the pan-caspase inhibitor Z-VAD potently inhibited SARS-CoV-2-induced NLRP1-dependent cell death both in primary and in A549 ACE2/NLRP1+ cells, suggesting that caspases are important regulators of this process (Figures 1D andS1J).

Finally, we aimed at determining the reproducibility of our observations in primary human epithelial cells. Hence, we used normal human bronchial epithelial cells (NHBEs) and evaluated the importance of NLRP1 in SARS-CoV-2-driven epithelial cell death. Infection of NHBE with various SARS-CoV-2 strains led to the induction of cell death, a process that was strongly impaired in presence of the pan-caspase inhibitor Z-VAD but not in presence of Necroptosis inhibitor Nec1s or the ferroptosis inhibitor Fe1 (Figures 1F andS1L), suggesting a critical function of caspases in SARS-CoV-2driven epithelial cell death. Next, we generated genetic invalidation of NLRP1 gene expression using CRISPR-Cas9 in NHBE cells (Figure 1G). Infection of NHBE WT and NHBE NLRP1À/À epithelial cells with SARS-CoV-2 showed a significant involvement of NLRP1 expression in NHBE cell lysis after 36 h of infection (Figure 1G), hence confirming that NLRP1-dependent cell death occurs both in cell lines and in primary epithelial cells.

Altogether, our results suggest that in airway epithelial cells, NLRP1 behaves as a sensor of SARS-CoV-2, a process that requires viral replication.

SARS-CoV-2 3CL protease-cleaved NLRP1 triggers inflammasome assembly

Next, we wondered about the viral effectors able to drive NLRP1 activation. Both dsRNA and HRV 3C proteases promote NLRP1 degradation by the proteasome system that induces an efficient inflammasome response, a process we also observed upon SARS-CoV-2 infection (Figure S2A) [START_REF] Bauernfried | Human NLRP1 is a sensor for double-stranded RNA[END_REF][START_REF] Hollingsworth | DPP9 sequesters the C terminus of NLRP1 to repress inflammasome activation[END_REF][START_REF] Robinson | Enteroviral 3C protease activates the human NLRP1 inflammasome in airway epithelia[END_REF][START_REF] Sandstrom | Functional degradation: A mechanism of NLRP1 inflammasome activation by diverse pathogen enzymes[END_REF]. However, 3C protease cleaves NLRP1 between Glutamine Q 130 and Glycine G 131 sites, which generates a free Nter 131 Glycine. This allows the recruitment of the Ubiquitin-processing complex Cullin ZER1/ZYG11B and the targeting of ubiquitinated-NLRP1 for proteasome degradation and subsequent release and activation of the Cter UPA-CARD domain [START_REF] Robinson | Enteroviral 3C protease activates the human NLRP1 inflammasome in airway epithelia[END_REF]. Consequently, we infected A549 ACE2/NLRP1+ cells with SARS-CoV-2 in the presence or absence of MLN4924, an inhibitor of the Cullin ZER1/ZYG11B complex, and evaluated the ability of cells to undergo cell lysis (Figure 2A; Eldeeb et al., experiments. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total nuclei. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (D) Cell death (LDH) evaluation in A549 NLRP1+ and A549 NLRP1À airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), NSP5 protease inhibitor PF-00835231 (10 mM), or the RNA-dependent RNA polymerase (RdRp) inhibitor remdesivir (5 mM). (E) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 ACE2/NLRP1+/ASC-GFP and A549 ACE2/NLRP1À/ASC-GFP airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h. Nucleus was stained with Hoechst (blue). Brightfield/ASC-GFP pictures were taken in dish during cell infection. Images shown are from one experiment and are representative of n = 3 independent experiments; scale bars, 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total nuclei. At 2019). The use of MLN4924 markedly inhibited SARS-CoV-2induced NLRP1-dependent ASC-speck formation (Figure 2A). This suggested us that a SARS-CoV-2-dependent proteolytic cleavage of NLRP1 might be of importance in triggering inflammasome response in epithelial cells. As SARS-CoV-2 expresses both a 3CL protease NSP5 and a chymotryspin protease NSP3, we hypothesized that one of those two proteases might cleave NLRP1 and generates a Glycine fragment accessible for Ubiquitination-driven NLRP1 degradation. Hence, we incubated NLRP1 + and NLRP1 À cell lysates with recombinant NSP3 or NSP5 proteases and analyzed by immunoblotting their ability to process NLRP1 by using an anti-NLRP1 N-terminal antibody (generated with the NLRP1 N-term peptide 1-323 aa) (Figures 2B andS2B-S2E). We observed that NSP5 protease cleaved NLRP1 and generated a 38 kDa Nterm-sized peptide, a process that was inhibited by the 3CL protease inhibitor PF-00835231 (Figures 2B, andS2B-S2D). As other coronaviruses also express 3CL proteases, we also incubated lysates of NLRP1-expressing cells with the MERS-CoV and SARS-CoV-1 3CL proteases. As for NSP5, both proteases also cleaved NLRP1 and generated an Nter fragment of similar sizes, suggesting a conserved ability of coronaviruses 3CL proteases to cleave NLRP1 (Figure 2B). Such process was also seen using recombinant NLRP1 protein in the presence of recombinant NSP5 proteases from pathogenic coronaviruses, hence suggesting that NSP5 alone is sufficient to mediate this process (Figures S2B andS2C). To further determine if NSP5 catalytic activity accounts at activating the NLRP1 inflammasome, we expressed doxycycline-inducible NSP5 or its catalytically inactive mutant (NSP5 C145A ) in NLRP1 + and NLRP1 À cells. Monitoring for cell death and ASC-speck formation, we observed a strong ability of the WT NSP5 protease, but not its catalytically dead mutant, to promote both NLRP1-dependent cell death (LDH release) and GFP-ASC-speck formation, suggesting that NSP5 protease activity is required to nucleate an active NLRP1 inflammasome complex (Figure 2C).

Next, we determined where NSP5 cleaves NLRP1. The 3CL protease NSP5 is predicted to cleave after Glutamine (Q) in the amino acid triad LQA, LQS, LQN, or LQG [START_REF] Anand | Coronavirus main proteinase (3CLpro) structure: basis for design of anti-SARS drugs[END_REF][START_REF] Kiemer | Coronavirus 3CLpro proteinase cleavage sites: possible relevance to SARS virus pathology[END_REF]). In addition, our observation that the anti-NLRP1 Nter antibody (aa 1-323) detected a fragment of approximately 38 kDa allowed us to map cleavage to a region in the NLRP1 NACHT domain that contains the sequence 332 LQG 334 (Figures 2B-2D andS2D). Interestingly, protein alignments showed that this sequence is not conserved in murine Nlrp1B isoforms, suggesting that the NSP5-cleavage site in NLRP1 might be species specific (Figure S2D).

Therefore, we generated NLRP1-expressing constructs where Q333 is mutated to an Alanine (NLRP1 Q333A ). We also used previously generated NLRP1 constructs that carry various mutations in Glutamine (Q) at different positions in the Nter domain [START_REF] Robinson | Enteroviral 3C protease activates the human NLRP1 inflammasome in airway epithelia[END_REF]. Lysates from cells expressing the different NLRP1 mutants were incubated with NSP5. The SARS-CoV-2 protease cleaved NLRP1 and generated 38 kDa fragments from all constructs with the exception of NLRP1 Q333A (Figure 2E). To determine if the NLRP1 Q333 site is important for NSP5-mediated NLRP1 inflammasome nucleation, we transduced ASC-GFP expressing cells with the NLRP1 WT or the NLRP1 Q333A construct and monitored for NSP5-induced ASC-speck formation and cell death. Cells expressing NLRP1 WT exhibited ASC-GFP specks, cell death induction, and proteasome/Cullin ligase-dependency upon NSP5 expression (Figures 2F and2G). In contrast, NLRP1 Q333A -expressing cells did not show ASC-GFP specks or robust cell death upon NSP5 induction. We verified that the NLRP1 Q333A construct was still functional using nonprotease activators of NLRP1. Hence, Val-boro treatment induced NLRP1 WT -and NLRP1 Q333A -dependent cell lysis, suggesting that the NLRP1 Q333 site is specifically required for efficient NLRP1dependent cell death upon NSP5 exposure (Figure S2E).

Then, we aimed at determining if SARS-CoV-2-infected epithelial cells also engage NSP5-dependent NLRP1 cleavage. We infected A549 ACE2/NLRP1+ cells with SARS-CoV-2 in the presence of bortezomib. Indeed, as NLRP1 cleavage leads to proteasomal degradation of the cleaved fragments, the used proteasome or Cullin ligase inhibitors allows cleaved fragment of NLRP1 accumulation and their putative observation by immunoblotting approaches. Thus, immunoblotting experiments against NLRP1 showed that SARS-CoV-2 infection in the absence of bortezomib did not allow detecting NLRP1 cleaved fragments (Figure 2H). However, treatment with bortezomib led to the detection of a cleaved NLRP1 fragment in A549 ACE2/NLRP1+ and A549 ACE2/NLRP1Q130A cells, which was not seen in A549 ACE2/NLRP1Q333A cells, hence suggesting that the and are representative of n = 3 independent experiments; scale bars, 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total nuclei (Blue). At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (G) Cell death (LDH) evaluation in A549 NLRP1+ and A549 NLRP1À airway epithelial cell lines expressing a doxycycline (dox)-inducible plasmid encoding NSP5 in the presence or absence of the proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). (H) Western blot examination of NLRP1 cleavage using an anti-NLRP1 N-terminal antibody (aa 1-323) after infection of A549 NLRP1À , A549 NLRP1+ A549 NLRP1Q333A , or A549 NLRP1Q130A airway epithelial cells with SARS-CoV-2 (MOI 0.05) for 24 h in the presence/absence of the proteasome inhibitor bortezomib (0.1 mM, Bort.). NLRP1 N-terminal, NSP5, and ACTIN were immunoblotted. *NS: prominent nonspecific bands, not specific. (I) Cell death (LDH) evaluation in A549 NLRP1+ and A549 NLRP1Q333A airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h. (J) Western blot examination of NLRP1 cleavage using an anti-NLRP1 N-terminal antibody (aa 1-323) after infection of NHBE WT airway epithelial cells with SARS-CoV-2 (MOI 1) for 36 h in the presence/absence of the proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). NLRP1 N-terminal, nucleocapsid, and ACTIN were immunoblotted. (K) Measure of cell lysis (LDH release) in NHBE WT and NHBE NLRP1À/À airway epithelial cells infected with SARS-CoV-2 (MOI 1) for 36 h in the presence/absence of the proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). Data information: images (A, C, and F) show one experiment performed 3 times. Western blot (B, E, H, and J) images are from one experiment performed 3 times. Graphs (C, G, I, and K) show data presented as means ± SEM from n = 3 independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. (legend continued on next page) NLRP1 Q333 site is important for cleavage upon SARS-CoV-2 infection and can be significantly revealed when inhibiting proteasome-driven degradation (Figure 2H). Furthermore, A549 ACE2/NLRP1Q333A cells showed greater resistance to cell death than A549 ACE2/NLRP1+ cells upon SARS-CoV2 infection, arguing that the Q333 site is important for efficient NLRP1 activation during viral infection (Figure 2I).

Finally, we performed NLRP1 immunoblotting in NHBE-infected cells with SARS-CoV-2 and also observed the accumulation of cleaved NLRP1 fragments in the presence of bortezomib or MLN4924 inhibitors (Figure 2J). Both bortezomib and MLN4924 inhibited SARS-CoV-2-dependent cell death in NHBE WT (Figure 2K). Altogether, our results suggest that the SARS-CoV-2 protease NSP5 activates the NLRP1 inflammasome by cleavage at the NLRP1 Q333 site, a process that depends on a functional degradation pathway (Figure S2F).

SARS-CoV-2 3CL protease dampens inflammasome signaling by inactivating Gasdermin D

In order to further understand the mechanism by which SARS-CoV-2 infection impacts cells, we next examined NLRP1 downstream effectors that promote cell death. Once an inflammasome is nucleated, it licenses caspase-1 autoactivation. Subsequent cleavage of the pyroptosis executioner GSDMD activates this pathway. Using CRISPR-Cas9 editing, we generated GSDMD KO lines in NHBE and A549 ACE2/NLRP1+ cells and infected them with SARS-CoV-2 (Figures 3A, 3B, andS3A). However, we failed to detect a reliable involvement of GSDMD at regulating NLRP1-dependent cell death upon SARS-CoV-2 infection or NSP5 induction (Figures 3A and3B). Similarly, immunoblots of infected cell samples (combined supernatants and cell extracts) showed a decrease in the proform of GSDMD (antibody anti-GSDMD-Cter) but also intermediate cleavage bands of GSDMD (25-30 kDa) that do not correspond to the size of active GSDMD (N.B. When using the anti-GSDMD Cter antibody, the expected size of caspase-1-processed GSDMD is around 20 kDa) (Figure 3C). In addition, the use of an antibody that specifically recognizes the active Nter GSDMD fragment failed to detect any active GSDMD (Figure 3B). This result was consistent in A549 ACE2/NLRP1+ and A549 ACE2/NLRP1À cells, suggesting that some protease-based, but inflammasome-independent, mechanism mediates this distinct processing of GSDMD (Figure 3B).

In order to determine whether SARS-CoV-2-encoded enzymes influence GSDMD activation independently of NLRP1, we tested the hypothesis that the GSDMD intermediate bands are generated by a viral protease. Therefore, we checked whether NSP3 and NSP5 directly or indirectly cleave GSDMD. Coincubation of NSP3 and NSP5 proteases with cell lysates led to GSDMD cleavage at distinct sites from caspase-1, suggesting that the SARS-CoV-2 NSP5 protease can cleave GSDMD (Figures 3D andS3B). We also analyzed the ability of NSP5 to cleave other Gasdermins, including GSDME and GSDMB, both expressed in epithelial cells. However, although NSP5 can cleave GSDMD, the viral protease was unable to cleave GSDMB or GSDME (Figure S3B). Next, we checked whether NSP5-cleaved GSDMD is active. GSDMD was incubated with NSP5, and the resulting mixture was subjected to proteomic analysis. This approach detected GSDMD fragments corresponding to the Nter of GSDMD 1-Q 193 (Figure 3E). In order to determine if NSP5 effectively cleaves at the Q 193 site of GSDMD, we expressed GSDMD WT , GSDMD 193A , or GSDMD 335A encoding constructs in A549 GSDMD cells. This approach was previously used to detect enterovirus EV71 3C protease-mediated cleavage at this site [START_REF] Lei | Enterovirus 71 inhibits pyroptosis through cleavage of gasdermin D[END_REF]. Incubation of cell lysates with either NSP5 or recombinant human caspase-1 (CASP1) showed that CASP1 efficiently cleaved all GSDMD constructs (Figures 3F andS3C). However, we observed that NSP5 was unable to process GSDMD Q193A , suggesting that NSP5 cleaves GSDMD at the Q 193 site (Figures 3F andS3C).

Next, we transfected plasmids encoding for NSP5-generated GSDMD fragments in A549 cells and monitored for their pore-forming activity by measuring cell lysis induction. Although caspase-1-generated GSDMD 1-275 fragment showed strong lytic activity in A549 cells, none of the NSP5-generated fragments showed pore-forming activity, suggesting that NSP5-cleaved Nterm GSDMD inhibits GSDMDmediated pyroptosis (Figure 3G). To test our hypothesis, we generated cell expressing GSDMD mutated in the NSP5 cleavage site. Expression of NSP5 protease in cells expressing (C) Western blot examination of Gasdermin D (GSDMD) processing in A549 NLRP1+ cells infected with SARS-CoV-2 at MOI of 0.1 for 24 h. GSDMD was immunoblotted using an anti-C-terminal antibody (recognizes full-length and C-terminal cleaved forms of GSDMD) or with an anti-GSDMD active N-terminal fragment (30 kDa) specific antibody. NLRP1, ACTIN, and SARS-CoV-2 nucleocapsid were also evaluated. NSP5-uncleavable GSDMD (GSDMD 193A ) exhibited enhanced cell death, a process that was lowered in cells expressing WT GSDMD (Figure 3H). To the contrary, Val-boro-induced cell lysis was not altered by the presence of GSDMD 193A (Figure 3H). Finally, SARS-CoV-2 infection also induced higher cell death levels in GSDMD 193A -expressing cells than that in parental cells, suggesting that GSDMD cleavage by NSP5 might lower the efficiency of GSDMD-dependent pyroptosis upon inflammasome activation in epithelial cells (Figure 3I). Those results suggest that NSP5 can also counteract the inflammasome signaling by directly targeting and inactivating GSDMD.

NLRP1-driven caspase-3 activation promotes Gasdermin E-dependent pyroptosis of airway epithelial cells

The ability of epithelial cells to undergo NLRP1-dependent cell death, even in the absence of GSDMD activation, suggests that additional cell death effectors might be activated by SARS-CoV-2 infection. Previous studies revealed that caspase-1 and/or caspase-8 are important for activating caspase-3 (CASP3)/Gasdermin E (GSDME)-dependent cell death in the absence of GSDMD expression [START_REF] Heilig | Caspase-1 cleaves Bid to release mitochondrial SMAC and drive secondary necrosis in the absence of GSDMD[END_REF][START_REF] Orzalli | Virus-mediated inactivation of anti-apoptotic Bcl-2 family members promotes gasdermin-E-dependent pyroptosis in barrier epithelial cells[END_REF][START_REF] Taabazuing | Pyroptosis and apoptosis pathways engage in bidirectional crosstalk in monocytes and macrophages[END_REF][START_REF] Tsuchiya | Caspase-1 initiates apoptosis in the absence of gasdermin D[END_REF][START_REF] Zhou | Gasdermin E permits interleukin-1beta release in distinct sublytic and pyroptotic phases[END_REF]. Depending on the cell type, CASP3/GSDME activation can trigger apoptosis, lytic apoptosis, or pyroptosis. We hypothesized that NLRP1 uses a distinct pathway involving caspase-3 and GSDMD to promote cell death upon SARS-CoV-2 infection. We tested for the presence of active caspase-8, active caspase-3, and cleaved GSDME in SARS-CoV-2-infected cells using immunoblotting. We observed the appearance of caspase-8 and caspase-3 active fragments as well as processed GSDME fragment in A549 ACE2/NLRP1+ and HBE WT but not in A549 ACE2/NLRP1À or NHBE NLRP1À/À cells (Figures 4A and4B). In addition, the pan-caspase inhibitor Z-VAD strongly impaired GSDME cleavage, suggesting that NLRP1-dependent caspase-8 and caspase-3 activation licenses GSDME cleavage (Figure 4A). Furthermore, quantitation of caspase-1 or caspase-3/7 activities in SARS-CoV-2-infected A549 ACE2/NLRP1+ and NHBE WT cells revealed that the activity of both caspases is increased (Figures 4C and4D). However, we noticed that the levels of caspase-1 activity in A549 ACE2/NLRP1+ cells were extremely low (10 times lower) compared with those observed in NHBE WT cells (Figures 4C and4D). Thus, to definitively determine if caspase-1 plays a role in SARS-CoV-2-driven epithelial cell death, we used specific inhibitors of caspase-8, caspase-1, and caspase-3 and monitored their ability to block NLRP1-dependent cell death upon SARS-CoV-2 infection both in A549 ACE2/NLRP1+ and in HBE WT cells. Although caspase-1 inhibition showed a negligible reduction in cell death both in A549 ACE2/NLRP1+ and in NHBE WT cells, the most striking inhibition was observed in the presence of Z-VAD as well as the caspases-8 (Z-IETD)-specific and caspases-3 (Z-DEVD)-specific inhibitors (Figures 4E and4F). These data suggest that in the absence of efficient GSDMD activation, NLRP1 triggers a compensatory pathway involving caspase-8 and caspase-3 in epithelial cells. As caspase-3 can cleave and activate GSDME, which generates pyroptosis in human keratinocytes [START_REF] Orzalli | Virus-mediated inactivation of anti-apoptotic Bcl-2 family members promotes gasdermin-E-dependent pyroptosis in barrier epithelial cells[END_REF], but not in macrophages or monocytes [START_REF] Taabazuing | Pyroptosis and apoptosis pathways engage in bidirectional crosstalk in monocytes and macrophages[END_REF], we explored whether the cell death we observed was caspase-3 and/or GSDME dependent. Hence, we generated A549 ACE2/NLRP1+ cells deficient for either caspase-3 or GSDME and infected them with SARS-CoV-2 (Figure 4G). Analysis of cell death levels (LDH release) showed that both genetic removal caspase-3 and GSDME improved cell survival upon SARS-CoV-2 infection (Figures 4G and4H). Finally, SARS-CoV-2 infection of primary NHBE cells in which GSDME was knocked out supported the hypothesis that GSDME is involved in NHBE lysis upon SARS-CoV-2 infection. In short, our data argue that both caspase-3 and GSDME initiate lytic (A) Western blot examination of Gasdermin E, caspases-3, and caspases-8 processing in A549 NLRP1+ and A549 NLRP1À cells after 24 h of infection with SARS-CoV-2 (MOI 0.05) in the presence or absence of the pan-caspase inhibitor Z-VAD (25 mM). Immunoblots were performed against full-length and processed forms of Gasdermin E (p55 and p30), caspase-8 (p54 and p15), caspase-3 (p35 and p17/19), SARS-CoV-2 nucleocapsid (p40), NLRP1 N-terminal (p130/110), and ACTIN (p40). (B) Western blot examination of Gasdermin E and caspases-3 processing in NHBE WT and NHBE NLRP1À/À cells after 36 h of infection with SARS-CoV-2 (MOI 1). Immunoblots were performed against full-length and processed forms of Gasdermin E (p55 and p30), caspase-3 (p35 and p17/19), SARS-CoV-2 nucleocapsid (p40), NLRP1 N-terminal (p130/110), and ACTIN (p40). (C and D) Measure of caspase-1 (C) and caspase-3/-7 (D) activities in SARS-CoV-2-infected (MOI 0.5) NHBE WT or A549 NLRP1+ cells for 36 h in the presence or absence of inhibitors of caspase-1 (Z-YVAD, 40 mM) or caspase-3/-7 (Z-DEVD, 30mM). Val-boro (5 mM) was used a positive control of NLRP1-driven caspase activity for 10 H. (E) Measure of cell lysis (LDH release) in A549 NLRP1+ or NHBE-infected cells with SARS-CoV-2 (MOI 0.05 and 1, respectively) for 24 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), the caspase-1 inhibitor Z-YVAD (40 mM), the caspase-8 inhibitor Z-IETD (40 mM), or the caspase-3 inhibitor Z-DEVD (30 mM). (F) Western blot characterization of genetic invalidation of CASP3 in A549 population cells using CRISPR-Cas9 approaches and measure of cell lysis (LDH release) in A549 NLRP1+ or A549 NLRP1+/CASP3À -infected cells with SARS-CoV-2 (MOI 0.05) for 24 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), the caspase-1 inhibitor Z-YVAD (40 mM), or the caspase-3 inhibitor Z-DEVD (30 mM). Efficiency of genetic invalidation by single-guide RNAs (sgRNAs) targeting GFP or caspase-3 was evaluated at the whole cell population. (G) Western blot characterization of genetic invalidation of GSDME in A549 population cells using CRISPR-Cas9 approaches and measure of cell lysis (LDH release) in A549 NLRP1+ , A549 NLRP1+/GSDMDÀ , or A549 NLRP1+/GSDMEÀ -infected cells with SARS-CoV-2 (MOIs 0.001, 0.01, and 0.1) for 24 h. Efficiency of genetic invalidation by single-guide RNAs (sgRNAs) targeting GFP or GSDME was evaluated at the whole cell population. (H) Western blot characterization of genetic invalidation of GSDME in NHBE population cells using CRISPR-Cas9 approaches and measure of cell lysis (LDH release) in NHBE WT or NHBE GSDMEÀ/À -infected cells with SARS-CoV-2 (MOIs 0.1, 0.5, and 1) for 36 h. Efficiency of genetic invalidation by single-guide RNAs (sgRNAs) targeting GFP or GSDME was evaluated at the whole cell population. Data information: western blot (A, B, and E-G) images are from one experiment performed 3 times. Graphs (C-G) show data presented as means ± SEM from n = 3 independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. cell death in airway epithelial cells upon SARS-CoV-2 infection (Figure 4I).

Altogether, our results underline the crucial function of apoptotic caspase-3 and pyroptotic GSDME as sentinels that trigger efficient epithelial cell death induction during SARS-CoV-2 infection if the canonical pyroptosis executioner GSDMD is inactive.

NLRP1-dependent pyroptosis restricts the generation of viral infectious particles and promotes the release of alarmins/DAMPs

Next, we wondered about the immunological and microbicidal importance of SARS-CoV-2-induced NLRP1 inflammasome activation in epithelial cells. We monitored the viral titers in A549 ACE2/NLRP1+ , A549 ACE2/NLRP1À , or NHBE WT /NHBE NLRP1À/À cells. Measuring the production of infectious particles by the TCID50 method, we observed that NLRP1-deficient cells were significantly more prone at generating SARS-CoV-2 viral particles (Figures S4A andS4B). However, we failed to see a robust involvement of NLRP1 at controlling SARS-CoV-2 replication as measured by the appearance of genes encoding SARS-CoV-2 RNA polymerase (Figure S4C). This suggested to us that pyroptosis might be a good mean to restrict the generation of mature and infectious viral particles but does not account as a direct replication inhibitory mechanism.

As pyroptosis is a very well-known process able to promote the release of specific caspase-associated inflammatory cytokines (e.g., IL-1B/IL-18) but also various alarmins and DAMPs (damage-associated molecular patterns), we next aimed at determining the importance of NLRP1 at regulating alarmins/DAMPs release upon SARS-CoV-2 infection. We specifically dedicated our analysis on already know alarmins and pyroptosis markers such as HMGB1, IL-18, and IL-1B, but also the caspase-3-derived alarmin interleukin-16 (IL-16). IL-16 is not an inflammasomederived alarmin; however, its cleavage by caspase-3 allows its maturation and release. Hence, given the strong involvement of the caspase-3/GSDME axis in SARS-CoV2-dependent cell death, we also included IL-16 in our analysis as a read out of caspase-3driven cytokine maturation and release. At the exception of IL-1B, all other alarmins/cytokines tested showed an NLRP1-dependent enrichment in the supernatant of infected A549 ACE2/NLRP1+ and NHBE WT cells, hence confirming that NLRP1-dependent pyroptosis in epithelial cells generates robust alarmin and DAMP responses (Figures S4D andS4E).

Plasmatic levels of caspase-3/IL-16 and Gasdermin E are associated with COVID-19 severity Intriguingly, a recent report unveiled that IL-18 and IL-16 are enriched in plasma from severe COVID-19 pneumonia patients, suggesting that the inflammasome route might contribute to the development of the pathology in sensitive patients [START_REF] Lucas | Longitudinal analyses reveal immunological misfiring in severe COVID-19[END_REF]. However, our results suggest that at least in 2D epithelial cell cultures, NLRP1 exhibits some protective function against SARS-CoV-2 infection (Figure S4A). Regarding this, about 20% of patients with critical COVID-19 pneumonia exhibit strong defect either in IFN response or in IFN production, suggesting that the IFN/inflammasome balance might be key in the regulation of COVID-19 severity [START_REF] Asano | X-linked recessive TLR7 deficiency in $1% of men under 60 years old with life-threatening COVID-19[END_REF][START_REF] Bastard | Autoantibodies against type I IFNs in patients with life-threatening COVID-19[END_REF]Bastard et al., , 2021a[START_REF] Bastard | Preexisting autoantibodies to type I IFNs underlie critical COVID-19 pneumonia in patients with APS-1[END_REF][START_REF] Koning | Autoantibodies against type I interferons are associated with multi-organ failure in COVID-19 patients[END_REF][START_REF] Zhang | Inborn errors of type I IFN immunity in patients with life-threatening COVID-19[END_REF]. Therefore, to test this hypothesis, we expressed NLRP1 in A549 ACE2 cells deficient for the expression of MAVS, a central modulator of interferon production upon SARS-CoV-2 infection (Figures S5A-S5C). We next infected A549 ACE2/NLRP1À/MAVS+ , A549 ACE2/NLRP1+/MAVS+ , A549 ACE2/NLRP1À/MAVSÀ , and A549 ACE2/NLRP1+/MAVSÀ cells with SARS-CoV-2 and monitored for cell death. We observed a very strong induction of NLRP1-dependent cell lysis in MAVS-deficient cells, when compared with MAVS-expressing cells after 24 h of infection, suggesting that in absence of a proper IFN response, SARS-CoV-2 hyper replication triggers NLRP1 over activation (Figure S5A). As consequence, the release of the caspase-3-derived alarmin IL-16 as well as IL-18 in the supernatant of MAVS-deficient cells was strongly increased in response to SARS-CoV-2 (Figure S5B). Relying on those observations, we hypothesized that in healthy patients, where the IFN and inflammasome responses are well balanced, NLRP1 might actually be protective, a process completely lost in absence of a proper IFN response.

We obtained plasma samples from SARS-CoV-2 patients admitted at the hospital who exhibited three different profiles (WHO Working Group on the Clinical Characterization and Management of COVID-19, 2020). First, patients with moderate (nonhypoxemic) COVID-19 pneumonia on admission and throughout their stay at the hospital (group ''Moderate'' with a WHO score of 5); second, patients with moderate COVID-19 on admission with subsequent clinical worsening and severe COVID-19 (WHO score >5) requiring intensive care unit (ICU) admission (group ''Moderate / Severe''); and third, patients with severe disease requiring ICU already on admission (group ''Severe'') (Figures 5A andS5D).

We sampled 10-15 patients from each category, and already in this small cohort, we were able to distinguish significant trends in the levels of various pyroptosis markers, including a strong correlation between increased levels of plasma caspase-3 (CASP3), cleaved caspase-3, IL-18, IL-16, GSDMD, and GSDME with the severity status of patients (Figure 5A). IL-6 also showed deep correlation with COVID-19 severity as previously described; however, we failed to detect significant differences in IL-1B levels among the different type of patients we assayed (Figure 5A). As genetic or acquired alterations in IFN signaling pathways account for patient sensitivity to SARS-CoV-2 infection, we also analyzed plasma from patients with critical disease due to either genetic inactivating mutations of type I IFN signaling (TBK1, IFNAR1, and IRF7) or developing high titers of autoantibodies against type IFNs [START_REF] Bastard | Autoantibodies against type I IFNs in patients with life-threatening COVID-19[END_REF][START_REF] Zhang | Inborn errors of type I IFN immunity in patients with life-threatening COVID-19[END_REF]. As control, plasma from low/mid/severe patients were used to determine the relative differences of pyroptosis markers between those patients. All patients with IFN alterations showed a strong enrichment of IL-16, IL-18, CASP3, cleaved CASP3, GSDMD, and GSDME as previously seen with patients exhibiting severe COVID-19 (Figure 5A; [START_REF] Lopez | Early nasal type I IFN immunity against SARS-CoV-2 is compromised in patients with autoantibodies against type I IFNs[END_REF][START_REF] Wijst | Type I interferon autoantibodies are associated with systemic immune alterations in patients with COVID-19[END_REF]. Should NLRP1 specifically be involved will however require the development of more complex models such as humanized mouse for NLRP1. Nevertheless, our findings support a model between pyroptosis-associated markers and COVID-19 severity either in severe COVID-19 or in IFN-altered patients.

DISCUSSION

Our study identifies NLRP1 as a central sensor of SARS-CoV-2 3CL protease NSP5 but also highlights NSP5 as a virulence factor against GSDMD-mediated pyroptosis. In line with pioneering studies on the ability of picornavirus 3C proteases to cleave human NLRP1 at a different site (Q 130 -G 131 ) and promote its activation, our study suggests that human NLRP1 is a broad protease sensor that carries evolutionary conserved decoy capabilities [START_REF] Robinson | Enteroviral 3C protease activates the human NLRP1 inflammasome in airway epithelia[END_REF][START_REF] Tsu | Diverse viral proteases activate the nlrp1 inflammasome[END_REF]. Since human exposure to pathogenic coronavirus is relatively recent, how NLRP1 and GSDMD are so specifically targeted by viral proteases remains puzzling. Answers may come from future studies that test whether NLRP1 and GSDMD are targets of viral proteases from nonpathogenic coronaviruses. Regarding this, the 3C protease from EV71 enterovirus was shown to cleave and inactivate GSDMD at the 193Q site [START_REF] Lei | Enterovirus 71 inhibits pyroptosis through cleavage of gasdermin D[END_REF]. It is tempting to speculate that 3C and the closely related 3CL proteases might share conserved targets. Beyond this, two recent studies showed a particular ability of the bacterial pathogen Shigella flexneri to ubiquitinate both GSDMD and GSDMB and target them for proteasomal degradation, thereby allowing Shigella to establish a replicative niche in human cells [START_REF] Hansen | Pathogenic ubiquitination of GSDMB inhibits NK cell bactericidal functions[END_REF][START_REF] Luchetti | Shigella ubiquitin ligase IpaH7.8 targets gasdermin D for degradation to prevent pyroptosis and enable infection[END_REF].

Beyond epithelial detection of pathogenic coronavirus proteases by NLRP1, the cytokine storm observed in SARS-CoV-2 associates with a NLRP3 inflammasome signature mostly driven by myeloid cells. Whether exaggerated NLRP1 inflammasome activation or a lack of NLRP1 response directly or indirectly promotes an NLRP3-dependent response in patient myeloid cells is an important future question to pursue. Similarly, recent findings from Bhaduri-McIntosh lab identified SARS-CoV-2 Orf3a as a trigger of the NLRP3 inflammasome in epithelial cells [START_REF] Xu | SARS-CoV-2 viroporin encoded by ORF3a triggers the NLRP3 inflammatory pathway[END_REF]. In our epithelial cell models, we failed to detect robust NLRP3 expression; however, we always worked in the absence of priming. Whether, priming with various PRR ligands might promote NLRP3 expression in epithelial cells warrants further investigations.

Induction of a well-balanced innate immune response is central to controlling microbial infections, including those triggered by pathogenic coronaviruses (Broggi et Overall, our results place the NLRP1 inflammasome as an innate immune sensor of the SARS-CoV-2 3CL protease but also highlight the virulence mechanisms by which this devastating virus counteracts cell intrinsic immunity.

Limitations of the study

The lack of conservation of the NLRP1 proteins between mice and humans strongly limits the physiopathological translation of our results into a broader and more complex model such as mice. The generation of humanized models in the future should help to determine the importance of the NLRP1 inflammasome in pathogenic coronavirus infections. Finally, although NLRP1 might be of importance to generate proinflammatory mediators at the epithelial barrier level, its role in the development of a cytokine storm observed in patients exhibiting severe COVID-19 has not been formally demonstrated in our study, which will require further investigations. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Safety procedures

All described experiments involving SARS-CoV-2 infections (Microscopy of infected cells, Cell death assays, ELISA, sample preparation for Immunoblotting, virus production, TCDI50, RNA extraction) have been entirely performed and processed in a Biosafety Level 3 facility.

Ethical approvals of human studies COVID-BioToul

Clinical data and blood samples for plasma isolation and cryopreservation were collected at the Toulouse University Hospital, France, in the frame of the COVID-BioToul biobank (ClinicalTrials.gov Identifier: NCT04385108). All donors had given written informed consent and the study was approved by the ethical review board ''Comite ´de Protection des Personnes Est-III'' (ID-RCB 2020-A01292-37). Plasma samples were collected on admission to the hospital for COVID-19 proven by a positive PCR performed Plasma and serum samples from the patients were frozen at À20 C immediately after collection.

Cell culture

Vero E6, Calu, THP1, HEK 293FT, THP1 Nlrp3-/-and A549 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-glutamine. Primary airway epithelial cells were from Epithelix and NHBE cells were from Lonza (CC-2540 and CC-2541). Normal Human Bronchial Epithelial (NHBE) cell Air-Liquid interface (ALI) culture NHBE cell culture was performed as suggested by the manufacturer (Lonza, B-ALI kit 00193514). Briefly, cells were seeded onto collagen-coated (0.03mg/mL) HTS Transwell-24 well permeable supports (Corning, CLS3379) at a density of 5. 10 4 cells per insert for three days in B-ALI Growth Medium (Lonza, B-ALI kit 00193514). Cells were then cultured at the air-liquid interface in B-ALI Differentiating Medium (Lonza, B-ALI kit 00193514) at 37 C/5%CO2 for 20 days, with a medium change every two days.

For SARS infections, 100mL of 5.10 4 (MOI 0.5), 1. 10 5 (MOI 1) or 2.10 5 (MOI 2) viral inoculum were added on cells for 3 hours. After washing two times the cells, medium was then replaced by B-ALI Differentiating Medium and cells were incubated for 24-36 hours before cell processing for further experiments.

For histological experiments, primary NHBEs were fixed for 30 minutes then processed using a Tissue-Tek VIP 6 and embedded using a Tissue-Tek TEC 5 (Sakura). Transwells were bisected and embedded vertically before sectioning. Serial paraffin sections (4 mm) were prepared using a RM2135 rotary microtome (Leica), then deparaffinised with xylene and rehydrated with graded ethanols and water. For immunohistochemical staining, sections were heated for 15 minutes at 98 C in a citrate acid-based antigen unmasking solution (Vector Laboratories), then endogenous peroxidase activity blocked with 3% hydrogen peroxide for 15 minutes. Slides were stained in goat serum (1:5; G9023, Sigma) containing mouse monoclonal anti-SARS-CoV-2 spike (1:1000; GTX632604, GeneTex) for 90 minutes at 37 C. Following washing with TBS, sections were incubated with goat anti-mouse immunoglobulins/ HRP (1:100; Dako) for 30 minutes at room temperature. Staining was visualised by application of diaminobenzidine for five minutes. For Alcian blue/periodic acid -Schiff (AB-PAS) staining, slides were stained in 1% Alcian blue in 3% acetic acid (Pioneer Research Chemicals) for five minutes, washed with water, then oxidised in 1% aqueous periodic acid (Acros Organics) for five minutes. Following another washing step, sections were stained in Schiff reagent (Thermo Fisher) for 10 minutes. All slides were counterstained with haematoxylin to stain the nuclei and mounted in DPX Mountant (Sigma-Aldrich) using a CV5030 fully automated glass coverslipper (Leica), then digitally scanned using a Nanozoomer 2.0HT at 40x objective (Hamamatsu).

METHOD DETAILS

Cell engineering

To reconstitute the NLRP1 inflammasome pathway in A549, cells were transduced with VSV-G pseudotyped lentiviral vector carrying the NLRP1 gene (NCBI accession NP001028225.1) and/or asc (NCBI accession NP037390.2) fused to gfp. To render cells permissive to SARS-CoV-2 infections cells were transduced with VSV-G pseudotyped lentiviral vector carrying the ace2 (NCBI accession NP068576.1) and tmprss2 (NCBI accession NP001128571.1) genes. Engineered A549 cell lines were characterized for NLRP1, ASC-GFP, ACE-2 and TMPRSS2 expression by q-RT-PCR, immunoblot and flow cytometry. cell debris were removed by centrifugation, and aliquots were frozen at À80 C. Viral stocks were titrated by plaque assays in Vero E6 cells. Typical titers were 5 to 103 10 6 PFU/ml.

The day prior to infection, 50,000 or 250,000 A549-ACE2-TMPRSS2, expressing or not NLRP1, cells were seeded in 96-well or 24-well tissue culture plates respectively in 10% FBS DMEM supplemented with 10mM HEPES (Gibco) and 1% penicillin-streptomycin (Gibco), and then incubated overnight at 37 •C in a humidified, 5% CO 2 atmosphere-enriched chamber. The day after, cells were infected with mNeonGreen SARS-CoV-2 or the BetaCoV/France/IDF0372/2020 strains at indicated MOI in 50 ml DMEM supplemented with 10mM Hepes, 1% penicillin-streptomycin and 1% L-Glutamine for 1h at 37 C. Then, culture medium was completed up to 200 ml with DMEM or Opti-MEM.

Virus titration by TCID 50 calculation

The day prior to infection, 50,000 VeroE6 cells per well were seeded in 96-well tissue culture plates using 10% FBS DMEM, and then incubated overnight at 37 •C in a humidified, 5% CO2 atmosphere-enriched chamber. On the day of infection, serial 2.5-fold dilutions (from 10 À1 to 10 À6.5 ) of the A549 cell culture supernatant were prepared in DMEM and used to infect Vero E6 cells; each dilution was tested in four replicates. The plates were incubated for at least 96 h and observed to monitor the development of cytopathic effect (CPE) using an EVOS Floid microscope (Invitrogen). Viral titers, expressed as TCID50/mL, were calculated according to both Reed and Muench and Karber methods based on three or four replicates for dilution (Reed and Muench, 1938).

Viral replication determination by qRT-PCR

The day prior to infection, 100,000 NHBE, A549-ACE2-NLRP1-or A549-ACE2-NLRP1+ cells per well were seeded in 48-well plates. As previously described (Rebendenne et al., 2021), cells were infected or not with SARS-CoV-2 at the indicated MOI and harvested 24 h and 48 h later, and total RNA was extracted using the RNeasy kit (Qiagen) employing on-column DNase treatment, according to the manufacturer's instructions. 125 ng of total RNAs were used to generate cDNAs. To quantify SARS-CoV-2 RNAs, the cDNAs were analyzed by qPCR using published RdRp primers and probe (Corman et al., 2020), as follow: RdRp_for 5'-GTGARATGGT CATGTGTGGCGG-3', RdRp_rev 5'-CAAATGTTAAAAACACTATTAGCATA-3', and RdRp_probe 5'-FAM-CAGGTGGAACCTCAT CAGGAGATGC-TAMRA-3'. A standard curve was used in parallel to calculate relative cDNA copy numbers and confirm the assay linearity. qPCR reactions were performed in triplicate, in universal PCR master mix using 900 nM of each primer and 250 nM probe or the indicated Taqmans. After 10 min at 95 C, reactions were cycled through 15 s at 95 C followed by 1 min at 60 C for 40 repeats. Triplicate reactions were run according to the manufacturer's instructions using a ViiA7 Real Time PCR system (ThermoFisher Scientific).

Cell death

Cell death was measured by quantification of the lactate dehydrogenase (LDH) release into the cell supernatant using LDH Cytotoxicity Detection Kit (Takara). Briefly, 50 mL cell supernatant were incubated with 50 mL LDH substrate and incubated for 15 min. The enzymatic reaction was stopped by adding 50 mL of stop solution. Maximal cell death was determined with whole cell lysates from unstimulated cells incubated with 1% Triton X-100.

Cell viability

Cell viability was measured by quantification of intracellular ATP using CellTiter-GloÒ One Solution Assay (Promega) according to manufacturer's instructions.

Cytokins/Alarmins quantification

Human cytokines secretion were quantified by ELISA kits, according to the manufacturer's instructions, IL-1B (Thermo Fisher Scientific, (88-7261-77), IL-6 (BD, 555220), IL-16 (R&D, DY316), Caspase 3 (Invitrogen, BMS2012INST), Gasdermin E (AG-45B-0024-KI01), Gasdermin D (Abcam, ab272463), Cleaved Caspase-3caspase-3 (Abcam, ab220655). Before use, the samples were diluted 1/3 to 1/5 with their respective assay diluents. IL-18 was quantified using IL-18 Reporter HEK 293 Cells according to the manufacturer's instructions (InvivoGen). HMGB1 was quantified by ELISA according to the manufacturer's instructions (Novus Biologicals).

Caspase activities

Caspase (G8090, G9951, Promega) activity were addressed in cells after 24 hours treatment or infection according to the manufacturer instructions.

Top-down LC-MSMS

Nano-LC-MSMS analyses of Gasdermin-D were performed on a nanoRS UHPLC system (Dionex) coupled to an LTQ-Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific). Briefly, a total of 5 mL of sample at $1-5 mM was loaded onto a reverse-phase C4-precolumn (300 mm i.d. 3 5 mm; Thermo Fisher Scientific) at 20 mL/min in 2% acetonitrile (ACN) and 0.2% formic acid (FA). After 5 minutes of desalting, the precolumn was switched online with an analytical C4 nanocolumn (75 mm i.d. 3 15 cm; in-house packed with C4 Reprosil) equilibrated in 95% solvent A (5% ACN, 0.2% FA) and 5% solvent B (0.2% FA in ACN). Proteins were eluted using a binary gradient ranging from 5% to 40% (5 minutes) and then 40% to 99% (33 minutes) of solvent B at a flow rate of 300 nL/min. The Fusion Tribrid (Thermo Fisher Scientific) was operated in positive mode with the Xcalibur software (Thermo Fisher Scientific). The spray voltage was set to 1900 V, the ion transfer tube temperature to 350 C, the RF lens to 60%, and no in-source dissociation was applied.

MS scans were acquired in the 1000-2000 m/z range, in the Orbitrap at 7500 resolution with the following parameters: 10 mscans for averaging, AGC target set to 3e5 and maximum injection time to 50 ms. 3 second MSMS cycles were used, with the following parameters: HCD activation was done with 25% activation energy, MSMS spectra were acquired in the Orbitrap at 60000 resolution. The AGC target was set to 1e6 and the maximum injection time to 400 ms. Dynamic exclusion for 60 s was used within 30 s to prevent repetitive selection of the same precursor (selection tolerance: ±20ppm) and improve the number of identified proteins. LC-MSMS.raw files were automatically deconvoluted with the rolling window deconvolution software RoWinPro and the proteoform footprints were visualized with VisioProt-MS v2.0. Spectra identification was done in Proteome Discoverer (Thermo Fisher Scientific) v.2.3, using a three Tier seach including an Absolute Mass Search (precursor mass tolerance -100 Da, fragment mass tolerance -10ppm) followed by a Biomarker Search (no enzyme precursor tolerance -100 ppm, fragment mass tolerance -50 ppm) and a last Absolute Mass Search (precursor mass tolerance -1000 Da, fragment mass tolerance -10 ppm). The identified truncated proteoforms were then manually validated. The search database was generated using a custom made.fasta file containing the sequences of GSDMD and the 3CL protease.

Human recombinant Gasdermin D production and purification

Human recombinant Gasdermin D fused with an N-terminus hexahistidine-MBP-tag was expressed in BL21 (DE3) E coli strain and purify according to Shiyu Xia et al. (Monitoring Gasdermin pore formation in vitro, Methods Enzymol. 2019; 625: 95-107.) with slight modifications. Briefly, after cell harvest, bacteria were lysed by sonication under ice and recombinant human Gasdermin D was purified by a first nickel metal affinity chromatography (Takara). The 6His-MBP tag was removed by O/N TEV digestion at 4 C and a second nickel metal affinity chromatography was performed to separate the Gasdermin D (unbound fraction) from the 6His-MBP tag. After sample concentration, a Superdex 200 size exclusion column (GE Healthcare) was done as a final purification step.

Immunoblot

Cells lysates were homogenized by pipetting up and down ten times and supplemented with laemli buffer (1X final) before boiling sample for 10 min at 95 C. Cell lysates were then separated by denaturing SDS-PAGE and transferred on PVDF membrane. After transfer, the membrane is saturated 1h at room temperature in TBS-T (Tris 10 mM pH 8, NaCl 150 mM, Tween 20 0.05%) containing 5% nonfat milk. Then, the membrane is incubated overnight at 4 C with the different primary antibodies, under agitation. After 3 washes with TBS-T, the membrane is further incubated with the secondary antibodies coupled with the peroxidase enzyme HRP (horseradish peroxidase) for 1 hour at room temperature and under agitation. Then membranes are washed 3 times with TBS-T. The blots are revealed with the ECL revelation kit (Advansta) and images are acquired using ChemiDoc Imaging System (BioRad). The primary antibodies and secondary antibody used are listed in Reagent key resources table.

In vitro cleavage assays

Recombinant proteins

The human purified recombinant gasdermin D (6 mM final concentration), produced and purified in the lab or the human recombinant NLRP1 (0.7 mM final concentration), from Origen (CAT#: TP316481) was incubated in 20 mM Tris at pH7,5 150 mM NaCl 1 mM DTT with recombinant SARS-CoV-2 3CL protease (Sigma-Aldrich SAE0172, R&D Systems, Novus Biologicals), recombinant SARS-CoV-2 PL pro recombinant (Sigma-Aldrich) SARS-CoV-1 or MERS-CoV 3CL (Novus Biologicals) at molar ratio of 3:1 otherwise as indicated in figure legends, for O/N at 4 C, in presence or absence of protease inhibitor (PF-00835231, 10 mM -Selleck Chemicals S9731). Human recombinant caspase 1 (Abcam 39901) was used as a positive control of the gasdermin D cleavage. Then, to detect gasdermin and NLRP1 cleavage(s), samples were analyzed on a SDS-PAGE follow by Coomasie blue staining or by immunoblot following transfer to PVDF membrane. When a cleavage occurred, fragments identification was done by IPBS mass spectrometry platform.

Cell lysate

Cell lysate of A549 and A549-NLRP1 cells was prepared as following: one day before lysis, 2,5 x 10 5 cells were plated in 24 well plate. The day of lysis, medium was removed and cells were washed once with ice cold PBS 1X (Phosphate Buffered Saline) and incubated for 30 min on ice in 60 mL of protease assay lysis buffer (20 mM Tris-HCl pH 7.4, 135 mM NaCl, 1% Triton X-100, 10% glycerol). Cell lysate was then collected, and clarified from insoluble fraction by centrifugation at 14,000 rpm for 30 min at 4 C before being stored at -80 C for further assays.

Cell imaging

Cells were images in BSL-3 facility under EVOS Floı ¨d (Invitrogen) fluorescent microscope with 20 X objective.

Sample preparation for immunoblot

At the end of the experiment, cell' supernatant was collected and soluble proteins from cell supernatant fraction were precipitated using trichloroacetic acid (TCA) as described previously (Eren et al., 2020). Precipitated pellet was then resuspended in 50 mL of RIPA buffer plus laemli supplemented with protease inhibitor cocktail (Roche). Adherent cells were lysed in 50 mL of RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 1% Triton X-100, 0.5% Na-deoxycholate) supplemented with protease inhibitor cocktail (Roche). Collected cell lysate was homogenized by pipetting up and down ten times and supplemented with laemli buffer (1X final). Cells and supernatant fractions were heat for 20 min at 80 C in BSL-3 facility. Sample were then taken out of BSL-3, and boiled for 15 min at 95 C. Cell lysate and cell supernatant fraction were then analyzed by immunoblot either individually or in pooled sample of lysate plus supernatant (equal vol/vol).

Generation of knock-out cells by CRISPR/Cas9

A549 cells were transfected using lipofectamine LTX transfection reagent, in presence of NATE 1X (Invivogen) with (pCas9-GFP) to allow transient expression of Cas9-GFP and sgRNA targeting Gasdermin D (TTAGGAAGCCCTCAAGCTCA and GAATGTGTACTCGCTGAGTG), Gasdermin E (CAGTTTTTATCCCTCACCCT and TAAGTTACAGCTTCTAAGTC), MAVS (ACCTC GCCCATCAACTCAACCCGTGC and ACCTCAGCAGATGATAGGCTCGGCC) and Caspase 3 (CATACATGGAAGCGAATCAA and TGTCGATGCAGCAAACCTCA). 48h after transfection, GFP-expressing cells were isolated by fluorescence associated cell sorting, diluted in single clones and knock-out clones were screened by PCR, and western blot. Alternatively, A549 cells were transduced with lentiviral vectors coding for Cas9 and blasticidin resistance cassette, and lentiviral vectors coding for sgRNA and puromycin resistance cassette. 48h after transduction, cells were selected during 2 weeks and blasticidin/puromycin double resistant cells were used in functional assays.

NHBE deficient cells were obtained by using Ribonucleoprotein (RNP) technic [START_REF] Everman | Primary airway epithelial cell gene editing using CRISPR-Cas9[END_REF]. Briefly, RNP mixes containing Cas9 protein (90pmoles, 1081059, IDT), gRNA (450pmoles) and electroporation enhancer (1mL/Mix, 1075916, IDT) were electroporated using the Neon transfection system (Life Technologies) in T Buffer (Life Technologies). Settings were the following: 1900 V Voltage, 10 Width, 1 Pulse, 20ms.

The following sgRNA targeting NLRP1 (GCTCAGCCAGAGAAGACGAG/KO1, GATAGCCCGAGTGACATCGG/KO2, AGCCC GAGTGACATCGGTGG/KO3) GSDMD (TTAGGAAGCCCTCAAGCTCA/KO1/2, GAATGTGTACTCGCTGAGTGKO3/4, AGGTTGA CACACTTATAACG/KO5) or GSDME (GTCGGACTTTGTGAAATACG/KO1, CAGTTTTTATCCCTCACCCT/KO2 and TAAGTTA CAGCTTCTAAGTC/KO3) were used for the purpose of this study. Genetic invalidation efficiency was tested by immunoblotting after 21-28 days of cell differentiation onto Transwell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical data analysis was performed using Prism 8.0a (GraphPad Software, Inc.). Comparison of two groups was performed using T-test with Bonferroni correction. Otherwise specified, data are plotted as mean with SEM. P values are given in figures. Significance is defined as *p % 0.05; **p % 0.01, ***p % 0.001.

Nigratine (also known as 6E11), a flavanone derivative of a plant natural product, was characterized as highly specific non-ATP competitive inhibitor of RIPK1 kinase, one of the key components of necroptotic cell death signaling. We show here that nigratine inhibited both necroptosis (induced by Tumor Necrosis Factor-α) and ferroptosis (induced by the small molecules glutamate, erastin, RSL3 or cumene hydroperoxide) with EC 50 in the µM range. Taken together, our data showed that nigratine is a dual inhibitor of necroptosis and ferroptosis cell death pathways. These findings open potential new therapeutic avenues for treating complex necrosis-related diseases.

Advances in systems biology have revealed that single-target compounds are less efficient in preventing or curing complex diseases such as neurodegenerative diseases 1,2 . Drug discovery failures in complex cases, including Alzheimer's disease (AD), suggest that the definition of a "magic bullet" (i.e., drug selective for a single molecular target), the scientific concept developed by Paul Ehrlich more than a century ago 3 , may need to be revised. The development of multi-target-directed ligands (MTDLs) for AD treatment is a notable example of promising therapeutic strategies 2 . Moreover, the central nervous system (CNS) drugs most effective clinically, such as clozapine for treatment of schizophrenia, act as "magic shotguns": non-selective drugs with pleiotypic actions 4 . These compounds are effective in treating complex human disorders because they are able to modulate multiple targets involved in the pathophysiological processes, a strategy called polypharmacology. Synergistic effects are also among the main advantages of this combined therapeutic approach 5 . This strategy is now widely used in drug development as evidenced by the fact that, from 2015 to 2017, 21% of the new molecular entities (NMEs) approved by the food and drug administration (FDA) are multi-target drugs (by contrast, 34% were single-target small molecules) 6 .

The systemic breakdown of physiological networks in disease is not restricted to brain tissue; it is observed in numerous other tissues, including kidneys and liver. Functional redundancy has been described for numerous cellular pathways and is well-described for regulated cell death (RCD) signaling 7 . Indeed, in RCD signaling, redundancy may reflect the evolutionary history of cell suicide pathways, wherein autophagic, apoptotic or necrotic elements might have arisen from an ancestral cell death mechanism. Ancestral cell death routes probably include ferroptosis, a non-apoptotic cell death that is catalyzed by iron 8 , as ferroptosis-like pathway exists in cyanobacteria, phytoplankton that evolved over 2.7 billion years ago 9 . There are at least 12 distinct types of RCD including various forms of regulated necrosis 7 . Since the term "regulated" indicates a reliance on fine-tuned OPEN 1 SeaBeLife Biotech, Place Georges Teissier, 29680 Roscoff, France. 2 Sorbonne Université, CNRS, UMR 8227, Integrative Biology of Marine Models Laboratory (LBI2M), Station Biologique de Roscoff, 29680 Roscoff, France. 3 Université de Lyon, CNRS UMR 5246, ICBMS, Chimiothèque, Université Claude Bernard Lyon 1, 69622 Villeurbanne, France. 4 Institut de Pharmacologie et Biologie Structurale (IPBS), Université de Toulouse, CNRS, UPS, Toulouse, France. 5 Laboratoire de Biochimie Analytique et Synthèse Bioorganique, Université de Lyon, Université Claude Bernard Lyon 1, 69622 Villeurbanne, France. 6 Université de Lyon, CNRS UMR 5246, ICBMS, Laboratoire Chimie Organique 2-Glycosciences, Université Claude Bernard Lyon 1, 69622 Villeurbanne, France. 7 Department of Biological Sciences, Columbia University, New York, NY 10027, USA. 8 Univ Rennes, Inserm, EHESP, Irset (Institut de Recherche en Santé, Environnement et Travail) -UMR_S 1085, 35000 Rennes, France. 9 Sorbonne Université, CNRS, FR 2424, Plateforme de Criblage KISSf (Kinase Inhibitor Specialized Screening Facility), Station Biologique de Roscoff, 29680 Roscoff Cedex, France. 10 Centre of Excellence for Pharmaceutical Sciences, North-West University, Private Bag X6001, Potchefstroom 2520, South Africa. * email: morgane.rousselot@seabelife.com; bach@sb-roscoff.fr molecular signaling machinery, it is possible to screen for small chemical compounds that can modulate the signaling cascades and effectors in RCD pathways (such as necrostatins that block necroptosis 10 ).

Small molecule inhibitors of RCD pathways are potential new therapeutic approaches to pathologies such as inflammatory and neurodegenerative diseases 11 . Necroptosis is a regulated cell necrosis route that can be activated under apoptosis-deficient conditions. Necroptosis depends notably on the serine/threonine kinase activity of RIPK1 (Receptor-Interacting Protein Kinase 1) and RIPK3 and on the trafficking and accumulation at the plasma membrane of the pseudokinase MLKL (Mixed lineage kinase domain-like) 11,12 . As of March, 2021, four RIPK1 inhibitors had reached clinical trials (GSK2982772 and GSK3145095 developed by GSK, DNL747 (SAR 443060) and DNL758 (SAR443122) developed by Sanofi and Denali Therapeutics, respectively), and GFH312 developed by GenFleet Therapeutics, for treatments of psoriasis (phase II), ulcerative colitis (phase II), rheumatoid arthritis (phase II), or pancreatic cancer (phase II), for the molecules developed by GSK; Alzheimer's disease (phase I), cutaneous lupus erythematosus (phase II, not yet recruiting), amyotrophic lateral sclerosis and multiple sclerosis (phase I), and severe coronavirus caused by SARS-Co-V-2 (COVID-19) for the molecules developed by Sanofi and Denali Therapeutics; and for evaluation of the safety/tolerability and pharmacokinetics in healthy subjects (phase I, not yet recruiting) for the molecule developed by GenFleet Therapeutics (data from clinicaltrials.gov and 13 ). Numerous other compounds (40 +) also have demonstrated binding affinity for RIPK1 13 . Recently, Tonnus et al. generated a combined small molecule inhibitor (Nec-1f) that simultaneously targets RIPK1 and ferroptosis. Nec-1f was shown to improve survival in models of ischemia-reperfusion injury 14 .

Our research group has contributed to the characterization of synthetic and natural product derivatives that are potent inhibitors of RIPK1, including the 7-azaindole derivative Sibiriline 15 , the marine-derivative 2-aminobenzothiazole MBM105 16 and the flavanone nigratine (also known as 6E11) 17 . Nigratine (2-(4-(benzyloxy) phenyl)-2,5-dihydroxy-7-methoxychroman-4-one) is a synthetic derivative of the naturally occurring 2,5-dihydroxy-2-phenylchroman-4-ones isolated from Populus nigra buds. We previously showed that nigratine is a non-ATP competitive inhibitor with a remarkable selectivity toward RIPK1 and is able to protect human aortic endothelial cells (HAEC) from cold hypoxia/reoxygenation-induced cell death 17 .

We now report the characterization of nigratine as new inhibitor of the ferroptosis RCD pathway (with EC 50 in the µM range). Nigratine is thus considered as a new dual inhibitor (or "magic shotgun") of both necroptosis and ferroptosis RCD death that can be used in polypharmacological approaches for treatments of regulatednecrosis related disorders.

Results

Effect of nigratine on necroptotic cell-death induced by TNF-α. Nigratine was characterized by

Delehouzé et al. as new necroptosis inhibitor using a TNF-induced FADD-deficient human Jurkat necroptosis assay 17 . TNF-α can induce necroptosis in Jurkat cells when FADD is deleted. We used an MTS assay to measure the viability of lymphocytes and we determined nigratine effects on RIPK1-kinase activity, in order to elucidate the mechanism of necroptosis inhibition. In this study, we compared the bioactivity of nigratine to that of necrostatin-1 (Nec-1), a known inhibitor of necroptosis 10 . Both compounds were tested at concentrations of 10 and 50 µM. The results obtained and the chemical structures of these compounds are depicted in Fig. 1. In this assay, nigratine inhibited both necroptosis cell death and RIPK1 kinase activity with an activity similar to that of Nec-1 (with both EC 50 and IC 50 in the µM range). The value of the protection index (dubbed Protec∆) for nigratine at 10 µM (45.0) compared to the value at 50 µM (26.0) suggested that in Jurkat FADD-deficient cells the higher concentration produced a lesser effect.

Nigratine protects neuronal cells against ferroptotic cell death. In Delehouzé et al., we previously showed that treatment of human aortic endothelial cells (HAEC) with nigratine during cold hypoxia or during reoxygenation following cold hypoxia conferred measurable benefits on cell survival. Nigratine was significantly more potent than the specific RIPK1 necroptosis inhibitor, Nec-1s 17 . This result suggested that the observed effect of nigratine was not fully attributable to its inhibition of RIPK1 kinase. Indeed, when compared to nigratine, Nec-1s is a more potent inhibitor of RIPK1 17 .

We next analyzed the effect of nigratine treatment on ferroptotic cell-based models. Ferroptosis was first characterized in NRAS-mutant HT-1080 fibrosarcoma cells treated with erastin 8 . Erastin, like excess L-glutamate (5 mM), is a class I ferroptosis inducer. Both compounds inhibit cystine uptake by the heterodimeric cystine/ glutamate antiporter (system xc -), thus inducing oxidative toxicity. This antiporter is a key component essential for protection of cells from oxidative stress and lethal lipid peroxidation, both of which are major hallmarks of ferroptosis. Glutathione peroxidase (GPX4) is also a key player of ferroptosis. The execution of ferroptosis depends on massive lipid peroxidation, which can be reduced by the lipid repair enzyme, GPX4. RSL3 belongs to class II of the ferroptosis-inducing agents by virtue of its inhibition of GPX4 18 . Accordingly, we tested the protective effect of nigratine against class I (glutamate and erastin) and II (RSL3) ferroptosis inducers in two neuronal cell lines, mouse HT22 (hippocampal neuronal cell line) and in human SH-SY5Y (neuroblastoma cell line). These cell lines have been widely used as models of neurodegeneration, neurotoxicity, and neuroprotection 19,20 . As shown on Figs. 2 and 3, 50 µM nigratine was able to strongly inhibit the ferroptotic cell death induced by excess of glutamate, erastin, and RSL3, in both murine HT22 and human SH-SY5Y cell lines.

The dose-dependent effect of nigratine on cell viability was analyzed using an MTS assay. In order to validate the effect of nigratine on neuroprotection and necrosis, the extracellular lactate dehydrogenase (LDH) detection assay was also used as an independent cell death assay 21 . This assay measures LDH that is released into the extracellular space when the plasma membrane is damaged; this release is characteristic of necrotic cell death 22 . As shown in Fig. 3b, the treatment of SH-SY5Y cells with nigratine protected cells against cell-death in a dosedependent manner, correlated with the dose-dependent increase in cell survival. Our data also showed that nigratine had a negligible cytotoxic effect on SH-SY5Y neuroblastoma cells when applied at ≤ 10 µM (Fig. 3b). Interestingly, nigratine is active against ferroptosis on SH-SY5Y cells with an EC 50 of ~ 6.5 µM (EC 50(LDH) = 6.0 µM and EC 50(MTS) = 6.9 µM) similar to its activity in preventing necroptosis (EC 50(MTS) = 4.6 µM).

Nigratine inhibits phospholipid peroxidation. We next characterized the effect of nigratine on the peroxidation of phospholipids induced by the inhibition of GPX4 with RSL3; for this study we selected the well-characterized porcine renal epithelial proximal tubule cell line (LLC-PK1). As shown in Fig. 4, our results showed that: (i) nigratine significantly protects renal epithelial cells against ferroptotic cell death induced by RSL3 (Fig. 4a) and (ii) nigratine inhibits phospholipid peroxide formation detected in cells using BODIPY 581/591 C11 probe (Fig. 4b,c). The BODIPY dye was used as a sensitive indicator of free radical processes that have the potential to oxidize lipids within membranes. Taken together, these results suggested that nigratine has a marked effect on lipid peroxidation, a major hallmark of ferroptosis.

Nigratine is a weak antioxidant compound. Ferroptosis, catalyzed by iron, comprises a failure of the glutathione-dependent antioxidant defenses that result from a loss of activity of the lipid repair enzyme, glutathione peroxidase 4 (GPX4) 23 . This in turn leads to an accumulation of lipid-based reactive oxygen species (ROS), and lipid peroxidation. Antioxidant compounds such as α-tocopherol (vitamin E), a potent radical-trap- The RIPK1 catalytic activity was monitored using myelin basic protein, MBP, as a substrate. RIPK1 was assayed in the presence of increasing concentrations of both nigratine and Nec-1. The kinase activities are expressed in % of average maximal activity, i.e. measured in the presence of DMSO (n = 2, mean ± SEM). (d) The IC 50 (on kinase) and EC 50 and "protection delta" (Protec∆) (on cells) values were determined from the dose-response curves using Graphpad PRISM software and reported in the table. The level of protection against the TNF-α-induced cell death is estimated using the Protec∆ values (first described and used in 16 ). These data are determined by subtracting the value obtained for cells only treated with TNF-α from the value obtained for co-treatment with TNF-α and with the tested compound. ping antioxidant that blocks the auto-oxidation of chain-propagating peroxyl radicals and protects hydrocarbon biological systems from oxidation and membrane damage in ferroptosis, have been shown to inhibit ferroptotic RCD (see 24 for review). Our results (Fig. 5) suggest that nigratine is only a weak antioxidant compound compared to α-tocopherol and the lipophilic antioxidant ferrostatin-1.

Nigratine protects human bronchial organoids against both ferroptotic and necroptotic cell death. To determine in a more complex system the dual ability of nigratine to inhibit both necroptosis and ferroptosis, we exploited human bronchial organoids from healthy patients and exposed them to activators of necroptosis (Z-VAD/TNF-α/BV-6) or ferroptosis (Cumene Hydroperoxide, CuOOH). We monitored propidium iodide (PI) incorporation as a marker of plasma membrane destabilization over time. Our results showed a strong inhibitory effect of nigratine and necrostatin-1 against Z-VAD/TNF-α/BV-6-induced PI incorporation in lung organoids (Fig. 6). The study of CuOOH-induced ferroptosis of bronchial human organoids showed that ferrostatin-1 and nigratine inhibited and delayed PI incorporation, suggesting that nigratine exhibits some antiferroptotic properties. Taken together, our results suggest that nigratine has a dual effect against ferroptosis and necroptosis in primary human organoids.

Discussion

Nigratine was previously described as a putative non-ATP competitive type III RIPK1 kinase inhibitor that can block the necroptosis RCD pathway in various cellular models, including Jurkat lymphocytes, with an EC 50 in the µM range 17 . Necroptosis is clearly distinct from apoptosis as it does not involve the key apoptosis regulators, such as caspases or cytochrome c release from mitochondria. In the present study, we showed that nigratine also inhibits ferroptosis. For example, nigratine suppressed cell death induced by class I, II and IV ferroptosis inducers; namely, the presence of excess glutamate, erastin, RSL3 and cumene hydroperoxide, respectively. We also showed that nigratine inhibits phospholipid peroxidation induced by RSL3 in epithelial LLC-PK1 porcine renal cells, an inhibition that was also observed for the known ferroptosis inhibitor, ferrostatin-1. The dual protective effect of nigratine against both necroptosis and ferroptosis was also observed in human bronchial organoids.

Polypharmacological approaches, that is, use of drugs that act on multiple targets, appears well-suited to improving the outcome of complex diseases. Thus, nigratine would seem to be very attractive as a therapy for preventing and/or treating disorders associated with the induction of necroptosis and/or ferroptosis. As an example, the therapeutic benefit of nigratine could be evaluated in animal models of cisplatin-induced nephrotoxic acute kidney injury (AKI), in which both regulated RCD pathways are known to be involved in proximal tubular cell death 25-27 . Ischemia/reperfusion injuries (IRI), which have been attributed to cell necrosis for decades 28 , should also be explored with nigratine. Canonical ferroptosis inhibitors like the lipophilic antioxidant, ferrostatin-1, prevent the accumulation of toxic lipid and cytosolic ROS, inhibiting ferroptotic cell death. As observed here using the DPPH assay, nigratine is comparatively less potent as an antioxidant than the two aromatic amines, ferrostatin-1 and α-tocopherol. We consequently hypothesize that nigratine does not use a mechanism linked to peroxyl radical scavenging for inhibiting ferroptosis. Alternatively, nigratine may inhibit another cellular target that concomitantly contributes to the overall protection from RCD. Future work will be carried out to identify the molecular target(s) of nigratine in ferroptosis, using various approaches such as target fishing (see 29 for review). Identification of nigratine's molecular target(s) is a prerequisite for improving the efficacy of multi-target inhibitors on ferroptosis-related phenotypes, without affecting the activity of its primary target, the receptor-interacting protein kinase 1 (RIPK1). Numerous approaches are available to increase the efficacy of this class of drugs via rational drug design. These approaches include the combination of medicinal chemistry and computational strategies that has been successfully applied to dual-target kinase inhibitors 30 .

Taken together, our results on nigratine indicate that pharmaceutical agents acting on both necroptosis and ferroptosis RCD pathways can be engineered for use in treating complex diseases that involve the activation of multiple RCD pathways. Our study sheds light on the emergence of polypharmacological approaches for treating multiple disorders in which necrosis is of central pathophysiological relevance, such as: ischemia-reperfusion injury in brain, heart and kidney, inflammatory diseases, sepsis, retinal disorders and neurodegenerative diseases.

Methods

Cell lines and culture. SH-SY5Y and HT22 cell lines were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and were maintained in Dulbecco's modified eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) in a humidified atmosphere of 5% CO 2 at 37 °C. LLC-PK1 was obtained from the European Collection of Authenticated Cell Cultures (ECACC, Porton Down, Salisbury, UK) and maintained in M199 medium supplemented with 10% FBS and cultured in humidified atmosphere at 37 °C under 5% CO 2 . Medium and serum were purchased from Thermo Fisher Scientific (Gibco, Waltham, MA, USA).

Reagents.

Necrostatin-1 (Nec-1) and necrostatin-1s (Nec-1s) were from Calbiochem (VWR International, Fontenay-sous-Bois, France), Z-VAD was from Invivogen (Toulouse, France), Ferrostatin-1 (Fer-1), BV-6, Rasselective lethal small molecule (RSL3) were from Selleckchem (Houston, TX, USA), 2,2-Diphenyl-1-picrylhydrazyl (DPPH), cumene hydroperoxide and α-tocopherol (vitamin E) were from Sigma Aldrich (St. Louis, MO, USA). Human TNF-α was obtained from Invitrogen (Carlsbad, CA, USA). This cytokine was used in the cellbased assay for the characterization of necroptosis inhibitors. Nigratine was obtained from SeaBeLife Biotech (Roscoff, France). The chemical synthesis of nigratine was described by Hauteville et al 31 . Cell death and cell viability assays. SH-SY5Y and HT22 cells were seeded in 96-well plates at a density of 10 000 or 5000 cells per well respectively, following overnight incubation. Cells were treated with 5 µM (SH-SY5Y cells) or 1 µM (HT22 cells) of RSL3; 10 µM (SH-SY5Ycells) or 0.5 µM (HT22 cells) of erastin or 5 mM (HT22 cells) of glutamate and increasing concentrations of compounds for 24 h (100 µl per well).

Cell death was determined by measurement of lactate dehydrogenase (LDH) leakage using the LDH Cytotoxicity assay kit (Invitrogen, Carlsbad, CA, USA) following manufacturer's recommendations. LDH is a cytosolic enzyme that is rapidly released into the supernatant after cell damage. After 24 h of treatment 50 µl of supernatants were transferred into a clean 96-well plates, reagents were added and LDH activity was measured using a microplate reader. Calculation of cytotoxicity was determined by dividing the LDH activity of each compounds with RSL3 by that of DMSO with RSL3, then multiplying the result by 100. Human bronchial organoid production and maintenance. Airway organoids were derived from healthy lung tissue of donors receiving surgical treatment for non-small cell lung carcinoma (NSCLC) as described 32,33 . Human lung tissue was provided by the university hospital (CHU of Toulouse, France), according to the CNRS-approved protocol, CHU 19 244 C and Ref CNRS 205,782. An "informed consent to scientific use of their material" was obtained from all patients (or, if participants are under 18, from a parent and/or legal guardian) participating in this study. All methods were performed in accordance with the relevant guidelines and regulations. The organoids were passaged every 4 weeks.

Airway organoids stimulation.

Before stimulation, 40 µl drops of Cultrex growth factor reduced BME type 2 (R & D Systems) containing airway organoids were seeded on Nunclon Delta surface 24-well plates (Thermo Scientific) and 500 µl of Advanced DMEM/F12 (Invitrogen) supplemented with 1 × L-Glutamine (Fisher Scientific) and 10 mM Hepes (Fisher Scientific) was added to each plate. Depending on the indicated conditions, organoids were pretreated or no with 25 µM nigratine (SeaBeLife Biotech, Roscoff, France), 40 µM necrostatin-1 or 40 µM Ferrostatin-1 for 1 h before stimulation. All the inhibitors were maintained throughout the experiment. After pretreatment, the organoids were stimulated to induce necroptosis with the mix of 40 µM Z-VAD, 100 ng/ml Human TNF-α and 5 µM BV-6 or to trigger ferroptosis with 800 µM of cumene hydroperoxide. For time-lapse imaging, stimulated organoids were stained with 50 µg/mL Propidium Iodide (Thermo Scientific). Images were acquired every 15 min for the duration of experiments under an EVOS M7000 (Thermo Scientific) Imaging System (10 × objective, organoids were incubated at 37 °C with 5% CO 2 ). Data was analyzed using the open source image processing program Fiji/ImageJ (https:// imagej. nih. gov/ ij/ index. html).

RIPK1 kinase assay.

Human RIPK1 full length GST-tagged was purchased from SignalChem (Richmond, CA, USA). The protocol used to detect the enzymatic activity was described in Delehouzé et al. 17 . Briefly, RIPK1 

Introduction

Regulated cell necrosis (RCNs) drives physiological and immune processes, yet dysregulation of this process promotes pathological responses such as organ-failure and sepsis [1][2][3][4]. Mechanistically, oxygen-dependent cell death is an evolutionary conserved process that involves the production of reactive oxygen species (ROS), transition metals (e.g. iron) and peroxidised lipid accumulation [5][6][7][8]. In addition to cell necrosis, lipid peroxidation broadly involves cellular processes essential to mediate optimal efferocytosis of dead cells, cellular communication resulting from the formation of lipids derived from peroxided phospholipids (e.g. isoprostanes, platelet activating factor) or the production of bioactive lipids (eicosanoids) from arachidonic acid [9,10]. In addition, the peroxidation of the mitochondrial phospholipid cardiolipin initiates apoptosis while the accumulation of peroxidised phosphatidyl ethanolamines (PE) promote the cellular necrosis, ferroptosis [11][12][13][14][15][16][17]. Specifically, the dysregulation of lipid peroxidation processes is associated with various human pathologies such as cancer chemoresistance, brain and ischemia injuries, neurological alterations, metabolic diseases as well as tuberculosis susceptibility [18][19][20][21][22][23]. In this context, the enzymes glutathione peroxidase 4 (GPX4) and ferroptosis-suppressor protein-1 (FSP1) that belongs to the CoQ antioxidant system, detoxify phospholipid hydroperoxide accumulation, hence allowing lipid peroxide amounts to be balanced in cells [5,11,12,14,24]. On the contrary, iron excess, lipoxygenase activity or cytochrome P450 oxidoreductase (CYPOR) all promote phospholipid peroxidation, which can end with ferroptosis induction in the absence of proper regulation [5,[14][15][16]25,26].

In this regard, the bacterial pathogen Pseudomonas aeruginosa (P. aeruginosa) expresses ExoU, an A2 phospholipase from the patatin family, that triggers a necrosis-dependent pathology through a poorly understood pathway [27][28][29][30][31][32][33][34][35][36]. In presence of cellular co-factors such as ubiquitin [31] or the trafficking chaperone DNAJC5 [37], ExoU activity rapidly cleaves at the sn-2 position of host membrane phospholipids, liberating large amounts of arachidonic acid that are then metabolized into eicosanoids by cellular enzymes cyclooxygenases, cytochrome P450 or lipoxygenases [32,[38][39][40]. Importantly, in vivo, ExoU expression by P. aeruginosa is associated with a robust production of oxidized lipids such the platelet activating factor (PAF) or isoprostanes [38,41]. In this context, we explored the possibility that P. aeruginosa ExoU mediates a necrosis-dependent host pathology involving lipid peroxidation.

Results

P. aeruginosa infection triggers ExoU-dependent alarmin and peroxidised lipid production in mice

P. aeruginosa ExoU is injected into cells by the Type-3 Secretion System (T3SS) [28,36], which triggers a fast and violent cellular necrosis. Therefore, we first monitored the profile of ExoUdependent pathology in mice infected with the clinical isolate PP34 exoU + or its isogenic mutant (exoU -). Similar to previous studies [27,29,42,43], intranasal instillation with either exoU + or exoU -strains highlighted a P. aeruginosa-induced acute pathology mainly due to ExoU, as mice infected with exoU -bacteria showed improved survival to infection (Fig 1A). This observation was paralleled with lower bacterial loads of P. aeruginosa exoU -than exoU + in the bronchoalveaolar lavage fluids (BALFs), the lungs, the blood and the spleen, suggesting that ExoU also promotes bacterial dissemination (Fig 1B). As P. aeruginosa triggers NLRC4-, NLRP3-and Caspase-11-dependent inflammasome response [42,44,[45][46][47][48][49][50][51][52]53], we infected inflammasome-deficient mice (Casp1/Casp11 -/-, Nlrc4 -/-and GasderminD -/-) and observed that those mice were not protected against P. aeruginosa exoU + , hence suggesting that ExoUpromoted mouse pathology occurs independently from the inflammasome machineries (S1A and S1B Fig) . A hallmark of host cell necrosis is the release of intracellular mediators such as alarmins that contribute to the initiation and the development of an inflammatory reaction, which occurs upon P. aeruginosa infection [42,54]. Therefore, we primarily focused our analysis on alarmin release. We observed a strong ExoU-dependent alarmin production in BALFs 6 h after infection, such as IL-1 family alarmins IL1α, IL-33 or IL-36γ [55] (Fig 1C). In addition, we also detected that exoU-expressing P. aeruginosa triggered a strong production of phospholipid-and arachidonic acid (aa)-derived mediators such as prostaglandin E2 and leukotriene B4, which correlates with the robust phospholipase activity of ExoU (Fig 1D) [38][39][40]. Importantly, BALFs of mice infected with exoU-expressing P. aeruginosa also exhibited a marked presence of oxidized lipid (by)-products such as isoprostanes (8-iso PGF2α) or Malondialdehyde (MDA), which suggests that exoU-expressing P. aeruginosa also drives an exacerbated lipid oxidation response in mice (Fig 1E) [41,56].

Lipid peroxidation contributes to ExoU-induced cell necrosis and P. aeruginosa escape from phagocyte-mediated killing

The observation that exoU-expressing P. aeruginosa infection associates to a lipid peroxidation signature in vivo, encouraged us to determine the importance of lipid peroxidation on ExoUinduced cellular necrosis. As P. aeruginosa strains that do not express ExoU can promote an NLRC4 inflammasome response in macrophages [50], we used mouse Bone-Marrow-Derived Macrophages (BMDMs) that lack Nlrc4 expression to specifically address the importance of lipid peroxidation on ExoU-dependent cell necrosis. We infected Nlrc4 -/-primary murine BMDMs with P. aeruginosa strains expressing or not expressing ExoU. The pharmacological inhibition of various regulated necrosis pathways (e.g. pyroptosis, necroptosis, apoptosis, parthanatos) showed that only ferrostatin-1, a potent and well characterized inhibitor of phospholipid peroxidation [57], repressed ExoU-dependent cell necrosis (Figs 2A and 2B and S2A and S1-S6 Movies). Ferrostatin-1 action was specific to lipid peroxidation-dependent cell necrosis as it also inhibited Cumene hydroperoxide-induced ferroptosis (CuOOH, 400µM) but not Flagellin-/LPS-induced pyroptosis or TCPA-1/Z-VAD/TNFα-dependent necroptosis (Fig 2B). In addition, ExoU-induced IL-1α and HMGB1 alarmin release in macrophages was reduced in presence of ferrostatin-1 whereas TNFα levels remained similar (Fig 2C), suggesting that lipid peroxidation contributes to alarmin release in response to ExoU. We noticed that ExoU-triggered ferrostatin-1-sensitive necrosis was not restricted to murine BMDMs as primary human macrophages, the human U937 monocytic cell line, human and murine neutrophils and eosinophils, the human bronchial epithelial (HBEs), A549 or HeLa epithelial cells were all sensitive to lipid peroxidation inhibition upon infection with exoU-expressing P. aeruginosa (S2A and S2B Fig) . ExoU exhibits a calcium-independent phospholipase A2-like activity [33]. Hence, we transfected recombinant ExoU protein (rExoU) or its enzymatically inactive mutant ExoU S142A [58] in WT BMDMs and monitored for cell necrosis. Only macrophages transfected with active ExoU underwent to cell death, a process that was inhibited by the use of ferrostatin-1 or the phospholipase inhibitor MAFP (S2C Fig) . In line, we found that ferrostatin-1 itself did not alter bacterial growth or ExoU secretion (S2D and S2E Fig) , suggesting that ferrostatin-1 does not directly alter bacterial physiology nor expression/secretion of ExoU. Upon phospholipase activation arachidonic acid release can be metabolized and oxidized by various cellular enzymes, including cyclooxygenases 1 and 2 (COX1, COX2), lipoxygenases (ALOX5 and ALOX12/15 in mice) or cytochrome p450 (CYPs) enzymes. Therefore, we transfected recombinant ExoU in WT, Alox5 -/-or Alox12/15 -/-BMDMs in presence or absence of various COX, CYP or different lipid peroxidation inhibitors (a-tocopherol, liproxstatin-1, Resveratrol, ferrostatin-1). Although we observed that all lipid peroxidation inhibitors have a strong inhibitory impact on cell death, cyclooxygenase, cytochrome P450 or lipoxygenase targeting did not interfere with ExoU-dependent cell necrosis, hence suggesting that those enzymes do not regulate lipid-peroxidation-dependent cell necrosis upon ExoU exposure (Fig 2D). Importantly, we also observed that ferrostatin-1 delayed ExoU-induced cell necrosis, suggesting either that the phospholipase activity of ExoU promotes lipid peroxidation-independent cell death or that the inhibitory effect of ferrostatin-1 is unstable over time (Fig 2E). Regarding this, the replenishment of P. aeruginosa-infected cells with fresh ferrostatin-1 each hour strongly improved cell viability, suggesting that the instability of Fe1 might also account in the delayed ExoU-induced cell necrosis we observed (S2F Fig) . Finally, we evaluated if the inhibition of lipid peroxidation would modulate macrophage and neutrophil microbicidal response upon exoU-expressing P. aeruginosa infection. We observed that ferrostatin-1 strongly improved both macrophage and neutrophil microbicidal activities to a level close to those observed in response to exoU-deficient P. aeruginosa (Fig 2F), hence suggesting that P. aeruginosa ExoU relies on lipid peroxidation-dependent cell necrosis to escape from phagocyte attack. Together, our results suggest that host cell lipid peroxidation is important for ExoUinduced host cell necrosis and release of alarmins.

Lipid peroxidation fuels ExoU phospholipase activity

Lipid-peroxidation requires reactive oxygen species (ROS), such as H 2 O 2 , that can oxidize various phospholipids [5]. Therefore, we evaluated the ability of ExoU to induce ROS-dependent lipid peroxidation in macrophages. Although we observed that, 30 minutes after transfection, 
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ExoU but not its catalytically inactivated mutant ExoU S142A , triggered an acute ROS production in BMDMs, we surprisingly failed to detect a robust lipid peroxidation accumulation as measured by the C11 Bodipy probe (Figs 3A and S3A and S3B). As control, the well-known lipid peroxidation inducer Cumene hydroperoxide (CuOOH) promoted cellular lipid peroxidation (Fig 3A) [59]. In contrast, we observed that basal lipid peroxidation in cells was reduced upon ExoU transfection or PP34 infection, a process that was further strengthened in presence of ferrostatin-1 (Figs 3A andS3B).

These results suggest that, instead of promoting pathological lipid peroxidation, ExoU might actually use cellular lipid peroxidation to promote cell necrosis. To this regard, various host phospholipase A2 enzymes have been described to specifically cleave and remove peroxidised phospholipids from membranes [60][61][62]. To address this hypothesis, we performed a redox phospholipidomic approach to determine if ExoU could interfere with the endogenous levels of peroxidised phospholipids (Figs 3B andS3C). We used a 45 min time-point to perform our experiments, as a point where plasma membrane permeabilization (propidium uptake monitoring) is not observed. This design excludes the possibility that a decrease in peroxidised phospholipids is due to cell necrosis induced by ExoU (S3D Fig) . We observed that ExoU-treated macrophages had a decrease in peroxidised phospholipids as measured by the reduction in hydroperoxil (-OOH)-and hydroxyl (-OH)-phosphoinositols (PIs)/-phosphoserines (PSs) and-phosphocholines (PCs) with arachidonic acid (C20:4/C22:4) acid side chains (Figs 3B andS3C).

In cells, peroxidised phospholipids are detoxified by various factors, one of the most important being the ferroptosis regulator glutathione peroxidase 4 (GPX4) [5]. Consequently, the use of pro oxidant molecules or Gpx4 genetic inactivation both induce a strong accumulation of various peroxidised phospholipids in cell membranes [5]. Therefore, we hypothesized that prestimulation of macrophages with non-cytotoxic doses of the lipid peroxidation and ferroptosis inducer Cumene hydroperoxide (20µM, 1h) might sensitize cells to ExoU-induced cell necrosis. We transfected recombinant (r)ExoU in WT BMDMs in presence or absence of nontoxic doses of the pro-oxidant Cumen hydroperoxide (CuOOH, 20µM, 1h) [59]. Although CuOOH promoted lipid peroxidation but not BMDM cell death, rExoU transfection specifically induced an increased cell necrosis in CuOOH-primed BMDMs, a process that was inhibited by the use of ferrostatin-1 (Fig 3C and3D). In agreement with this result, we measured a strong decrease in lipid peroxidation in CuOOH-primed cells transfected with rExoU (Fig 3C and3D), confirming that ExoU efficiently targeted lipid peroxides induced by CuOOH. In addition, microscopy observations of CuOOH-primed cells highlighted a decrease of peroxidized lipids at the plasma membrane upon infection by ExoU-expressing strain of P. aeruginosa (PP34), suggesting that ExoU mostly target plasma membrane peroxidized phospholipids to promote cell necrosis (Fig 3E). The enzyme cytochrome p450 oxidoreductase (CYPOR) has recently been found to be an important provider of peroxidized phospholipids upon ferroptosis induction; we hypothesized that ExoU function might be regulated by CYPOR-regulated phospholipid peroxidation. We acquired Cypor-deficient HeLa cells but also generated Cypor -/-immortalized (i)BMDMs using CRISPR (S3E Fig) and evaluated the importance of CYPOR on ExoU-driven cell necrosis. PP34 infection of WT and Cypor -/-immortalized BMDMs triggered similar cell deaths, suggesting that in resting cells, CYPOR does not promote the basal lipid peroxidation involved in ExoU-dependent cell necrosis (Fig 3G and3H). However, in CuOOH-primed macrophages, where phospholipid peroxidation is induced, we observed that CYPOR was a major contributor of phospholipid peroxidation (S3F Fig) . This was associated to enhanced ability of PP34 to trigger cell necrosis in CuOOH-primed WT but not in Cypor -/-iBMDMs and HeLa cells (Fig 3G and3H), which suggests that CYPORinduced lipid peroxidation heightens ExoU-dependent toxicity. However, in resting cells, basal lipid peroxidation appears to be regulated by other processes/enzymes. Finally, using Crispr-Cas9, we generated Gpx4 -/-immortalized BMDMs (S3G Fig) . As previously observed by others in other cell lines [16,24], Gpx4 -/-immortalized BMDMs exhibited increased basal levels of peroxidised lipids (S3H Fig) . Therefore, rExoU transfection triggered faster cell death of Gpx4 -/-macrophages than their WT counterpart, suggesting that lipid peroxidation of cells enhances ExoU-dependent toxicity (Figs 3H andS3G andS3H).

Upon phospholipid peroxidation, arachidonic acid-containing phospholipids form isoprostanes that are potent intra-and extra-cellular inflammatory mediators [9,10]. Once formed, these isoprostanes are released from phospholipids by the action of phospholipases [9,10]. Therefore, we reasoned that if ExoU targets peroxidised phospholipids, this would promote ExoU phospholipase-dependent release of endogenous pre-formed isoprostanes. Accordingly, the release of the 8-PGF2α isoprostane was specifically induced by ExoU in WT macrophages, a process that was further amplified by the co treatment of cells with non-toxic concentrations of Cumen hydroperoxide (CuOOH 20µM, 1 h) and ExoU (S3I Fig) . Of importance, ferrostatin-1 strongly inhibited ExoU-and ExoU/CuOOH-induced 8-PGF2α release (S3I Fig) . In addition, we also detected that in CuOOH-primed macrophages, the amount of arachidonic acid-derived eicosanoids leukotriene B4 and prostaglandin E2, which are an indirect indication of the phospholipase activity of ExoU, were also strongly increased after the exposure to ExoU, hence suggesting that ExoU-targeted peroxidised phospholipids might increase its phospholipase activity toward all phospholipids (peroxidized or not) (S3J Fig) . Consequently, we measured the phospholipase activity of ExoU in cell lysates where we chemically induced non-lethal lipid peroxidation with Cumene hydroperoxide (CuOOH, 20µM) for 1 h or not. We observed that in CuOOH-primed cell lysates, ExoU exhibited a stronger activity than in unprimed samples after 4 h of incubation (Fig 3I). Importantly, after 18 h incubation, we observed the same accumulation of hydrolysed substrate in CuOOH-primed and unprimed samples, which suggests that lipid peroxidation exacerbates the early activation of ExoU (Fig 3I). As control, ExoU S142A -treated cell lysates did not show a significant phospholipase activity induction, suggesting that we mostly measured the PLA2 activity from ExoU, but not from cellular phospholipases (Fig 3I). Finally, we aimed at challenging our findings by determining if other toxic phospholipases also had a similar activation pattern to ExoU. Hence, we transfected macrophages with the closely related patatin-like phospholipase A2 from Burkholderia thailandensis (ExoU BtU ) [31]. We observed that recombinant ExoU BtU transfection induced BMDMs necrosis, a process that was exacerbated by CuOOH priming and inhibited by the use of ferrostatin-1, suggesting that ExoU BtU also follows a pattern involving host cell lipid peroxidation (Fig 3J). Altogether, our results suggest a surprising mechanism by which ExoU exploits cellular lipid peroxidation to trigger necrosis, a process that can be extended to the action of B. thailandensis ExoU BtU -related phospholipase.

Ferrostatin-1 improves mouse resistance to infection by exoU-expressing P. aeruginosa

ExoU-induced necrosis promotes host lung pathology, which leads to a sepsis like response as well as respiratory failure syndrome. Therefore, we hypothesized that ferrostatin-1 use could activity determination in WT BMDM lysates pre-treated or not with CuOOH (20µM, 1hour). 100 pmols of ExoU were used and phospholipase hydrolysis rate (nmoles of substrate hydrolysed/nmole of ExoU) was measured after 4 h and 16 hours. ��� p � 0.001, T-test with Bonferroni correction. (J) Measure of LDH release in WT BMDMs primed or not with CuOOH (20µM, 1hour) in presence or absence of ferrostatin-1 (20µM) and transfected for 3 hours with 5µg of rExoU BtU or 500ng rExoU. ��� p � 0.001, T-test with Bonferroni correction. Data information: Data are plotted as means+/-SEM (D, F-J) from n = 3 independent pooled experiments; ��� P � 0.001 for the indicated comparisons using t-test with Bonferroni correction. https://doi.org/10.1371/journal.ppat.1009927.g003 protect mice against exoU-expressing P. aeruginosa. Intranasal infection of mice using P. aeruginosa exoU + showed that mice intraperitoneally pre-treated with ferrostatin-1 (6 h before infection, 6mg.k -1 ) had diminished bacterial loads in BALFs, lungs and spleen. Ferrostatin-1 pre-treatment did not significantly modify bacterial loads of exoU-deficient bacteria, suggesting that ferrostatin-1 mainly modulates ExoU-dependent processes in mice (Fig 4A). Similarly, ferrostatin-1 also attenuated ExoU-dependent alarmin release (e.g. IL-36γ, IL33, IL1α) and the level of oxidized lipids (isoprostanes, MDA) in the BALs (Fig 4B and4C). Additionally, evaluation of the cellular contents in BALFs showed that ferrostatin-1 significantly protected a pool of alveolar macrophage upon P. aeruginosa challenge simultaneously decreasing the number of recruited neutrophils, eosinophils and monocytes (Figs 4D andS4A). Although a pathological function of recruited immune cells such as neutrophils is probable, we hypothesize that ferrostatin-1-inhibited resident alveolar macrophage death in response to exoUexpressing P. aeruginosa might confer an improved immune protection characterized by lower immune cell recruitment and lower tissue damages. Regarding this, lung histological observations showed that the inflammatory status of mice infected with non-lethal doses of ExoUexpressing P. aeruginosa (1.10 5 CFUs) was improved in presence of ferrostatin-1 (Fig 4E). Next, we addressed survival upon ExoU-expressing P. aeruginosa challenge. We observed that ferrostatin-1-treated mice (4-6 h before infection, 6mg.k -1 ) had an improved survival rate than those treated with PBS after 40 h after infection (Fig 4F). We validated that ferrostatin-1 specifically protected mice against ExoU-induced pathology as ferrostatin-1-treated mice did not show enhanced protection (survival) against ExoU-deficient P. aeruginosa (Fig 4F).

Finally, we aimed to evaluate if P. aeruginosa ExoU would trigger pathological lipid peroxidation-dependent cell necrosis in human bronchial organoids. Organoids were derived from normal lung tissue adjacent to tumors obtained from patients undergoing lung resection due to non-small cell lung carcinoma (NSCLC). Live cell imaging of organoids microinjected with P. aeruginosa showed that ExoU triggered complete organoid collapse (Fig 4G and S7-S12 Movies). Importantly, ferrostatin-1 strongly attenuated P. aeruginosa-dependent organoid damages (Fig 4G and S7-S12 Movies). Altogether, our results identified that P. aeruginosa ExoU phospholipase benefits from lipid peroxidation to trigger pathology both in mice and in human bronchial organoids.

Discussion

As a preferential extracellular pathogen, P. aeruginosa uses its Type 3-Secretion System (T3SS) to inject virulence factors (Exo S, T, Y and U), allowing bacterial escape from phagocytic uptake and killing. Although exoS-expressing P. aeruginosa strains associate to the development of chronic infections, exoU-expressing P. aeruginosa triggers acute deadly infections that associate with a strong oxidative imbalance. In this study, we describe that endogenous basal lipid peroxidation contributes to ExoU-dependent cellular toxicity and mouse pathology. Though we do not exclude that in vivo, lipid peroxidation might play various pathological roles that go beyond the sole regulation of cell necrosis, such processes appear to be linked to ExoU expression. In this context, previous studies showed that ExoU promotes production of the platelet-activating factor or the 8-PGF2α isoprostane, two oxidized lipids [41]. In addition, ExoU directly promotes a strong release of arachidonic acid from phospholipids. Enzymes such as cytochrome P450/COXs/LOXs can enzymatically produce oxygenated arachidonic products such as prostaglandin E2/leukotriene B4 involved in pathological signalling pathways upon P. aeruginosa infection [38,40,63]. However, results from others and ours mostly suggest that, taken individually, those enzymes only play a negligible role in ExoU-induced cell necrosis [38,40,63]. Regarding the central cell types involved in ExoU-induced pathology, previous studies identified macrophages and neutrophils as central targets of ExoU injection by P. aeruginosa. Therefore, future studies will be of importance to determine if the respective contribution of each cell type in pathology induced by ExoU-exploited lipid peroxidation. Regarding this, our in vivo observations that targeting lipid peroxidation confers some protection of mice against ExoU-dependent pathology is to put in the light of a decrease in some eicosanoid production such as LTB4 and PGE2, two important modulators of ExoU-driven pathology [38,40,63]. Therefore, the use of Alox5 -/-or Cox -/-mice, unable to generate LTB4 or various prostaglandins respectively, will also help to determine the respective importance of eicosanoid burst or cell necrosis upon lipid peroxidation-driven ExoU activity.

Although controlled phospholipid peroxidation is of importance for the cells to perform various processes such as efferocytosis through the engagement of peroxidised-PS, mitochondriadependent apoptosis through cardiolipin peroxidation, signal transduction through peroxidised PC-derived lipids, unrestricted accumulation of peroxidised PEs drives ferroptosis [9,10,64]. A question in both basal lipid peroxidation and ferroptosis-induced lipid peroxidation lies on the compartment phospholipid peroxidation occurs. Peroxisiomes are key at providing ether-phospholipids that will be peroxidised upon ferroptosis induction, the Endoplasmic reticulum is also a central regulator of phospholipid turn over and plasma membrane constitutes the probable location of lipid peroxidation-driven cell lysis upon ferroptosis induction [16,65,66]. Our observations also suggest that although lipid peroxidation can occur in various cellular compartments, ExoU-induced cell necrosis mostly arises from plasma membrane cleaved peroxidized phospholipids. Yet, this does not exclude at all that phospholipid peroxidation could occur in other intracellular organelles, including the endoplasmic reticulum.

Ferroptosis is thought to be a constitutively activated form of cell death that is kept under control through the activity of endogenous regulators of lipid peroxidation such as GPX4, FSP1-mediated coQ10 production, α-tocopherol (vitamin E). In addition, the host cellular calcium (Ca 2+ )-independent PLA2γ, the peroriredoxin Prdx6 PLA2 or the PLA2G6 (Ca 2+ -independent PLA2β) can cleave and remove preferentially peroxidised phospholipids, hence contributing to phospholipid peroxide detoxification [61,62,[67][68][69][70][71]. It is important to notice that both the iPLA2beta and iPLA2g belong to the patatin-like phospholipase family, as ExoU, which suggests that this family of phospholipases might have some conserved affinities to peroxidzed phospholipids [72]. The activity of those phospholipases is tightly regulated by various cellular systems (e.g. ROS levels, calcium fluxes, phospholipid composition) that ensure an optimal but not dysregulated phospholipid cleavage [71]. To this regard, our findings that cellular phospholipid peroxidation is a strong enhancer of ExoU-induced pathological necrosis appears in first view counter intuitive. In this context, we envision that, as a virulence factor, ExoU activity does not follow host regulation and uses host peroxided phospholipids to boost its patatin-like A2 phospholipase activity allowing to aberrantly target and cleave host (peroxidised) phospholipids. Consequently, the use of lipid peroxidation inhibitors such as resveratrol, liproxstatin-1 or ferrostatin-1 attenuates the potency and the speed of ExoU-induced cell necrosis. This offers a key time window for macrophage and neutrophil-mediated bacterial uptake and killing. Although, the identification of cellular enzymatic systems that promote basal lipid peroxidation remains to be explored and characterized, lipid peroxidation accumulation upon Gpx4 removal or oxidant stress enhances ExoU-induced cellular necrosis. It is intriguing that endogenous peroxidised phospholipids favour ExoU-induced cell necrosis, suggesting that ExoU-expressing strains of P. aeruginosa take advantage of the host ferroptosis pathways to maximally damage host tissues. Hence, oxidant-activated cytochrome P450 oxidoreductase CYPOR, a crucial regulator of ferroptosis, strongly enhanced ExoU-dependent cell necrosis, which suggests a important link between ferroptosis-regulated pathways and ExoU activity. Should other regulators of ferroptosis such as ACSL and LPCAT acyl transferases on ExoU-dependent toxicity warrants further investigations [15].

Phospholipases are also present in venoms or various microbial pathogens (e.g. M. tuberculosis, L. monocytogenes, S. pyogenes) and can also promote fast cell necrosis [73][74][75]. Conversely, we extended our findings to the ExoU closely related ExoU BtU phospholipase from B. thailandensis. Remarkably, snake, scorpion or spider venoms are a complex mixture of various components, including the L-amino acid oxidase, able to generate H 2 O 2 -driven lipid peroxidation, and secreted phospholipases able to cleave phospholipids [73]. In this context, it is tempting to speculate that venoms have all components necessary to mediate cell damage in a complex single-injection mixture. L-amino acid oxidase-induced lipid peroxidation might work with venom PLA2 to optimize phospholipid cleavage and subsequent cell necrosis. Related to this, Sevanian and colleagues made pioneer observations that the PLA2 activity from the snake Crotalus adamanteus is exacerbated in contact of liposomes constituted of peroxidised phospholipids, a process that is thought to be due to the better accessibility of the sn2-peroxidized fatty acid to phospholipase [70]. Whether ExoU and its relatives follow a similar pathway of activation will be studied in future studies.

In a broader point of view, it is interesting to note that phospholipases can promote allergic shock associated with a strong release of the allergic alarmin interleukin-33 [76], a signature we also observed in mice infected with ExoU-expressing P. aeruginosa. Should lipid peroxidation be involved in IL33-driven allergy or asthma in response to phospholipases or other allergens (e.g. proteases) [77] will require additional study.

Understanding the mechanisms of regulated cell necrosis and their physio-pathological consequences is currently driving intensive research and debates. While the importance of lipid peroxidation in antigen presentation, anti-cancer treatments or in exacerbating neurodegenerative diseases becomes more and more clear, its function in infectious diseases remains less studied. Regarding this, Dar et al., recently described that, upon chronic infection, secreted P. aeruginosa lipoxygenase (loxA) could sensitize cells to lipid peroxidation-induced ferroptosis [22]. In addition, Kain and colleagues recently linked regulation of host lipid peroxidation and ferroptosis to restriction of liver-stage malaria, which suggests that host peroxidised phospholipids might play yet unsuspected functions in immunity or susceptibility to various pathogens [78]. Thus, our findings that the bacterial patatin-like phospholipase A2 ExoU contributes to pathology by exploiting target cell lipid peroxidation adds an additional piece of significance for the role of lipid peroxidation in infectious diseases but also offers novel insights to target host lipid peroxidation pathways in the frame of infectious diseases (S1 Graphical Abstract).

Material and method

Ethics statements

The use of human cells was performed under the agreement of the Research Ethical Committee, Haute-Garonne, France. Buffy coats came anonymously by the EFS (e ´tablissement franc ¸ais du sang, Toulouse, France). For each donor, a written informed consent was obtained according to the EFS contract agreement n˚21PLER2017-0035AV02, according, to "Decret N˚2007-1220 (articles L1243-4, R1243-61)".

Animal experiments were approved by local (CE01 committee) and national ethic committees (License APAFIS#8521-2017041008135771, Minister of Research, France) and performed according to local guidelines (French ethical laws) and the European Union animal protection directive (Directive 2010/63/EU).

Mice

Nlrc4 -/-, Casp1 -/-Casp11 -/-, GsdmD -/-, ALOX12/15 -/-and ALOX5 -/-mice were generated and described in previous studies [79][80][81][82]. Mice were bred at the IPBS (Toulouse, France) animal
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facilities in agreement to the EU and French directives on animal welfare (Directive 2010/63/ EU). Charles Rivers provided WT C57BL/6 mice.

Animal infection models

6-10 mice/group were intranasally infected with 5.10 5 Colony Forming Units (CFUs) of P. aeruginosa PP34 strain (ExoU + ) or its isogenic mutant (ExoU -) and animal survival was followed over 40-50 hours after infection. When specified, mice were intraperitoneally treated with 100µL of PBS or ferrostatin-1 (6mg.k -1 ) 4-6 hours before intranasal infections with bacterial strains.

Regarding bacterial loads assays, 6-10 mice/group were intranasally infected with 2.10 5 bacteria for 24 hours, and Bronchoalveaolar (BALs), lung spleen and blood bacterial numbers were evaluated using CFU plating. BAL fluids (BALFs) were also used to address cytokine, alarmin and lipid levels using ELISA, EIA and colorimetric kits. There were no randomization or blinding performed.

Histological experiments and scoring

Mice were intraperitoneally treated with 100µL of PBS or ferrostatin-1 (6mg.k -1 ) 4-6 hours before intranasal infections with sub-lethal doses (2.10 5 CFUs) of exoU-expressing P. aeruginosa. 6 hours later, lung tissues were fixed for 48 h in 10% buffered formalin, washed 3 times in ethanol 70% and embedded in paraffin. 5 µm sections were stained with hematoxylin and eosin (HE). Histopathological scoring from 0 to 3 were attributed based on the severity of peribronchial, perivascular, and interstitial cell infiltration, resulting in a maximum score of 9.

Bacterial cultures

P. aeruginosa (PP34, PA103, CHA, PAO1, PA14) bacteria and their isogenic mutants were grown overnight in Luria Broth (LB) medium at 37˚C with aeration and constant agitation in the presence or absence of EGTA (10mM) to ensure T3SS expression. Bacteria were sub-cultured the next day by dilution overnight culture 1/50 and grew until reaching an optical density (OD) O.D600 of 0.6-1. Bacterial strains and their mutants are listed in Table 1.

Bone Marrow-derived Macrophage (BMDMs), Eosinophil (BMDEs) or Neutrophil (BMDNs) isolation and culture

Murine Bone Marrow-Derived Macrophages (BMDMs) from bone marrow progenitors were differentiated in DMEM (Invitrogen) supplemented with 10% v/v FCS (Thermo Fisher Scientific), 10% v/v MCSF (L929 cell supernatant), 10 mM HEPES (Invitrogen), and nonessential amino acids (Invitrogen) for 7 days as previously described [85].

Murine Bone Marrow-Derived Eosinophils were differentiated in-vitro from bone marrow as previously described [86]. cells were resuspendent and cultured at 10 6 /mL in RPMI glutamax medium with HEPES containing 20% FBS, 100 IU/ml penicillin and 10 µg/ml streptomycin, 1 mM sodium pyruvate (Life Technologies), and 50 µM 2-ME (Sigma-Aldrich) supplemented with 100 ng/ml stem cell factor (SCF; PeproTech) and 100 ng/ml FLT3 ligand (FLT3-L; PeproTech) from days 0 to 4. On day 4, the medium containing SCF and FLT3-L was replaced with medium containing 10 ng/ml recombinant mouse (rm) IL-5 (R&D Systems) only. Medium was replaced every 4 days and the concentration of the cells was adjusted each time to106/ml. After 10 to 14 days of culture, cells were recovered by gentle pipetting and used as Eosinophils in our experiments. Over 95% of cells had the standard phenotype of Eosinophils: CD11b+ Siglec F + after FACS analysis. GsdmD-/-C57Bl6 mice P.Broz [82] Human Bronchial organoids This sudy [83,84] Oligonucleotides (Continued )
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Murine Bone Marrow-derived Neutrophils were isolated and purified from fresh bone marrows using Anti-Ly-6G micro bead kit (Miltenyi Biotec). Analysis of cell purity by FACS show that over 95% of cells had the standard phenotype of Neutrophils Ly6G+/Ly6C+.

2.5x10 5 BMDMs or 1.10 6 BMDEs/BMDNs were seeded in 24 well-plates and infected or exposed to various treatments. Regarding ferroptosis experiments, BMDMs were infected with various bacterial strains of P. aeruginosa expressing or not exoU at an MOI 0.1-1 for various times. When specified, recombinant microbial phospholipases (10ng-1µg) were transfected in BMDMs using Fugene (3µl per 1µg of transfected protein) for 2-4 hours. Compound-induced ferroptosis was achieved using RSL-3 (10µM, 8H) or Cumene hydroperoxide (CuOOH, 500µM, 3H).

When required, BMDMs were pretreated for 2 hours with pharmacological inhibitors necrostatin-1s (40µM), Z-VAD (40µM), olaparib (10µM), ferrostatin-1 (1-40µM), MAFP (50µM), liproxstatin (30µM), a-tocopherol (20µM).

For all stimulations, cell culture medium was replaced by serum-free and antibiotic-free Opti-MEM medium and triggers were added to the cells for various times.

Cell line culture

Immortalized murine bone-marrow derived macrophages have been described previously [85]. U937 cells were cultured in RPMI glutamax medium containing 10% FBS, 100 IU/ml penicillin and 10 µg/ml streptomycin, 1 mM sodium pyruvate (Life Technologies), and 50 µM 2-ME (Sigma-Aldrich). Medium was renewed every 3 days and the concentration of the cells was adjusted each time to 5x10 5 /ml. A549, HeLa and HBE cells were cultured in DMEM glutamax medium with HEPES containing 10% FBS, 100 IU/ml penicillin and 10 µg/ml streptomycin, 1 mM sodium pyruvate (Life Technologies). When the cells reach approximately 90% confluency, cells are detached with Trypsin 0.05% (Gibco), cell suspension is diluted 1/10 in fresh medium, and placed back in the incubator for culture. 

Purification and generation of human blood neutrophils and monocytederived Macrophages

Monocytes were isolated from Peripheral Blood Mononuclear Cells (PBMCs) from the buffy coat of healthy donors obtained from the EFS Toulouse Purpan (France) as described previously [87]. Briefly, PBMCs were isolated by centrifugation using standard Ficoll-Paque density (GE Healthcare) [85]. The blood was diluted 1:1 in phosphate-buffered saline (PBS) prewarmed to 37˚C and carefully layered over the Ficoll-Paque gradient. The tubes were centrifuged for 25 min at 2000 rpm, at 20˚C. The cell interface layer was harvested carefully, and the cells were washed twice in PBS (for 10 min at 1200 rpm followed by 10 min at 800 rpm) and re-suspended in RPMI-1640 supplemented with 10% of foetal calf serum (FCS), 1% penicillin (100 IU/mL) and streptomycin (100 µg/ml). Monocytes were separated from lymphocytes by positive selection using CD14+ isolation kit (Myltenyi biotec). To allow differentiation into monocyte-derived macrophages, cells were cultured in RPMI medium (GIBCO) supplemented with 10% FCS (Invitrogen), 100 IU/ml penicillin, 100µg/ml streptomycin, 10 ng/ml M-CSF for 7 days. Human blood neutrophils were isolated from whole blood of healthy donors obtained from the EFS Toulouse Purpan (France). Neutrophils were enriched using MACSxpress Whole Blood Neutrophil Isolation Kit whole blood neutrophil isolation kit (Myltenyi biotec) according to manufacturer instructions. Red blood cells (RBC) were removed by 10 min incubation in RBC Lysis Buffer (BioLegend).

Genetic invalidation of Gpx4 and Cypor genes in immortalized BMDMs

Targeted genes were knocked-out using the crispr/cas9 system in immortalized BMDMs. Single guide RNAs (sgRNA) specifically targeting Gpx4 exon1 (for 5' GGACGCTGCAGA-CAGCGCGG 3' Cypor exon2 (for 5' AGTGTCTCTATTCAGCACAA 3' were designed using Benchling tool (Benchling.com), and oligonucleotides were synthesized by Sigma-Aldrich. Crispr guide RNA oligonucleotides were hybridized and subsequently cloned into the vector Lenti-gRNA-Puromycin using BsmBI restriction enzyme (Addgene 52963, Feng Zhang lab). Generated constructs were then transfected in lipofectamine 2000 into HEK293T for 48 hours together with the lentiviral packaging vector p8.91 (Didier Trono lab, EPFL, Switzerland) and the envelop coding VSVg plasmid (pMD.2G, Addgene 12259, Didier Trono lab). Viral supernatants were harvested, filtered on 0.45 µm filter and used to infect cells expressing Cas9 (1,000,000 cells/well in 6-well plates. Efficient infection viral particles was ensured by centrifugating cells for 2 h at 2900 rpm at 32˚C in presence of 8µg/ml polybrene. 48 h later, medium was replaced and Puromycin selection (10µg/mL) was applied to select positive clones for two weeks. Puromycin-resistant cells were sorted at the single cell level by FACS (Aria cell sorter). Individual clones were subjected to western blotting to confirm the absence of targeted proteins.

Human bronchial organoid production and maintenance

Airway organoids were derived from lung biopsies as described [83,84]. Briefly, Human lung tissue was provided by the CHU of Toulouse under the CNRS approved protocols CHU 19 244 C and CNRS 205782. All patients participating in this study consented to scientific use of their material. Biopsies (1 mm3) of normal lung tissue adjacent to the tumor obtained from patients who underwent lung resection due to Non-small cell lung carcinoma (NSCLC) were minced and digested with 2 mg ml-1 collagenase (Sigma) on an orbital shaker at 37˚C for 1h. The digested tissue suspension was sheared using flamed glass Pasteur pipettes and strained over a 100-µm cell strainer (Falcon). The resultant single cell suspensions were embedded in 10 mg ml-1 of Cultrex growth factor reduced BME type 2 (R & D Systems) and 40µl drops were seeded on Nunclon Delta surface 24-well plates (Thermo Scientific). Following polymerization, 500 µl of Advanced DMEM/F12 (Invitrogen) supplemented with 1x L-Glutamine (Fisher Scientific), 10mM Hepes (Fisher Scientific), 100 U ml-1 / 100 µg ml-1 Penicillin / Streptomycin (Fisher Scientific), 50 µg ml-1 Primocin (InvivoGen), 10% Noggin (homemade), 10% RspoI (homemade), 1x B27 (Gibco), 1.25mM N-Acetylcysteine (Sigma-Aldrich), 10mM Nicotinamide (Sigma-Aldrich), 5µM Y-27632 (Cayman Chemical), 500nM A83-01 (Tocris Bioscience), 1µM SB 202190 (Sigma-Aldrich), 25 ng ml-1 FGF-7 (PeproTech), 100 ng ml-1 FGF-10 (PeproTech) was added to each well and plates transferred to humidified incubator at 37˚C with 5% CO2. The organoids were passaged every 4 weeks.

Organoid infections

Before infection, 35µl drops of Matrigel (Fisher Scientific) containing organoids were seeded on Nunclon Delta surface 35x10mm Dish (Thermo Scientific) and 2ml of Advanced DMEM/ F12 supplemented with 1x L-Glutamine and 10mM Hepes was added to each plate. Depending on the indicated conditions, organoids were pretreated or no with 40µM Ferrostatin-1 for 1hr before infection. Ferrostatin-1 was maintained throughout the experiment. PP34 exoU or exoU S142A were grown as previously described until reach OD600 = 1. Bacterial density was adjusted to OD600 = 0.0005, and phenol red added at 0.005% to visualize successful microinjection (2). Injected organoids were individually collected and re-seeded into fresh matrix for subsequent analysis. For time-lapse imaging, injected and stimulated organoids were stained with 50 µg ml-1 Propidium Iodide (Thermo Scientific). Images were acquired every 15 minutes for the duration of experiments under an EVOS M7000 (Thermo Scientific) Imaging System (10x, at 37˚C with 5% CO2). Data was analyzed using Fiji/ImageJ.

Cell necrosis, alarmin/cytokine and lipid release assays

LDH Cytotoxicity Detection Kit (Takara) was used to determine the percentage of cell lysis. Normalization of spontaneous lysis was calculated as follows: (LDH infected-LDH uninfected)/(LDH total lysis-LDH uninfected) � 100.

Murine Il-1α, IL-33, IL-36α, IL-36γ, HMGB1, TNFα, cytokine levels in cell supernatants or in BALFs were measured by ELISA listed in resource Table 1.

Oxidized lipids isoprostanes, eicosanoids PGE2 and LTB4 were detected in cellular supernatants or BALFs using EIA kits listed in resource Table 1.

Plasma membrane permeabilization assays

Cells are plated at density of 1 x 10 5 per well in 96-well Plates or at 2x10 5 /well in 24-well plates (Corning 356640) in complete culture medium. The following day, medium is replaced by Opti-MEM supplemented with Propidium iodide (100 ng/ml) or SYTOX green (100ng/mL). Pharmacological inhibitors are added 1h before infection. Red (Propidium Iodide) or green (SYTOX) fluorescence are measured in real-time using Clariostar plate reader or an EVOS7000 microscope, both equipped with a 37˚C cell incubator.

Malondialdehyde (MDA) assays

Malondialdehyde production was addressed using the MDA lipid peroxidation kit according to the manufacturer's instructions (Abcam, ab118970). Cells were lysed using 500 µl of lysis buffer supplemented with butylated hydroxytoulene. Cell lysates were centrifuged for 10 min at 13,000 g (RCF) and the supernatants were used for MDA assay. TBA solution was added to each replicate, and samples were then incubated at 95˚C for 1 hour. 100µL of each sample was then processed for fluorometric assay at Ex/Em = 532/553 nm. BAL levels of MDA were normalized to the total protein concentration.

Recombinant protein production

Plasmids coding for exoU BtU , exoU or exoU S142A were a kind gift from Dara W. Frank's lab. All recombinant proteins were expressed in BL21(DE3) pLysS strain in LB medium, according to Anderson DM et al. [31]. Proteins fused with an N-terminus hexahistidine-tag were purified as previously described with slight modifications. Briefly, after cell harvest, bacteria were lysed by sonication under ice and recombinant proteins were purified by nickel metal affinity chromatography (Takara). After sample concentration, Superose 6 was exchanged for a Superdex 200 size exclusion column (GE Healthcare) as a final purification step. Samples were either used fresh or keep at -80˚C for long-term storage. ExoU and ExoUS142A activities were validated on cellular lysates (Fig 3I) based on the advices and experience of our collaborator [37].

Cytometry quantification of immune cells in mice BAL fluids (BALFs)

C57BL/6 mice received an injection of Ferrostatine (6mg/kg) or PBS as control intraperitoneally. 4-6h after, mice were infected by intranasal instillation of 50 µL of PBS containing or not 5x10 6 bacteria (PP34) in presence or absence of Ferrostatin-1 (6mg /kg). 18h after infection, BALFs were collected and quality/quantity of immune cells content was assayed by flow cytometry. Briefly, cells were pelleted (1000 rpm, 5 minutes), Red blood cells (RBC) were removed by 10 min incubation in RBC Lysis Buffer (BioLegend), monocytes, macrophages, neutrophils, and eosinophils were subsequently stained with a cocktail of fluorochrome-conjugated antibodies detailed in the "Material and Method" section. Cells were then fixed in 4% PFA before fluorescence associated cell sorting (FACS) analysis using a LSRII instrument. AccuCheck Counting Beads (ThermoFisher) were used to determine absolute cell number. Data analysis and processing were performed using FlowJO software.

Lipid peroxidation or ROS production

To measure lipid peroxidation or ROS production, cells were first washed with PBS 1X, and then incubated with either C11-BODIPY(581/591) (ThermoFisher) at 2 µM, or H2DCFDA (Thermo-Fisher) at 10 µM in Opti-MEM medium for 30 min at 37˚C. After three washes with PBS 1X cells are resuspended in Opti-MEM medium and infected/treated in presence or absence of pharmacological inhibitors. After 1-3h of infection, cells are washed with PBS, detached in MACS buffer (PBS-BSA 0,5%-EDTA 2mM) and samples were acquired within one hour using a flow cytometer (BD FORTESSA LSR II or a FACS Calibur). Data were analysed with FlowJO software (version 10). When specified, adherent cells loaded with Bodipy probes where infected at indicated MOIs of P. aeruginosa and lipid peroxidation is observed using an EVOS7000 microscope. For live imaging, the GFP brightness threshold was kept equal for all the independent experiments. Mean fluorescence intensity (MFI) was analyzed using Fiji/ImageJ.

Immunoblotting

Cell lysate generation has been described previously [85]. Briefly, proteins were loaded in 12% SDS-PAGE gels and then transferred on PVDF membranes. After saturation for 1 hour in Tris-buffered saline (TBS) supplemented with 0.05% Tween 20 containing 5% non-fat milk (pH8), membranes were exposed with antibodies at 4˚C overnight (Table 1). Next day, membranes were washed 3 times in TBS 0.1% Tween 20 and incubated with the corresponding secondary antibodies conjugated to horseradish peroxidase (HRP) (Table 1) for 1h at room temperature. Immunoblottings were revealed using a chemiluminescent substrate ECL substrate (Biorad) and images were acquired on a ChemiDoc Imaging System (Biorad). All antibodies and their working concentrations are listed in Table 1.

(Redox) lipidomic

1 million bone-marrow-derived macrophages were seeded into 6-well plates. Next day, BMDMs were transfected with recombinant ExoU or ExoU S142A proteins (500ng/well) for one hour. Then, supernatant was removed, cells were washed two times in PBS. Finally, 500µL of a cold solution of 50% PBS/50% Methanol was added to cells and samples were transferred to -80˚C for storage and subsequent analyses.

After thawing, lipids were extracted using a methyl-tert-butyl ether (MTBE)-based liquidliquid extraction method. Cell suspensions (500 µL in PBS/methanol 1:1, v/v) were thawed on ice before adding 100 µL methanol MeOH containing 50 ng each of the internal standards PC (15:0/18:1-d7), PE(15:0/18:1-d7), PG(15:0/18:1-d7), PI(15:0/18:1-d7) and PS(15:0/18:1-d7) (EquiSPLASH, Avanti Polar Lipids). Samples were then transferred into 8-mL screw-cap tubes, and then 1.125 methanol and 5 mL MTBE were added. After vigorous mixing, samples were incubated at room temperature on a tabletop shaker for 45 min. For phase separation, 1.25 mL water was added, and samples were vortexed and centrifuged for 15 min at 2000 x g. The upper organic phase of each sample was carefully removed using a Pasteur pipette, transferred into an empty glass round-bottom tube, and dried under vacuum in a SpeedVac concentrator. The dried lipid extracts were resuspended in 200 µL HPLC mobile phase A/mobile phase B 3:1 (v/v) for targeted lipidomic analysis of oxidized phospholipids. For LC-MS/MS, using a Sciex ExionLC Integrated System, 20 µL of each lipid extract was injected using Column Kinetex 2.6 µm HILIC 100 Å 100x2.1 mm, Phenomenex and a Flow Rate of 200 µL/min. Then, the analyte-specific m/z transition profile was determined and the area under the peak (ion intensity vs. elution time) was calculated using MultiQuant, Sciex software.

Data calculation was performed by doing ratio between the values of "area ratio analyte/ internal standard" of each oxidized phospholipid and its non-oxidized phospholipid. The fold induction in oxidized phospholipid was then calculated by doing a ratio between each oxidized ratio and the non-stimulated condition. Accordingly, the unstimulated condition oxidized ratios were 1 or 0 when no peroxidation was detected in any condition.

Phospholipase activity measurement

Evaluation of ExoU phospholipase activity was performed using the Cayman Chemical cPLA2 kit and performed as previously described with minor modifications [37]. Briefly, 10 µL of a 1mg/mL (160pmols) solution of recombinant ExoU or ExoU S142 proteins were mixed in 96-well plates with 10µL of lysed cell samples and 10µL of Assay Buffer. Then, samples were incubated for 1 hour at room temperature with 250µL of substrate solution (1.5 mM arachidonyl thiophosphatidylcholonie) and then for additional 4 or 16 hours in dark. Reaction was stopped using 25mM solution of DTNB according to manufacturer instructions and absorbance was detected at 405nm using a Clariostar plate reader. Phospholipase activity of ExoU or ExoU S142 was calculated as the hydrolysis rate accordingly to the manufacturer instructions.

Statistical analysis

Statistical data analysis was performed using Prism 8.0a (GraphPad Software, Inc.). We used ttest with Bonferroni correction for comparison of two groups. Data are reported as mean with The lungs harbor multiple resident microbial communities, otherwise known as the microbiota. There is an emerging interest in deciphering whether the pulmonary microbiota modulate local immunity, and whether this knowledge could shed light on mechanisms operating in the response to respiratory pathogens. In this study, we investigate the capacity of a pulmonary Lactobacillus strain to modulate the lung T cell compartment and assess its prophylactic potential upon infection with Mycobacterium tuberculosis, the etiological agent of tuberculosis. In naive mice, we report that a Lactobacillus murinus (Lagilactobacillus murinus) strain (CNCM I-5314) increases the presence of lung Th17 cells and of a regulatory T cell (Treg) subset known as RORgt + Tregs. In particular, intranasal but not intragastric administration of CNCM I-5314 increases the expansion of these lung leukocytes, suggesting a local rather than systemic effect. Resident Th17 and RORgt + Tregs display an immunosuppressive phenotype that is accentuated by CNCM I-5314. Despite the well-known ability of M. tuberculosis to modulate lung immunity, the immunomodulatory effect by CNCM I-5314 is dominant, as Th17 and RORgt + Tregs are still highly increased in the lung at 42-d postinfection. Importantly, CNCM I-5314 administration in M. tuberculosisinfected mice results in reduction of pulmonary inflammation, without increasing M. tuberculosis burden. Collectively, our findings provide evidence for an immunomodulatory capacity of CNCM I-5314 at steady state and in a model of chronic inflammation in which it can display a protective role, suggesting that L. murinus strains found in the lung may shape local T cells in mice and, perhaps, in humans. The Journal of Immunology, 2021, 207: 114.

T he lung has been considered as a sterile organ until recently (1,2). Technological improvements (e.g., high-throughput 16S rRNA sequencing) provided direct evidence for the presence of transient microorganism niches along the respiratory tract; these range from the oral cavity to the lung, and they are limited by environmental parameters and immune defense mechanisms (1,36). Despite the low biomass, there is a core of lung-resident bacteria among humans, dominated by Streptococcus, Prevotella, and Veillonella genera, and they can be altered by environmental factors and respiratory diseases often leading to an increase in Proteobacteria (711). The airway bacterial community, distinct from those of the gut, seems to play an essential role in respiratory health, as the acquisition of specific bacterial classes after birth is key for lung architecture development and immune tolerance against respiratory inflammatory pathologies later in life (1215). It is well established that the gut microbiota shape lung immunity via the gutlung axis (16,17,18) and that oral administration of gut probiotics improves immune responses during respiratory infections (1921). Similarly, approaches using aerosolized antibiotic administration or intranasal (i.n.) delivery of bacterial strains indicate that the lung microbiota can also modulate lung immunity (15,2224). In line with this notion, recent studies show that administration of bacteria, either directly isolated from the airways or closely related to resident bacteria but from other sources, confers a potent probiotic effect to prevent and treat respiratory diseases (2,25,26). Therefore, the identification of pulmonary bacterial strains capable of modulating lung immunity and their use as probiotics holds promise but still remains in its infancy.

Multiple studies established that microbiota at mucosal sites, such as the gastrointestinal tract, are associated with the abundance of Th17 and regulatory T cells (Tregs) (27,28). Not unexpectedly, germ-free mice exhibit a diminished number of Th17 and Tregs along with an altered intestinal barrier and defects in the establishment of peripheral tolerance (2932). Intestinal recolonization of germ-free mice with segmented filamentous bacteria or Clostridia bacteria (clusters IV and XIVa) induces local induction of Th17 or Tregs, respectively (2932). In general, Th17 cells express the transcription factor retinoic acid receptorrelated orphan nuclear receptor g (RORgt), and contribute to type 3 immunity (33). Most of what we know about Th17 cells is within the context of inflammation. Although they often confer protection against extracellular pathogens, particularly through neutrophil recruitment to mucosal tissue, Th17 cells are also implicated in autoimmune and inflammatory disorders when uncontrolled (33). However, seminal studies point out toward a dichotomous nature of Th17 cells, as they also engage in homeostatic functions (34,35). For example, the presence of these nonpathogenic resident Th17 cells, depending on defined components of the gut microbiota (e.g., segmented filamentous bacteria), improves intestinal epithelial damage repair via the production of IL-22 in a model of Citrobacter rodentium infection (29,36). In the case of Tregs, the role of microbiota is much clearer. By controlling effector T cells, Tregs are key actors of immune tolerance that ensure the protection of the host against tissue immunopathology. When dysregulated, however, Tregs are involved in pathogen susceptibility (37). These cells are found at mucosal sites, express the transcription factor forkhead box P3 (Foxp3) and originate either from the thymus or are induced at peripheral sites (38,39). Thymic Tregs, or conventional Tregs (cTregs), express the transcription factor Helios, and they are specific for self-antigens and migrate to peripheral tissues to reduce autoimmunity (39). Induced Tregs at mucosal peripheral sites display a degree of plasticity to adapt to a given environment. In particular, one subset known for its coexpression of Foxp3 and RORgt, referred hereafter as to "RORgt 1 Tregs," is essential to limit immune activation toward resident microorganisms. Indeed, the presence of RORgt 1 Tregs at mucosal sites highly depends on microbiota (31,32). Analyses of their TCR repertoire reveal their specificity for commensal bacteria (28,38), and multiple studies suggest that these cells have protective functions in intestinal homeostasis (41).

Both Th17 and RORgt 1 Tregs are present in the lung in low numbers at steady-state conditions, but the impact of local microbiota on these cells is unknown (41). In the case of lung Th17 cells, most studies have been performed in the context of inflammation (42). Although airway Th17 cells are protective against both extracellular (e.g., Candida albicans) and intracellular (e.g., Mycoplasma pneumonia) pathogens, they can also contribute, if not properly controlled, to inflammatory lung diseases, such as autoimmunity, fibrosis, asthma, and chronic obstructive pulmonary disease (42). It remains unclear how these different contexts of action for Th17 and lung microbiota are interconnected beyond the correlation between their abundance and physiopathological situations. For instance, the abundance of Proteobacteria in the lower airways correlates with Th17-mediated asthma (43) as well as the enrichment of the lung microbiome with oral taxa and Th17-driven inflammation (44), suggesting that certain airway microbiota communities regulate these lymphocytes. With regards to RORgt 1 Tregs, the only report that describes their presence in the lung was done by Lochner et al. (45) in 2008. Yet the authors did not investigate how these cells are influenced by the lung microbiota. Other than this, the induction of RORgt 1 Tregs along with that of Th17 cells was observed during dysbiosis of oral mucosa microbiota upon Candida infections (46). In mice, antibiotic-mediated depletion of oropharyngeal microbiota not only reduces the abundance of both resident Th17 and RORgt 1 Tregs, but also increases the incidence of tissue damage and high fungal burden in oropharyngeal mucosa, arguing that the interrelationship between resident bacteria and these leukocytes is key against periodontal inflammation generated during infection (4648). The primordial evidence for a role of pulmonary microbiota in the induction of lung Tregs comes from studies in neonate mice. Although specific pathogenfree (SPF) neonates are as sensitive to allergic asthma as germ-free mice, postbirth microbiota acquisition in the lung transiently modulates the dendritic cell phenotype, which foments the differentiation of Tregs to establish long-term tolerance, resulting in adult SPF mice resistance against asthma (2,13,14). In line with these studies, Le Noci et al. (22) recently demonstrated that the use of aerosolized antibiotics induces dysbiosis specifically of the lung microbiota, resulting in a decrease of local Tregs and better immune control of lung cancer (22,23). Therefore, although direct evidence is lacking about the capacity of specific pulmonary bacterial strains to modulate the abundance and phenotype of Th17 and RORgt 1 Tregs, these studies make it plausible that airway microbiota may exert host protective functions via the regulation of these leukocytes.

In this study, we investigate the capacity of a recently isolated pulmonary bacterial strain, Lactobacillus murinus CNCM I-5314, to regulate the abundance and phenotype of lung Th17 and RORgt 1 Tregs, and whether this modulation correlates with any potential beneficial effect in the context of a respiratory chronic infection.

Materials and Methods

Bacteria

The microbiota bacterial strain used in this study was previously isolated from neonatal mouse lung homogenates (2). This strain was deposited at the French National Collection of Microorganism Cultures (CNCM) under the name CNCM I-5314 (associated with patent file PCT N WO2020201145A1). Based on its 16S and genomic sequence, CNCM I-5314 was identified as Lactobacillus murinus. CNCM I-5314 was cultivated in Man, Rogosa, Sharpe liquid medium (BD Difco; Thermo Fisher Scientific) without shaking at 30 C (for overnight preculture) or 37 C (for shorter cultures) or grown in 15% agar containing Man, Rogosa, Sharpe medium at 37 C for CFU assays.

Mycobacterium tuberculosis (H37Rv) was grown in 7H9 liquid medium (BD Difco) supplemented with 10% albumindextrosecatalase (BD Difco), 0.5% glycerol (Promega), and 0.05% Tween 80 (EUROMEDEX) or in 7H10 Agar medium (BD Difco) supplemented with 0.1% peptone (Thermo Fisher Scientific), 10% oleic acidalbumindextrosecatalase (BD Difco) and 0.5% glycerol (49).

Fresh cultures in exponential growth (34 h for CNCM I-5314 and 24 h for M. tuberculosis) were used for all inoculum preparation. Bacterial concentration was determined based on OD at 600 nm and previously
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LACTOBACILLUS MURINUS MODULATES LUNG Th17 AND RORgt In some experiments, heat-inactivated CNCM I-5314 was obtained by incubation of a part of the inoculum for 30 min at 70 C, a pasteurization process conserving bacterial component integrity (50). Other experiments were performed with labeled bacteria. Accordingly, CFSE-stained bacteria were obtained after incubation of the inoculum in 100 mg/ml CFSE (Cell-Trace CFSE Cell Proliferation Kit; Invitrogen) for 10 min at 37 C, three washes in PBS 10% FCS (PAN-Biotech), and resuspension in PBS for administration (51).

Mice

Animal care and experimentations were consistent with the French guidelines, and were approved by the Ministry of Higher Education and Research (agreement APAFIS 5704). Six-to eight-week-old female SPF C57BL/6 mice were purchased from Charles River Laboratories. Five to thirteen mice per group were used per experiment. To perform M. tuberculosis infection, mice were i.n. inoculated with H37Rv (1 Â 10 3 CFU per mouse in 20 ml PBS) under 4% isoflurane anesthesia (Vetflurane; Virbac). CNCM I-5314 (1 Â 10 7 CFU in 20 ml of PBS) or mock (PBS) were administered i.n. three times a week during a 2-wk period before sacrifice (naive mice) or infection under 4% isoflurane anesthesia. During M. tuberculosis infection, CNCM I-5314 administration was continued twice per week until sacrifice. When indicated, CNCM I-5314 was administered i.g. (1 Â 10 9 CFU in 200 ml of PBS) every day during a 10-d period before sacrifice.

Histology

Mice (three to six per group) were sacrificed at 42 d postinfection by i.p. administration of pentobarbital (Dol ethal; V etoquinol) at lethal dose. The lungs were inflated and fixed with 10% neutral buffered formalin (Sigma-Aldrich, Merck), and embedded in paraffin. Lung sections (5 mm) were stained with H&E or immunostaining by immunohistochemistry (IHC). For the IHC characterization of mouse leukocytes in tissues, rabbit polyclonal antiinducible NO synthase (INOS) (clone 54, 1/100; BD Transduction Laboratories) or rabbit polyclonal anti-mouse myeloperoxidase (MPO) (RB-373, 1/100; Thermo Fisher Scientific) were incubated overnight at 4 C after heatinduced epitope retrieval with 10 mM Tris1 mM EDTA (pH 9) or 10 mM citrate (pH 6), respectively. The sections were incubated at room temperature with goat anti-rabbit HRP (P0448, 1/400; Dako) for 2 h, streptavidin HRP (GT85912, 1/200; GeneTex) for 1 h, revealed with DAB (C09-12; GBI Labs), and counterstained with hematoxylin (HEMML-OT-100; BioGnost). All sections were digitized using a Pannoramic 250 scanner (3DHISTECH). Histopathological scoring was determined by dividing the area of infiltrated lung tissue by the total area of lung tissue from the H&E staining or IHC immunostaining using the CaseViewer software (3DHISTECH).

Tissue homogenate preparation

Mice (five to eight per group) were sacrificed by cervical dislocation under 4% isoflurane anesthesia 21 or 42 d postinfection or 15 d after first CNCM I-5314 administration (naive mice). In some experiments presented in Supplemental Fig. 1A, bronchoalveolar lavages were performed by gentle intratracheal injection of 1 ml of PBS. Alternatively, lung and spleen were prepared individually into cell suspensions (49). To discriminate by flow cytometry lung-resident leukocytes from those in blood, when indicated, mice were injected i.v. with 2 mg of anti-CD45.2 Ab (BD Biosciences) 5 min prior to sacrifice (52). Lung and spleen were collected in C Tubes (Miltenyi Biotec), homogenized with a gentleMACS Dissociator (Miltenyi Biotec), incubated with 2 mg/ml collagenase D (Roche, Merck), and 0.1 mg/ml DNase I (Roche) for 30 min at 37 C under 5% CO 2 . For M. tuberculosisinfected mice, a part of the lung and spleen cell suspension was serially diluted in PBS and spread on Agar medium for CFU scoring to assess M. tuberculosis bacterial load. The remaining homogenates were filtered on 70-mm cell strainers (ClearLine; Dominique Dutscher). Alternatively, spleen collected from noninfected mice and used specifically for flow cytometry were directly crushed on 70-mm cell strainers. After centrifugation of lung and spleen cell suspensions at 330 Â g for 5 min, supernatants were 0.22-mm filtered (Millex-GP Sterile Syringe Filters with PES, Millipore Express Plus polyethersulfone; Merck) to exclude M. tuberculosis and stored at À80 C. Cytokine concentration in supernatants was later assessed by ELISA using BD OptEIA Sets (BD Biosciences) following the manufacturer's instructions. Cell pellets were resuspended in 1 ml of PBS. RBCs were lysed in 150 mM NH 4 Cl, 10 mM KHCO 3 , and 0.1 mM EDTA (pH 7.2) buffer for 5 min; RBC lysis was stopped by the addition of 10% FCS-containing medium (RPMI 1640, GlutaMAX Supplement, HEPES; Thermo Fisher Scientific) (53). After centrifugation, cell pellets were 40-mm filtered (ClearLine). A portion of the cell pellet was conserved in TRIzol reagent (Invitrogen) at À80 C for RNA quantification and the rest was used for flow cytometry.

Flow cytometry

For a fraction of the lung cell suspension, cytokine production was stimulated in RPMI supplemented with 10% FCS, 50 ng/ml PMA (Sigma-Aldrich) and 500 ng/ml ionomycin (Sigma-Aldrich) and blocked with brefeldin A (Golgi-Plug, 1/1000; BD Biosciences) and monensin (GolgiStop, 1/2000; BD Biosciences) for 4 h at 37 C with 5% CO 2 . The remaining cell suspension was stored in Cell Staining Buffer (CSB; BioLegend) at 4 C for the assessment of extracellular marker and transcription factor staining. Cell staining was performed in V-bottom, 96-well plates, and centrifugations were performed at 600 Â g (or 700 Â g after cell fixation) for 2 min. Cell suspensions were first incubated 2030 min at 4 C with a mixture containing blocking antiCD16/ 32 Ab (TruStain FcX; BioLegend), a viability marker (LIVE/DEAD Fixable Blue Dead Cell Stain Kit; Invitrogen), and the indicated extracellular Abs were diluted in CSB. The following Abs (clone) were used: anti-CD45.2 (104), antiSiglec F (E50-2440), antiLy-6G (1A8), anti-CD4 (SK3), antiPD-1 (J43) (from BD Biosciences); anti-CD86 (GL1) from eBioscience; anti-CD11b (M1/70), anti-CD11c (N418), anti-MerTK (2B10C42), anti-CD64 (X54-5/7.1), anti-MHCII (M5/114.15.2), anti-CD24 (M1/69), anti-CD103 (2E7), antiLy-6C (HK1.4), antiTCR-b (H57-597), anti-CD3 (17A2), anti-CD8a (53-6.7), anti-CD4 (RM4-5 and GK1.5), anti-ICOS (C3998.4A), anti-CCR6 (29-2L17), anti-CD80 (16-10A1), anti-CD206 (C068C2), and anti-CD16/32 (93) from BioLegend. Cells were washed in CSB, fixed 30 min at room temperature, and permeabilized for 15 min at room temperature using reagents from the Foxp3/Transcription Factor Staining Buffer Set (eBioscience and Thermo Fisher Scientific). Cells were stained with an Ab set to detect intracellular factors diluted in the permeabilization buffer for 45 min at room temperature. Abs (clone) used included anti-RORgt (Q31 378), anti-LAP (TW7-16B4), and anti-TNF (MP6-XT22) from BD Biosciences; antiT-bet (4B10), anti-FOXP3 (FJK-16s), anti-Ki67 (SolA15), anti-Helios (22F6), and antiIL-17 (17B7) from eBioscience; and antiCTLA-4 (UC10-4B9) and antiIFN-g (XMG1.2) from BioLegend. In the context of M. tuberculosisinfected mice, the stained cell preparation was fixed for 2 h with 4% paraformaldehyde (Pierce, Thermo Fisher Scientific) at room temperature to ensure M. tuberculosis killing. Just before acquisition, 1020 ml of counting beads (CountBright; Molecular Probes and Thermo Fisher Scientific) were added to cell suspensions to determine absolute cell numbers. Staining was acquired with an LSR II or LSRFortessa flow cytometer (BD Biosciences) and analyzed with the FlowJo V10 software (Tree Star). Of note, cells were first gated on singlets (forward scatter height versus forward scatter width and side scatter height versus side scatter width) and live cells before further analysis, as shown in (Supplemental Fig. 2).

Gene expression by quantitative RT-PCR

RNeasy spin columns (RNeasy Mini Kit; QIAGEN) were used to extract RNA from frozen TRIzol samples, according to the manufacturer's instructions. RNA was then reverse-transcribed into cDNA using M-MLV Reverse Transcriptase (Invitrogen). Quantitative RT-PCR (RT-qPCR) was performed using a 7500 Real-Time PCR System, and data were analyzed using the 7500 Software version v2.3 (Applied Biosystems and Thermo Fisher Scientific). Values were normalized using the housekeeping b-actin gene and expressed as a fold change between experimental (CNCM I-5314treated mice) relative to control samples. The gene-targeted primer sets used in this study were as follows: b-actin, forward primer (Fw) 59-GCTGTGCTGTCCCTGTATGC CTCT-39 and reverse primer (Rv) 59-CCTCTCAGCTGTGGTGGTGAAGC-39; Tnf, Fw 59-CAAAATTCGAGTGACAAGCCTGT-39 and Rv 59-CCA CTTGGTGGTTTGCTACGA-39; Ifng, Fw 59-CAGCAACAGCAAGGCG AA-39 and Rv 59-GGACCTGTGGGTTGTTGACCT-39; Il-6, Fw 59-ATG TTCTCTGGGAAATCGTGGA-39 and Rv 59-AGAATTGCCATTGCACA ACTCTT-39; Il-1b, Fw 59-GCCCATCCTCTGTGACTCAT-39and Rv 59-AGGCCACAGGTATTTTGTCG-39; Mpo, Fw 59-GCACAATATGGCACG CCCAA-39 and Rv 59-CCAAGGCCTGTCTCTGCTGT-39; Inos, Fw 59-TCCTCACGCTTGGGTCTTGTTC-39 and Rv 59-TCCAACGTTCTCCGTT CTCTTGC-39; and Il-10, Mm_Il10_1_SG (GT00106169, QuantiTect Primer Assay; QIAGEN). M. tuberculosisinfected mice, M. tuberculosis infection was verified for all mice, and uninfected mice were not included in the analyses. When samples followed a normal distribution, the mean value for each group was represented, and a Student t test (comparison between two groups) or one-way ANOVA followed by a Holm-Sidak posttest (to compare more than two groups) were applied to establish significance relative to controls. In the absence of a normal distribution, the bar in the graphs represents the median of each group, and a MannWhitney U test or a KruskalWallis followed by Dunn posttest was applied to compare each experimental group with controls. When indicated, a two-way ANOVA followed by a Sidak multiple comparisons test was performed to compare PBS-to CNCM I-5314treated mice among different cell types. A significant statistical difference was represented by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; NS results were indicated when the p value was greater than 0.05.

Statistics

Results

Intranasal but not intragastric delivery of CNCM I-5314 induces both lung Th17 and RORct 1 Tregs in naive mice

We previously isolated 20 bacterial strains from lung homogenates of neonatal SPF mice (2). Importantly, i.n. administration of one of these strains (i.e., Enterococcus faecalis, CNCM I-4969) in neonates dramatically reduced type 2 immunity and the incidence of allergic asthma in mouse lungs, suggesting that these pulmonary bacteria have the potential to modulate lung immunity (2). To expedite the search for prospective probiotics, our main approach was to first test those strains closely related to generally recognized as safe bacteria, which are mainly composed of Lactobacillus species (21,54). Among our collection of pulmonary bacteria, we identified L. murinus (CNCM I-5314; Lagilactobacillus murinus under new taxonomic reclassification) (2, 55), a common resident of the murine gastrointestinal tract associated with the regulation of gut Th17 and Tregs (56,57). Different studies reported a decrease in Lactobacillus species, particularly L. murinus, in different pathological conditions in the gastrointestinal tract (5660). In some of these models, administration of L. murinus recapitulated the protective effect by transplantation of gut microbiota, and this was associated with a strong induction of Tregs via the local production of TGF-b and IL-10 (56). More recently, overcolonization of the gastrointestinal tract by L. murinus was shown to result in the particular expansion of Tregs in the lungs, leading to protection against allergic airway inflammation (61). Therefore, the CNCM I-5314 strain seemed like an obvious candidate to be tested as a prospective probiotic. To this end, we first verified that the i.n. delivery of CFSE-labeled CNCM I-5314 reached the lungs and bronchoalveolar space as free bacteria as well as internalized by resident leukocytes, as illustrated in supplementary Supplemental Fig. 1. Having confirmed this, we then assessed the capacity of CNCM I-5314 to induce lung Th17 and RORgt 1 Tregs by flow cytometry after i.n. or i.g. delivery in naive mice to probe the local versus systemic effects, respectively (Fig. 1A, Supplemental Fig. 2A). The i.n. delivery of CNCM I-5314 resulted in an increase in the proportion and cell number of lung Th17 and RORgt 1 Tregs but not lung cTregs when compared with those levels observed in mock-treated mice (Fig. 1BD). By contrast, i.g. administration of CNCM I-5314 resulted in a slight increase in the proportion and cell number of RORgt 1 Tregs as well as in the total number of cTregs but had no effect on Th17 cells in the lungs (Fig. 1BD). Importantly, with the exception of a slight (but statistically significant) increase in splenic RORgt 1 Tregs, the proportion of Th17 and cTregs in the spleen remained intact after i.n. administration of CNCM I-5314 as compared with that in mock-treated mice, suggesting that this bacterial strain mostly exerts a local effect in the lung rather than a systemic one reflected in secondary lymphoid organs (Supplemental Fig. 2B). Our data also indicated that CNCM I-5314 modulates Th17 and RORgt 1 Tregs in the lung tissue and airway because the exclusion of circulating leukocytes in the lung vasculature yielded the same proportion and cell number (Supplemental Fig. 2C,2D). Interestingly, the proportion of lung Th17 cells relative to RORgt 1 Tregs at steady state decreased upon i.n. delivery of CNCM I-5314, indicating that this pulmonary bacterial strain favors RORgt 1 Tregs over Th17 cells (Fig. 1E). In fact, among total lung Foxp3 1 CD4 1 T cells, the proportion of RORgt 1 Tregs increased from 15% up to 45% after delivery of CNCM I-5314 (Fig. 1E). Furthermore, i.n. administration of heat-inactivated (HK) CNCM I-5314 induced a similar increase in the proportion and cell number of Th17 and RORgt 1 Tregs as live bacteria when compared with mock-treated mice (Fig. 1BE), suggesting that a structural component rather than a secreted metabolite, for example, is responsible for this effect. Notably, the different variations of CNCM I-5314 delivery had no impact on the total number of lung CD4 1 T cells (Fig. 1D), a selective effect which was previously observed for probiotic strains with beneficial effects in disease context (62). Altogether, these findings indicate an important and local rather than systemic (i.e., through the gutlung axis) effect of CNCM I-5314 in the regulation of lung Th17 and RORgt 1 Tregs.

Formal characterization of lung Th17 and RORct 1 Tregs before and after CNCM I-5314 administration

Although RORgt 1 Tregs were previously identified in the lung (45), their characteristics and modulation by the microbiota have not yet been assessed. Because RORgt 1 Tregs and Th17 cells induced by the microbiota may play a key role in respiratory health and disease (31,32,36,63), we performed a formal characterization of these lung T cell populations at steady state and after i.n. delivery of CNCM I-5314. As described for RORgt 1 Tregs of gut origin (31,32,63), lung RORgt 1 Tregs expressed Foxp3 and RORgt at a similar level to cTregs and Th17, respectively (Fig. 2A). In addition, a smaller proportion of lung RORgt 1 Tregs (12%) expressed Helios when compared with cTregs (50%), suggesting a peripheral rather than thymic origin (Fig. 2A, 2B) as previously proposed for these leukocytes in the gut (32,31,64). In terms of their activation status, we noticed that, like Th17 cells, there was a high proportion of lung RORgt 1 Tregs expressing the ICOS receptor (68%), which was further increased across all CD4 1 T cells by CNCM I-5314 in comparison with the PBS control group (Fig. 2A,2B). Likewise, 96% of lung RORgt 1 Tregs expressed the immune-suppressive receptor CTLA-4, which was higher than in cTregs (71%). In addition, 47% of lung Th17 cells were positive for CTLA-4, which was further increased (67%) in CNCM I-5314treated mice when compared with PBS-treated mice (Fig. 2A,2B). Moreover, 52% of lung RORgt 1 Tregs displayed the suppressive receptor PD-1, which was higher than in cTregs (19%) and Th17 (29%) cells; CNCM I-5314 only affected the PD-1 expression in Th17 cells (50%) relative to that found in PBS-treated mice (Fig. 2A,2B). As previously described (30), we confirmed that lung Th17 (12%) and RORgt 1 Tregs (23%) expressed the CCR6 chemokine receptor; CNCM I-5314 enhanced CCR6 expression only in Th17 cells (23%) when compared with those from PBS-treated mice (Fig. 2A,2B). Moreover, when we assessed the proliferation status of the lung CD4 1 T cells by measuring the Ki67 nuclear marker, we noticed that lung Th17 and RORgt 1 Tregs had a higher proliferation index compared with cTregs, which was further enhanced in both leukocytes by CNCM I-5314 treatment (Fig. 2A,2B). In terms of cytokine production, lung Th17 (44%), cTregs (33%), and RORgt 1 Tregs (15%) exhibited a lower proportion of TNF expression compared with other CD4 1 T cells (61%), and administration of CNCM I-5314 decreased TNF production across all lung CD4 1 T cells when compared with the PBS treatment (Fig. 2C). By contrast, the percentage of leukocytes producing IL-17A was uniquely higher in Th17 cells postinfection (Fig. 5D). Moreover, flow cytometry analyses revealed that neutrophils (Ly-6G hi CD11b hi ), one of the main leukocytes known to express MPO (73), were not altered by CNCM I-5314 delivery in M. tuberculosisinfected mice (Supplemental Fig. 4A). With regards to INOS, whereas the total mRNA level of the Inos gene was not affected by CNCM I-5314 (Fig. 5E), we identified Ly-6C 1 inflammatory monocytes as the only leukocyte population being diminished in the lung, as measured by flow cytometry at 42 d postinfection (Supplemental Fig. 4A,4B). Inflammatory monocytes are known to express both MPO and INOS proteins (7375). Interestingly, in contrast to interstitial macrophages, dendritic cells, and eosinophils, the total number of alveolar macrophages was augmented in the lungs of CNCM I-5314treated mice (Supplemental Fig. 4A,4B). Further analyses of these macrophages seem to indicate that CNCM I-5314 administration established a wound-healing/tissue-repair phenotype characterized by upregulation of the mannose receptor (CD206) and of the FcgRIIIa/FcgRIIIb receptors (CD16/CD32) (76) that was mirrored by the downregulation of proinflammatory markers, such as CD80, ultimately correlating with the overall drop of MPO 1 and INOS 1 cells upon CNCM I-5314 treatment (Supplemental Fig. 4B). Indeed, both MPO and INOS are considered markers for proinflammatory (M1) macrophages (76,77). These data argue that the CNCM I-5314 administration modulates the number of inflammatory monocytes/macrophages infiltrating the lung and the abundance and phenotype of resident macrophages during M. tuberculosis infection. Altogether, these findings indicate that CNCM I-5314 reduces TB-associated lung inflammation without affecting M. tuberculosis lung colonization or extrapulmonary dissemination or generating unwanted pulmonary inflammation.

Discussion

Respiratory diseases, such as chronic obstructive pulmonary disease, asthma, acute lower respiratory tract infections, and TB, are among the most common causes of death and severe illness (78). Dysbiosis of the lung microbiota is one of the shared features among these diseases, often associated with deleterious consequences to the host, suggesting that resident microorganisms contribute to respiratory health and disease (8,9,79,80). There is an emerging interest in deciphering whether pulmonary microbiota modulate local immunity. This knowledge could shed light on mechanisms operating in lung homeostasis and response to respiratory pathogens. In this study, we addressed these issues and propose the following contributions to the field.

Pulmonary CNCM I-5314 can regulate the levels of local Th17 cells distinguished by a nonpathogenic phenotype. Recent studies in the intestine have shed light on the dichotomous nature of Th17 cells, which allows them to support the intestinal barrier integrity (34). At steady state, Th17 cells are mainly found in the intestine, but they are also located in small quantities in other barrier organs, such as the skin, the oral cavity, and the lungs (34). These cells are characterized by the core expression of RORgt, CCR6, ICOS, IL-17A and IL-17F, which is a common feature of all RORgt 1 leukocytes (42). We observe that resident Th17 cells are present, albeit scarcely, in the lung at steady state, confirming previous studies (34,42,45). They display a phenotype distinguished by a CCR6 lo ICOS int CTLA-4 int PD-1 int IL-17A int pro-TGF-b1 hi TNF int Ki67 hi profile. Interestingly, a high proportion of lung Th17 cells is positive for immunosuppressive markers, such as CTLA-4, PD-1, and, particularly, proTGF-b1, suggesting these cells are nonpathogenic. Moreover, the high percentage of Ki67 1 Th17 cells indicates a proliferation capacity in situ. Upon CNCM I-5314 i.n. administration, the proportion and number of Th17 cells are increased by a factor of four in the lungs, and their immunosuppressive-oriented phenotype is enhanced, as reflected by the higher expression of CTLA-4 and PD-1 for instance. This effect seems independent of the gutlung axis because an oral delivery failed to reproduce the induction of lung Th17 cells. These are important findings, given the emerging interest about the role of airway microbiota in Th17-mediated respiratory immunity and inflammatory disorders (44).

Pulmonary CNCM I-5314 can control the homeostasis of lung RORgt 1 Tregs. As reported in the literature (45), we confirm the low presence of these lymphocytes in the lung, which constitutes $15% of the total Treg population at steady-state conditions. Like Th17 cells, RORgt 1 Tregs are specifically increased in the lungs by i.n. administration of CNCM I-5314, comprising 50% of all Tregs. In fact, this effect is reproduced by the HK version of CNCM I-5314, suggesting that soluble molecules produced by live bacteria are not responsible. Unlike Th17 cells, i.g. administration of CNCM I-5314 also increases (albeit to a lower extent than i.n. delivery) the proportion and numbers of lung cTregs and RORgt 1 Tregs, alluding to a partial contribution by the gutlung axis. This is in line with a recent study reporting that overcolonization of the gastrointestinal tract by L. murinus results in an expansion of lung Tregs, leading to protection against allergic airway inflammation (61). Likewise, Sefik et al. (32), who used monoassociation of germ-free mice with 22 bacterial species from the human gastrointestinal tract, including those from the Firmicutes phylum (e.g., Lactobacillus species), demonstrated that multiple but not all strains induce intestinal RORgt 1 Tregs. We also provide the characterization of lung RORgt 1 Tregs as Helios lo CD25 lo ICOS int CTLA-4 hi PD-1 int CCR6 int IL-17 lo pro-TGF-b1 hi TNF lo Ki67 hi , which resembles an immunosuppressive phenotype that is slightly enhanced after CNCM I-5314 administration. As in the gut, lung RORgt 1 Tregs expressed ICOS, which is considered a mucosal Treg marker that is essential for their development and production of IL-10 (81). Lung RORgt 1 Tregs highly express CTLA-4 and PD-1 compared with cTregs, indicating a potential immunosuppressive capacity (31). This is supported by a study demonstrating that the setup of a tolerogenic lung environment during colonization by the microbiota was dependent on the generation of PD-1 1 Helios À Tregs (13). Like Th17 cells, there is a high proportion of lung RORgt 1 Tregs positive for Ki67, which is further augmented by CNCM I-5314 administration, arguing for the capacity of these cells to proliferate in situ. Regarding the cytokine profile, lung RORgt 1 Tregs produce IL-17A, accompanied by contrasting levels of proTGF-b1 (81%) and TNF (12%), which becomes accentuated upon administration of CNCM I-5314. IL-17 production by these cells was described to be pathogenic in other contexts and linked with aggravated inflammation (8286). However, it is worth noting that a TGF-brich environment supports an anti-inflammatory role for cells producing IL-17 in the regulation of an immune response (87). Thus, the CNCM I-5314induced RORgt 1 Treg-driven production of IL-17A, in combination with a high ratio of proTGF-b1:TNF, may play a homeostatic role that contributes to tissue integrity.

CNCM I-5314 increases Th17 and RORgt 1 Tregs during M. tuberculosis infection. In the TB context, Th17 cells mainly play a proinflammatory role, resulting in either protection or pathology as typically reflected by the recruitment of neutrophils into the lungs (88,89). In our mouse model of M. tuberculosis infection, the presence of the Th1 cells dwarfs that of Th17 cells in the lung, which is expected because of the crucial importance of Th1 cells in TB. In CNCM I-5314treated mice infected with M. tuberculosis, lung Th17 cells augment considerably without affecting the abundance of Th1 cells, but this is not accompanied by neutrophil recruitment in the lungs, suggesting that these cells do not provoke an inflammatory effect during infection. A recent study demonstrated that intestinal Th17 cells (characterized by IL-22 and IL-17 production)

The Journal of Immunology 11 at bibCNRS INSB on September 3, 2021 http://www.jimmunol.org/ Downloaded from induced by local commensals are not involved in models of systemic pathological inflammation or in C. rodentium clearance (36). Instead, they decrease the barrier permeability and favor epithelium damage repair during C. rodentium infection. By contrast, pathogenelicited Th17 cells exhibit high plasticity toward proinflammatory cytokine (e.g., IFN-g) production and a better engagement in C. rodentium clearance but also contributed to systematic pathological inflammation (36). Concerning RORgt 1 Tregs, we observed similar trends as Th17 cells in our infection model, despite the wellknown capacity of M. tuberculosis to shape the lung immune response. Whereas this Treg subset represents a minor cell population compared with cTregs in mock-treated animals, it augments considerably in infected animals treated with CNCM I-5314. These observations are interesting, considering that the role of Tregs in TB is also controversial (71). On the one hand, early presence of Tregs in the lung is thought to allow bacterial escape from immune control. On the other hand, Tregs are critical to avoid overinflammation, leading to necrosis and lung tissue damage at later stages of M. tuberculosis infection (71). However, whether these cells belong to the RORgt 1 Treg subtype and whether the RORgt 1 Tregs induced by lung microbiota could alter the specific response to M. tuberculosis is unknown. Like Th17 cells, the physiological function for RORgt 1 Tregs is complex and highly dependent on the microenvironment (41). Most of the reports allude a protective role for intestinal RORgt 1 Tregs against inflammatory disorders such as allergy and colitis (12,31,32,41). Alternatively, there are reports about RORgt 1 Tregs acquiring Th17-like pathogenic features to promote inflammation in, for example, autoimmunity. Likewise, their presence can also be dysregulated to promote immunosuppression to aggravate cancer and chronic inflammation or to play a deleterious role in the context of helminth infection (8286). All things considered, we propose that part of the biological role for the pulmonary CNCM I-5314 strain is to regulate the dichotomy of RORgt 1 Tregs toward a possible protective role during the inflammation generated by respiratory infection such as TB. CNCM I-5314 decreases lung inflammation associated with M. tuberculosis infection without altering pathogen load. We and others have recently reported an increased susceptibility to M. tuberculosis infection in mice in which the microbiota composition was altered by administration of broad-spectrum antibiotics (21,49,80,90). However, the contribution of lung microbiota to shape the immune response against M. tuberculosis is still poorly understood. In the current study, we demonstrate that CNCM I-5314 reduces lung leukocyte infiltration and IFN-g/TNF production when administered i.n. to M. tuberculosisinfected mice. Not only do we show a lower abundance of lung MPO-and INOS-positive leukocytes, but also, we describe a lower abundance of inflammatory monocytes mirrored by a significant increase of alveolar macrophages with an inflammatory phenotype. Future studies will assess the direct impact of CNCM I-5314 in the activation of inflammatory monocytes/macrophages and their capacity to generate inflammation and engage in lung homeostatic functions such as wound healing and tissue repair. Notably, our data indicate that CNCM I-5314 has anti-inflammatory properties without affecting M. tuberculosis load in the lung and spleen, nor does it interfere with the generation of Th1 cells and the CD4 1 T cellmediated production of IFN-g and TNF during infection. Although leukocyte infiltration following M. tuberculosis infection is associated with immunopathology leading to lung tissue damage (91), it is difficult to conclude whether the reduction of leukocyte infiltration and inflammatory signals observed in the lungs of CNCM I-5314treated mice ultimately yield a net health benefit to the host. One factor influencing these results is the choice of SPF mice with an intact microbiota in the lungs. We predict that CNCM I-5314 administration will have different effects in lung immunity in mouse models lacking microbiota (e.g., germ free) or in which dysbiosis is induced specifically in the lungs (e.g., aerosolized antibiotics).

Collectively, our findings provide evidence for a potential role of the pulmonary microbiota in respiratory health and disease. In a model of chronic lung inflammation, our data highlight the importance of Th17 and RORgt 1 Tregs as probable mediators for the immunomodulatory effect enacted by a lung L. murinus strain. Whether additional pulmonary bacterial strains replicate the same effect remains to be investigated. Yet, as we predict that this may be a general feature of resident lung bacteria, we propose that a better characterization of the mechanisms leading to the regulation of these cell populations and their role in lung immunity will deeply improve our understanding of the microbehost interactions at this mucosal site. Likewise, the identification of new beneficial pulmonary bacterial strains, especially from the human lung, will represent an essential microbial source of therapeutic molecules for multiple respiratory diseases.
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  Mabs et l'efficacité du traitement. Nous montrons dans des AOs sains que Mtb et Mabs résident principalement en tant que bactéries extracellulaires et infectent les cellules épithéliales avec une efficacité relativement faible. Alors que le microenvironnement de l'AO est capable de contrôler, mais pas d'éliminer Mtb, Mabs prospère. Nous démontrons que les AOs répondent à l'infection en modulant l'expression des cytokines, des peptides antimicrobiens, des mucines et des gènes antioxydants. Nos résultats indiquent que les organoïdes dérivés de patients atteints de CF ont un épithélium plus épais, accumulent du mucus et subissent un stress oxydatif, une peroxydation lipidique accrue et une mort cellulaire, caractéristiques clés de la CF.
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 9 Figure 9. Mabs cell envelope (from (90)). Abbreviations: LAM, lipoarabinomannan; LM, lipomannan; PIM, phosphatidyl-inositol mannoside; PL, phospholipid; TDM, trehalose dimycolate; TPP, trehalose polyphleate; TMM, trehalose monomycolate; ESX-4, type VII secretion system.
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 10 Figure 10. Mabs infection cycle (adapted from(35)).
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 11 Figure 11. Classes of CFTR mutations (adapted from (135)).

  variants have been shown to be able to establish biofilm in the lungs of patients with abnormal airways and decreased mucociliary clearance (148). GPLs not only play a role during the biofilm formation, but are also important for the sensing of Mabs by the EC. GPLs are immunologically inert and can mask bioactive molecules from the bacterial cell wall. Nevertheless, the loss of GPLs unmasks underlying Mabs cell wall molecules such PIM, which are recognized by TLR2 on EC, leading to their activation and release of IL-8 and human β-defensin-2 (108, 149).
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 15321533 NHBE) cells, resulting in the overexpression of genes such as DUOX2, an enzyme involved in ROS production, and IL-32, a cytokine associated with epithelial cell apoptosis (150). It is worth noting that Mabs S was able to lower the percentage of ciliated cells in vitro as well as the ciliary beat frequency. However, the slight increase expression of some genes, overall, denote a low responsiveness of lung epithelial cells to the bacterial challenge (150, 151). In contrast to Mabs S, NHBE cells overexpressed IFN-I proteins (OAS1, Mx1, ISG15) and upregulated proinflammatory (IL-36) and chemoattractant (CCL5, CCL22) genes after being exposed to Mabs R cell wall microparticles (152). Lastly, Mabs S revealed low internalization and survival in A549 cells(153). Crosstalk between the host innate immune system and Mabs Following colonization, immune cells such as neutrophils, DC and macrophages are recruited to the site of infection. In vitro, human neutrophils are able to phagocytose Mabs S, which triggers a modest increase of intracellular ROS and release of neutrophil extracellular traps (NETs). However, Mabs takes advantage of neutrophils by eliciting a limited and dysregulated immune response, as well as accelerating biofilm formation, which may promote the persistence of the infection (154, 155).Besides, Mabs induces in vitro murine DC maturation via TLR4 and production of pro-inflammatory cytokines, such as IL-6, TNF-α, IL-1β, and IL-12p70. Additionally, Mabs can polarize naive T cells towards CD4 or CD8 cells. After being activated, T cells produce several cytokines, such as IFN-γ, IL-17, and IL-22. These subsequently activate macrophages, thus enhancing the elimination of Mabs (122, 156). Finally, in vitro, human and murine macrophages recognize and internalize Mabs through the C-type lectin receptor Dectin-1 (157-159). Macrophages uptake Mabs S as individual bacteria in loner phagosomes, where they are processed and maintained in a tightly apposed phagosomal membrane, forming an electron translucent/transparent zone (ETZ), which play an important role in the scape of Mabs from macrophages and evasion of the granuloma control (116).Smooth variants can persist for a long time within macrophages, which induce the production of inflammatory cytokines such as TNF to restrict intramacrophage bacterial growth and promote the production and release of IL-8 to recruit nearby neutrophils and T cells to start the granuloma formation(124, 160, 161). At this stage, the innate immune response is sufficient to restrain Mabs. However, Mabs can elude phagosomal defense mechanisms. The ETZ formed after phagocytosis of Mabs S, prevents maturation of the phagosomes, apoptosis-mediated pathways and activation of autophagy(35, 116). Phagosomal escape is mediated in part by the secretion system ESX-4 and by MmpL8. ESX-4 limits the acidification of the phagosome; meanwhile, MmpL8 produces glycosyl-diacylated-nondecyl-diols (GDND), a new glycolipid employed by the bacterium to facilitate its attachment to macrophages and induce phagosome disruption (Figure12) (112).
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 12 Figure 12. Phagocytosis and processing of Mabs by macrophages (from (35)).
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 13 Figure 13. Resistance mechanisms exhibited by Mabs (from (91)).
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 14 Figure 14. Recommended approach to treatment of Mabs (from (173)).

1. 6 organoid revolution 1 . 6 . 1 Overview

 6161 TheHuman diseases are challenging to study due to the complexity of biological processes. For this reason, scientists resort to model systems, which range in complexity and scale from single cells to model animals. While animal models are valuable for understanding physiology and pathophysiology in vivo and assisting in the pre-clinical development of treatments, they are expensive, difficult to interrogate, and suffer inter-specie differences with human biology. As a result, three-dimensional (3D) cell cultures, such as organoids, have emerged as attractive model systems that incorporate fundamental characteristics of in vivo tissues and organ complexity while being more experimentally tractable than model organisms (Figure15) (189).

Figure 15 .

 15 Figure 15. Biological model systems (from (189)).
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 16 Figure 16. Comparison of organoids with other model systems (from (2)). Abbreviation: PDX, Patient-derived xenografts.

Figure 17 .

 17 Figure 17. Establishment of PSCs-derived organoids (adapted from (2)). Green background molecules: activated signaling pathways; Red background molecules: inhibited signaling pathways. Abbreviations: BMP, bone morphogenetic protein; EGF, epidermal growth factor; FGF, fibroblast growth factors; TGF, transforming growth factor; VEGF, vascular endothelial growth factor.
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 18 Figure 18. Establishment of ASCs-derived organoids (adapted from (2)). Green background molecules: activated signaling pathways; Red background molecules: inhibited signaling pathways. Abbreviations: HGF, hepatocyte growth factor; IGF, insulin-like growth factor; ROCK, RHOassociated protein kinase.

Figure 19 .

 19 Figure 19. Types of lung organoids (adapted from (232)).
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 6311 Proximal lung organoids The proximal lung organoids are comprised of the tracheospheres or bronchospheres. In 2009, a study demonstrated that basal cells harvested from Intermediate airways Intermediate airways Intermediate airways Intermediate airways Intermediate airways mouse and human lungs can self-organize into organoids when cultured in a 3D airliquid interface (ALI) (232). These organoids could be passaged at least twice, and they are formed of an outer layer of basal cells and ciliated cells facing their lumen (Figure 20) (196, 229).

Figure 20 .

 20 Figure 20. Human tracheosphere composition (adapted from (233)). (A) Light micrograph of human spheres at 18 days of culture. (B) Human spheres at 25 days stained for p63 (green, basal cells) and (C) acetylated tubulin (red, cilia). (Scale bars 25 μm).

Figure 21 .

 21 Figure 21. Airway organoid composition (adapted from (196)). Immunofluorescent sections of AOs showing markers for basal cells (KRT5), cilia (acetylated α-tubulin), secretory cells (MUC5AC), and club cells (SCGB1A1). KRT5 is present exclusively in basally localized cells, while cilia, MUC5AC, and SCGB1A1 localize luminally. Counterstained is the actin cytoskeleton (red). Scale bar equals 10 μm.

Figure 22 .

 22 Figure 22. Alveolar organoid composition (adapted from (244)). Alveolar organoids immunofluorescence staining showing markers for AEC1 (AQP5, red) and AEC2 (HTII-280, green. Nuclei and actin filaments were counterstained with DAPI (blue) and Phalloidin-647 (white), respectively. Scale bar, 20 µm.

  . Consequently, in 2015, a Dutch boy named Fabian became the first person to receive successful treatment (Kalydeco) for CF based on organoid drug screening (253). To date, several studies have indicated that patient-specific intestinal organoid swelling responses correlate with clinical outcomes following CFTR modulator therapy. Correlations with clinical indicators, such as the forced expiratory volume in one second and sweat chloride concentrations, imply that organoid swelling may be utilized to predict individual therapy results (252, 254, 255). Currently, the HIT-CF project (an acronym for (Drug) Hits for Cystic Fibrosis) was created in Europe. An initiative aimed at improving treatment and quality of life for people with CF and unusual mutations. In the program, drug candidates from various companies are evaluated in patient-derived intestinal organoids, then clinical trials with the top candidates are conducted (256, 257). Finally, Geurts and collaborators recently demonstrated that CRISPR/Cas9 technology successfully corrects some CFTR mutations (e.g., CFTR-F508del) in intestinal organoids, which was confirmed by the forskolin swelling assay. This result raises a new set of possibilities for the treatment of patients (258).

  treatment are at the best rudimentary. Consequently, my Ph.D. thesis project aims to further adapt 3D human lung organoid technology to model mycobacterial pulmonary infections and evaluate treatment efficacy. During my Ph.D., I addressed four objectives: 1.-The development and characterization of healthy and cystic fibrosis airway organoids. 2.-Describe the influence of airway organoids on mycobacteria infectivity. 3.-Define the airway organoid response against mycobacteria infection. 4.-Evaluate the efficacy of a novel strategy for the treatment of mycobacterial infections using airway organoids.

  a really valuable model to study the first interactions of mycobacteria with the airway epithelium. In this article, in which I am sharing the first author position with Nino Iakobachvili. I contributed by maintaining the organoid culture, preparing the mycobacterial culture for microinjections, designing/performing and analyzing all qPCR experiments, as well as I participated in the writing of the article. Web link to access the supplementary movies of the paper: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9298242/ 1 | INTRODUC TI ON Pulmonary diseases due to mycobacteria cause significant morbidity and mortality to human health. Although the global burden of tuberculosis (TB) has declined over the last decades, Mycobacterium tuberculosis is still one of the deadliest infectious agent worldwide with an estimated 10 million disease cases and 1.4 million deaths in 2019 (World Health Organization, 2020). By contrast, Nontuberculous Mycobacteria (NTM) infections are rising globally, especially in developed countries, causing opportunistic pulmonary infections affecting individuals who are immunocompromised and who have underlying health conditions (Ratnatunga et al., 2020; To et al., 2020). Among them, Mycobacterium abscessus is considered one of the most antibiotic-resistant mycobacteria and is associated with pulmonary disease such as cystic fibrosis (Johansen et al., 2020). The lung is the main entry port for mycobacteria and the main site of disease. Bacteria-containing droplets or aerosols first navigate through the respiratory tract interacting with airway epithelium functions in order for mycobacteria to reach the alveolar space and thrive in alveolar macrophages (Corleis & Dorhoi, 2020; Leiva-Juárez et al., 2018; Torrelles & Schlesinger, 2017). However, how mycobacteria interact with the airway to establish a successful primary infection remains poorly understood. One of the challenges to address remains the complexity of host-pathogen interactions, particularly within human multicellular tissue. Conventional 2D cell cultures of epithelial and immune cells, in vitro human-based 3D granuloma, and animal models have contributed to deciphering key host-pathogen mechanisms at play during mycobacterial infection (Bermudez et al., 2002; Bernut et al., 2014, 2015; Bielecka et al., 2017; Cohen et al., 2018; Elkington et al., 2019; Fonseca et al., 2017; Parasa et al., 2014; Puissegur et al., 2007; Rampacci et al., 2020; Silva-Miranda et al., 2015). More recently, in vitro lung models have been developed based on organ-on-chip and organoid technologies to mimic the structural and biological properties of the in vivo human lung environment to better replicate human disease and drug profiles (Cidem et al., 2020; Dutta & Clevers, 2017; Rossi et al., 2018). Lung-on-chip technology reconstructs the alveolar epithelium/endothelium interface and has deciphered the crucial role of surfactant in controlling Mtb replication (Thacker et al., 2020). We, and others, have applied organoid technology for respiratory infection modeling, including Cryptosporidium (Heo et al., 2018), RSV (Sachs et al., 2019), influenza viruses (Hui et al., 2018; Zhou et al., 2018), SARS-CoV-2 (Lamers et al., 2020, 2021), and Pseudomonas aeruginosa (Bagayoko et al., 2021) to decipher pathogen fitness, cell tropism, and host responses. While the ongoing COVID-19 pandemic has very recently fueled the development of new human lung organoid models (Salahudeen et al., 2020; Youk et al., 2020), the first human lung organoid model described was derived from lung adult stem cells (ASC's) and composed of a polarized, pseudostratified airway epithelium containing basal, secretory, and multi-ciliated cells, thus reproducing the bronchiolar part of the airway (Sachs et al., 2019). AOs display functional mucus secretion and ciliate beating (Sachs et al., 2019), therefore, constituting a human 3D system in which to model hostmycobacteria interactions (Iakobachvili & Peters, 2017). Here, we have set out to use AOs as a model in which to study mycobacteria interaction with airway epithelial cells. Our data demonstrate that mycobacteria can be readily found in the lumen of AOs with some internalization by airway epithelial cells. While Mtb growth was overall controlled, Mabs readily replicated in the lumen of AOs. In response to Mtb infection, we showed that AOs induced the secretion of cytokines and antimicrobial peptides. Interestingly, both Mabs and Mtb inhibited the expression of mucins which function in pathogen clearance. The option to model innate cell recruitment by co-culturing human macrophages with bacteria-injected AOs was demonstrated in this work.

  To evaluate bacterial internalization by epithelial cells, double positive cells sorted after flow cytometry were imaged by confocal microscopy. As shown in Figure 1f, epithelial cells containing Mtb could be found, suggesting cell invasion by a yet unknown mechanism and confirming that the majority of mycobacteria are extracellular in the lumen of AOs. The functioning mucociliary system within AOs is likely responsible for preventing mycobacterial contact with, and internalization by, epithelial cells (Leiva-Juárez et al., 2018; Whitsett & Alenghat, 2015).

( 1 (

 1 Domingo-Gonzalez et al., 2016) was observed. The antimicrobial peptides β-defensin-1 and 2, lactoferrin, hepcidin, and RNAse7 were enhanced upon Mtb infection, being significant for only β-defensin-Figure 2b). β-Defensin-1 and RNAse7 may participate in Mtb restriction during early infection, promoting pore formation on the bacteria cell membrane (Arranz-Trullén et al., 2017; Torres-Juarez et al., 2018), while β-defensin-2 improves the chemoattraction of macrophages (Rivas-Santiago et al., 2005; Semple & Dorin, 2012).

  expression and secretion are normally enhanced in response to inflammatory challenge and form part of an efficient clearance system for pathogen removal from the airway (Leiva-Juárez et al., 2018; Ridley & Thornton, 2018; Whitsett & Alenghat, 2015). Our data also showed that mycobacterial infection is associated with downregulation of NFkB-regulated genes such as IL-1b and IL-6 (Figure 2a), which could participate in mucin expression impairment as IL-1b is a powerful inducer of mucin expression in the airway (Chen F I G U R E 1 Human airway organoids (AOs) infected with Mtb and Mabs. (a) Experimental scheme and bright-field image of the microinjection procedure. Created with Biorender.com. (b) Confocal microscopy of DsRed-expressing H37Rv inside AOs, 4 days postinfection. Nuclei are labeled with DAPI (blue); cellular membranes with CellMask green (green). (c) Confocal microscopy of dTomatoexpressing Mabs inside AOs, 4 days post-infection. Nuclei are labeled with DAPI (blue); cellular membranes with CellMask green (green). (d) AOs were injected with PBS (grey), H37Rv Mtb (green), or Mycobacterium abscessus (purple), stained with ToPRO3 and imaged hourly for four consecutive days after embedding in matrigel. Fluorescence intensity from ToPRO3 incorporation, and therefore epithelial cell death, was quantified using Fiji and plotted for each condition. The experiment was performed three times independently. (e) Representative flow cytometry dot plots of cells associated with H37Rv after 4 (left) or 24 hr (middle) incubation with AOs-derived single cells or 7 days incubation in whole organoids (right). (f) Representative image of a sorted epithelial cell with intracellular DsRed-expressing Mtb, scale bars = 5 µm. (g) Colony-forming unit (CFU) counts from individual organoids on the day of microinjection (day 0), 7 and 21 days post-infection. Each dot represents one organoid. Lines indicate median CFU counts. The experiment was performed at least three times independently. ***p < .001 by a two-tailed Mann-Whitney test | 685 IAKOBACHVILI et AL. et al., 2019). Pathogens such as Helicobacter pylori have been shown to downregulate the expression of mucin genes to promote stomach tissue colonization (Cooke et al., 2009). How downregulation of mucin expression by mycobacteria might interfere with mucociliary function and infection outcome remains to be elucidated. Upon Mtb infection, macrophages mount an inflammatory response that modulates the lung microenvironment (Fonseca et al., 2017; Lastrucci et al., 2015). AOs were stimulated with the supernatant of Mtb-infected human macrophages (cmMTB) and analyzed for gene expression compared to stimulation with the supernatant of non-infected macrophages (cmCTR). As shown in Figure 2d, the expression of IL-8 and GM-CSF, major cytokines for macrophage control of Mtb infection, were significantly enhanced in cmMTBstimulated AOs compared to those treated with cmCTR which

FourTA B L E 1

 1 to six Mtb or Mabs-injected organoids were collected manually using a 200 µl pipette, washed in PBS, seeded into 24-well plates, and cultured in complete AO medium for 2-21 days. At the relevant timepoint, organoids were lysed in 100 µl of 10% Triton X100 in water, serial dilutions were plated on 7H11 agar plates for Mtb or LB agar plates for Mabs and cultured for 3 weeks or 6 days respectively at 37°C. List of primers used for RT-qPCR experiments on airway organoids

A

  

  fig 2A-C).To directly assess the role of host-derived oxidative stress, Mabs-infected AOs were

  growth. To test this hypothesis, we infected CF-AOs with S-or R-Mabs variant and quantified Mabs proliferation. As shown in Figure 4A, the S variant formed aggregates whereas the R variant formed cords in CF AOs. At four days post-infection, we observed an enhanced replication of Mabs in CF-AO compared to in H-AOs (Figure 4B-C), indicating that the CF environment favours Mabs fitness. To support these results, we next used CFTR inhibitors. CFTR inhibitors by themselves did not alter Mabs growth in vitro (Supp Fig. 4A). We treated AOs with CFTR inhibitors then infected them with S-and R-Mabs variants and measured bacterial load 4 days post-infection. Treatment of AOs with CFTR inhibitors enhanced Mabs proliferation compared with untreated organoids (Figure 4D-F), confirming that alteration of CFTR function promoted Mabs growth. Interestingly, Mabs-infected CF-AOs exhibited more epithelial cell death than Mabs-infected H-AOs indicating that CF AOs exhibited higher susceptibility to Mabs infection (Figure 4G-H, sup Fig. 4B). As oxidative stress favoured Mabs growth and CF-AOs displayed increased ROS production, we next evaluated whether antioxidants inhibited Mabs growth. CF-AOs treated with sulforaphane expressed higher NQO-1, confirming Nrf-2 activation (Supp figure 5A), exhibited mitigated oxidative environment (Figure 5A-B), reduced bacterial load (Figures 5C-D), and epithelial cell death (Figure 5E-F), indicating that CF-driven oxidative stress stimulated Mabs growth and tissue damage.

Ethic statements :

 statements The collection of patient data and tissue for AO generation was performed according to the guidelines of the European Network of Research Ethics Committees following European and national law. The accredited ethical committee reviewed and approved the study in accordance with the Medical Research Involving Human Subjects Act. Human lung tissue was provided by the CHU of Toulouse under protocol agreement (CHU 19 244 C and Ref CNRS 205782).
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 2 Figure 2. Mabs promote an oxidative environment in airway organoids. (A) Heatmap depicting
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 3 Figure 3. Patient-derived airway organoids recapitulate Cystic fibrosis-driven oxidative stress. (A)
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 5 Figure 5. Sulforaphane mitigates oxidative stress in CF-AOs and synergizes with cefoxitin to inhibit
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 1 Fig S1. Supplementary to figure 1. 3D light-sheet imaging of airway organoids infected with wasabi
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 2 Fig S2. Supplementary to figure 2. (A) Kinetics of in vitro Mabs S and R growth in absence or
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 3 Fig S3. Supplementary to figure 3. (A, B) Representative bright-field images (A) and quantification
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 4 Fig S4. Supplementary to figure 4. (A) Kinetics of Mabs S and R growth in absence or presence of
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 S5 Fig S5. Supplementary to figure 5. (A) Expression of Nrf-2-regulated genes in H-AO and CF-AO after

  Airway organoids revealed no significant changes in architecture following infection, as denoted by confocal microscopy. Despite this, as a perspective, further confirmation of the integrity of the tight junctions should be done by staining of Ecadherin and zonula occludens 1 or by the dextran diffusion barrier integrity assay, as reported before in intestinal organoids (280, 281). The organoids respond differently to Mtb or Mabs S challenge. They appear to control Mtb by increasing the production of AMPs such as β-defensin 1 and 2, lactoferrin, hepcidin, and RNAse7.Lactoferrin and hepcidin regulate iron availability (282-285), creating a more hostile environment for Mtb survival (286). Meanwhile, β-defensin 1 and 2, and RNase7 are well known to promote pore formation and disruption of the Mtb cell wall (287-289).Additionally, β-defensin 2 has been shown to have chemoattractant effects on immune cells (290). Besides AMPs, the AO infected with Mtb or stimulated with conditioned media from Mtb-infected human macrophages overexpressed IL-8 and GM-CSF. These cytokines are involved in the recruitment of neutrophils (291) and control of the infection by the macrophages (292, 293), respectively.

Figure 23 .

 23 Figure 23. ASC-derived alveolar organoid infected with GFP-expressing Mabs S (unpublished data from Romain Verge and Stephen Leon).

Figure 24 .

 24 Figure 24. CF-AOs sensitivity to ferroptosis (unpublished data). Time-lapse microscopy of the measure of plasma membrane permeabilization using propidium iodide incorporation in CF-AO. Abbreviations: F, Ferrostatin-1; inh, inhibitor.

  biopsies, which will soon be ready for testing. In addition, our team and others have established the proper conditions for producing organoids from CF patients' nasal brushes(246, 248, 260). This strategy will allow us to increase the number of CF donors in order to compare Mabs behavior across organoids with various CFTR mutations, especially the most frequent F508del.In conclusion, we identified AOs as a relevant model of CF airway dysfunction and vulnerability to NTM infection. Furthermore, we identified the cell-protective Nrf2 pathway as a possible therapeutic target to restore CF tissue redox balance and improve bacterial growth control.In addition to my two publications as the first author, I had the opportunity to participate during my Ph.D. in six other studies, where I primarily contributed my experience and knowledge of organoids and host-pathogen interactions. These studies are in the annexes section. Annexes I. Antiviral and anti-inflammatory activities of Fluoxetine in a SARS-CoV-2 infection mouse model II. Efficacy and Mode of Action of a Direct Inhibitor of Mycobacterium abscessus InhA III. Human NLRP1 is a sensor of pathogenic coronavirus 3CL proteases in lung epithelial cells IV. Nigratine as dual inhibitor of necroptosis and ferroptosis regulated cell death V. Host phospholipid peroxidation fuels ExoU-dependent cell necrosis and supports Pseudomonas aeruginosa-driven pathology VI. A Pulmonary Lactobacillus murinus Strain Induces Th17 and RORγt + Regulatory T Cells and Reduces Lung Inflammation in Tuberculosis 1. Introduction

Figure 1 .

 1 Figure 1. Fluoxetine reduced viral load and inflammatory response in K18-hACE2 mice infected with SARS-CoV-2. (A) Experimental design of the study; (B) infectious viral loads in the lungs of vehicle-and fluoxetine-treated mice infected with SARS-CoV-2 at day 2 and 6 post-infection expressed as log10 TCID50/mL; (C) viral RNA levels in the lungs of vehicle-and fluoxetine-treated mice infected with SARS-CoV-2 at day 2 and 6 post-infection expressed as Lung SARS-CoV-2 RNA load (RNA copies/µL). (D) Cytokine and chemokine transcripts in lung tissue at day 2 and 6 postinfection of SARS-CoV-2-infected mice, treated with vehicle or with fluoxetine. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

Figure 2 .

 2 Figure 2. Fluoxetine effect on lung levels of (A) ceramide 16:0, (B) hexosylceramide 16:0, (C) h sylceramide 16:0 / ceramide 16:0 ratio, and (D) sphingomyelin 16:0, at day 2 post-infection. * 0.05.
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 2 Figure 2. Fluoxetine effect on lung levels of (A) ceramide 16:0, (B) hexosylceramide 16:0, (C) hexosylceramide 16:0 / ceramide 16:0 ratio, and (D) sphingomyelin 16:0, at day 2 post-infection. *, p < 0.05.

Figure 3 .

 3 Figure 3. Fluoxetine activity on SARS-CoV-2 variants in vitro. (A) Activity of fluoxetine (12.5 µ M) or mock (water) in Vero E6 cells infected with SARS-CoV-2 (Pasteur, B.1), B.1.1.7 (UK), P1, B.1.617 (Delta) and BA.5 (Omicron) variants measured by assessing cell viability and viral load. (B) Antiviral activity of fluoxetine (12.5 µ M) measured in A549 cells expressing hACE2-TMPRSS2 infected

Figure 3 .

 3 Figure 3. Fluoxetine activity on SARS-CoV-2 variants in vitro. (A) Activity of fluoxetine (12.5 µM) or mock (water) in Vero E6 cells infected with SARS-CoV-2 (Pasteur, B.1), B.1.1.7 (UK), P1, B.1.617 (Delta) and BA.5 (Omicron) variants measured by assessing cell viability and viral load. (B) Antiviral activity of fluoxetine (12.5 µM) measured in A549 cells expressing hACE2-TMPRSS2 infected with SARS-CoV-2 (Pasteur, B.1), B.1.1.7 (UK), P1, B.1.617 (Delta) and BA.5 (Omicron) variants measured by cell viability and viral load. Representative of two to seven independent experiments, data are expressed as mean + SEM. *, p < 0.05, **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.

Figure 4 .

 4 Figure 4. Fluoxetine inhibits SARS-CoV-2 infection of 2D human airway cells. (A) Represen images of immunofluorescent stainings of mNeon Green SARS-CoV-2 infected airway cu Acetylated tubulin (AcTUB, red) stains cell ciliates, phalloidin-coupled Alexa Fluor 647 sta actin (purple) and DAPI stains nuclei (blue). Scale bar = 10 µ m. (B) Live virus titre measur apical washes 72 h after infection with mNeon Green SARS-Cov-2. Data from three indepe experiments on two independent donors, expressed as mean ± SEM, **** p < 0.0001.

Figure 4 .

 4 Figure 4. Fluoxetine inhibits SARS-CoV-2 infection of 2D human airway cells. (A) Representative images of immunofluorescent stainings of mNeon Green SARS-CoV-2 infected airway cultures. Acetylated tubulin (AcTUB, red) stains cell ciliates, phalloidin-coupled Alexa Fluor 647 stains Factin (purple) and DAPI stains nuclei (blue). Scale bar = 10 µm. (B) Live virus titre measured on apical washes 72 h after infection with mNeon Green SARS-Cov-2. Data from three independent experiments on two independent donors, expressed as mean ± SEM, **** p < 0.0001.

  Pharmacokinetic studies were approved by the Committee on the Ethics of Animal Experiments of the Government of Unterfranken, Germany (License 55.2-2532.1-27/11) and Landesamt für Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Germany (License 81-02.04.2021.A112) and performed according to the European Union animal protection directive (Directive 2010/63/EU).

Supplemental

  Figure S2 (related to Figure 1). Association between viral load and IL-6 expression in mice at day 2 and 6 post-infection combined. (A) association of IL-6 expression level with Lung TCID50 in saline-and fluoxetine-treated mice; (B) association of IL-6 expression level with viral RNA load in saline-and fluoxetine-treated mice. Supplemental Figure S3 (related to Figure 1): Fluoxetine effect on body weight and temperature (A) Body weight of K18-hACE2 mice after the first treatment with saline or fluoxetine; (B) Body weight was recorded daily and the mean percentage weight change from normalized initial weight was plotted (mean ± SEM); (C) body temperature recorded at day 6 post-infection. (D-E) A549-dual A549 cells were incubated with fluoxetine (12.5-25 µM) for 1h prior to be treated with various activators of the NF-kB and/or IRF pathways including TNFα (10 ng/mL), IFN-α (10 ng/mL), and poly I:C (10 -0.1 µg/mL). fold increase of NF-kB (D) and IRF (E) pathway activation are shown. Fold increase of NF-kB, IRF pathways activation and percentage of cell viability were calculated compared to the untreated condition. Data show one experiment representative of two performed independently. *, p<0.05, **, p<0.01; ****, p<0.0001. Supplemental Figure S4 (related to Figure 3): Fluoxetine activity in vitro. Vero E6 cells were treated with fluoxetine at 1,.5 to 50 μM for 1 hr prior infection and then infected with SARS-CoV-2 for 72 h. (A) Fluoxetine cytotoxicity on Vero E6 cells measured 72 h post-treatment; (B) Dose-response analysis of SARS-CoV-2 replication, cell viability and cell death with fluoxetine treatment. (C) Representative images 72 h post infection of Vero E6 cells infected or not with mNG-reporter SARS-CoV-2 strain, treated or not with fluoxetine. Scale bar = 100 µm. (D) Percentage of cell death measured by LDH release assay on Vero E6 cells infected with SARS-CoV-2 variants with or without fluoxetine treatment (12.5µM) for 72h. Data represent men + SEM from two independent experiments performed in triplicates. *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Supplemental Figure S5. Data after excluding outliers. (A) Viral RNA levels in the lungs of saline-and fluoxetine-treated mice infected with SARS-CoV-2 at day 2 and 6 post-infection expressed as Log10 SARS-CoV-2 RNA genome copies after excluding outliers; P<0.05 (B) Fluoxetine effect on ceramide 16:0 after excluding outliers; (C) Fluoxetine effect on sphingomyelin 16:0 after excluding outliers; (D) association of IL-6 expression level with Lung TCID50 in saline-and fluoxetine-treated mice after excluding outliers; (E) association of IL-6 expression level with viral RNA load in saline-and fluoxetine-treated mice after excluding outliers.

  and Mode of Action of a Direct Inhibitor of Mycobacterium abscessus InhA Authors: Matthéo Alcaraz, Françoise Roquet-Banères, Stephen Adonai Leon-Icaza, Jan Abendroth, Yves-Marie Boudehen, Céline Cougoule, Thomas E Edwards, Laurent Kremer. Contribution: I designed and performed all the experiments for Figure 4 of the article. Briefly, I microinjected CF organoids with Mabs S or R; after infection, I treated or not the organoids with different concentrations of NITD-916, and on day three, I performed live imaging and CFU assay. This article was published in ACS Infectious Diseases. Efficacy and Mode of Action of a Direct Inhibitor of Mycobacterium abscessus InhA Matthéo Alcaraz, Francoise Roquet-Baneres, Stephen Adonai Leon-Icaza, Jan Abendroth, Yves-Marie Boudehen, Céline Cougoule, Thomas E. Edwards, and Laurent Kremer* Cite This: https://doi.org/10.1021/acsinfecdis.2c00314 Read Online ACCESS Metrics & More Article Recommendations * sı Supporting Information ABSTRACT: There is an unmet medical need for effective treatments against Mycobacterium abscessus pulmonary infections, to which cystic fibrosis (CF) patients are particularly vulnerable. Recent studies showed that the antitubercular drug isoniazid is inactive against M. abscessus due to the incapacity of the catalase-peroxidase to convert the pro-drug into a reactive metabolite that inhibits the enoyl-ACP reductase InhA. To validate InhA MAB as a druggable target in M. abscessus, we assayed the activity of NITD-916, a 4hydroxy-2-pyridone lead candidate initially described as a direct inhibitor of InhA that bypasses KatG bioactivation in Mycobacterium tuberculosis. The compound displayed low MIC values against rough and smooth clinical isolates in vitro and significantly reduced the bacterial burden inside human macrophages. Moreover, treatment with NITD-916 reduced the number and size of intracellular mycobacterial cords, regarded as markers of the severity of the infection. Importantly, NITD-916 significantly lowered the M. abscessus burden in CF-derived lung airway organoids. From a mechanistic perspective, NITD-916 abrogated de novo synthesis of mycolic acids and NITD-916-resistant spontaneous mutants harbored point mutations in InhA MAB at residue 96. That NITD-916 targets InhA MAB directly without activation requirements was confirmed genetically and by resolving the crystal structure of the protein in complex with NADH and NITD-916. These findings collectively indicate that InhA MAB is an attractive target to be exploited for future chemotherapeutic developments against this difficult-to-treat mycobacterium and highlight the potential of NITD-916 derivatives for further evaluation in preclinical settings. KEYWORDS: Mycobacterium abscessus, NITD-916, macrophage, organoid, InhA, mycolic acid M. abscessus is a rapidly growing nontuberculous mycobacterium (NTM) of rising clinical significance and the cause of difficult-to-cure pulmonary diseases, particularly in patients with cystic fibrosis (CF).

  Article pubs.acs.org/journal/aidcbc © XXXX American Chemical Society A https://doi.org/10.1021/acsinfecdis.2c00314 ACS Infect. Dis. XXXX, XXX, XXX-XXX Downloaded via BIU MONTPELLIER on September 16, 2022 at 06:52:18 (UTC). See https://pubs.acs.org/

Figure 1 .

 1 Figure 1. In vitro activity of NITD-916 against M. abscessus. (A) Cultures of M. abscessus CIP104536 T (S) were exposed to either 1.95, 15.6, 31.2 μg/mL NITD-916 (corresponding to 1.25×, 10×, and 20× MIC) or 16 μg/mL imipenem (IPM) in CaMHB at 30 °C. At various time points, bacteria were plated on LB agar and incubated at 37 °C for 4 days prior to CFU counting. Results are expressed as the mean of 2 independent experiments in triplicates ± SD. Inset: structure of NITD-916. (B) MIC (in μg/mL) of NITD-916 and RFB against M. abscessus complex clinical isolates. MIC values were determined in CaMBH for M. abscessus subsp. abscessus (n = 8), M. abscessus subsp. massiliense (n = 11), and M. abscessus subsp. bolletii (n = 9). Data are plotted as mean values ± SD. S refers to smooth strains; R refers to rough strains.

Figure 2 .

 2 Figure 2. Intracellular activity of NITD-916 on M. abscessus complex-infected THP-1 cells. Macrophages were infected with M. abscessus reference strains and clinical isolates (MOI of 2:1) for 4 h prior to treatment with 250 μg/mL AMK for 2 h to kill extracellular bacteria. Cells were then exposed to either NITD-916 or to RFB at the indicated concentrations. Untreated (UNT) or DMSO-exposed cells were included as controls. CFU were determined at 0, 1, and 3 days postinfection. The various strains tested and morphotypes are as follows: (A) M. abscessus CIP104536 T (S); (B) M. abscessus CIP104536 T (R); (C) M. abscessus 2069 (S); (D) M. abscessus 2524 (R); (E) M. massiliense 179 (R); (F) M. massiliense 120 (S); (G) M. bolletii 112 (R); (H) M. bolletii 108 (R). Data of 3 independent experiments in triplicates were analyzed with a Mann-Whitney t test. *P ≤ 0.05; **P ≤ 0.01; *** P ≤ 0.001; ****P ≤ 0.0001.

Figure 3 .

 3 Figure 3. Effect of NITD-916 treatment on intracellular M. abscessus loads and cording. (A) Percentage of infected THP-1 macrophages at 0, 1, and 3 days postinfection with M. abscessus CIP104536 T (R) (MOI of 2:1) in the absence (UNT) of antibiotics or presence of NITD-916 (1.56 μg/mL and 15.6 μg/mL) or RFB (12.5 μg/mL). DMSO-exposed cells were included as controls. Results are expressed as mean values ± SD for three independent experiments with 30 fields per condition. Data were analyzed using the t test. ****P ≤ 0.0001. (B) Representative immunofluorescent fields were taken at 1 and 3 days postinfection showing macrophages infected with M. abscessus CIP104536 T (R) expressing TdTomato (red) in the absence of antibiotics (UNT) or in the presence of NITD-916 (1.56 μg/mL and 15.6 μg/mL) or RFB (12.5 μg/mL). DMSO-exposed cells were included as controls. The surface and the endolysosomal system of the macrophages were detected using anti-CD63 antibodies (green). The nuclei were stained with DAPI (blue). White arrows indicate individual or mycobacterial aggregates. Scale bar, 50 μm. (C) Percentage of macrophages categories infected with different number of bacilli (<5 bacilli/cell, 5-10 bacilli/cell, >10 bacilli/cell). The categories were counted at 0, 1, and 3 days postinfection in the absence of antibiotics or in the presence of NITD-916 (1.56 μg/mL and 15.6 μg/mL) or RFB (12.5 μg/mL). Untreated D

Figure 3

 3 Figure 3. continued

Figure 4 .

 4 Figure 4. Activity of NITD-916 in M. abscessus-infected CF-derived airway organoids. (A) A generalized schematic showing the experimental design. Representative images (B, D) and corresponding bacterial loads determined by CFU counting (C, E) of CF-derived airway organoids at 3 days postinfection with M. abscessus S (B, C) or R (D, E) expressing Wasabi in the presence or absence of treatment: untreated groups (S n = 9; R n = 10), treated with NITD-916 at 1.56 μg/mL (S n = 9; R n = 10), NITD-916 at 15.6 μg/mL (S n = 11; R n = 9), or RFB at 12.5 μg/mL (S n = 8; R n = 9). Graphs show means ± SD of two independent experiments. Each dot represents one organoid. Data were analyzed using the Mann-Whitney t test. ***P ≤ 0.001.
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 4106 MIC (μg/mL) were determined in CaMHB. Resistant strains were derived from either the smooth (S) or rough (R) M. abscessus CIP104536 T parental strains on LB agar supplemented with 15.6 μg/mL NITD-916 (10× MIC). Single-nucleotide polymorphism (SNP) in inhA MAB (MAB_2722c) and corresponding amino acid (AA) changes as well as frequency of mutation are indicated.

Figure 5 .

 5 Figure 5. Overexpression of InhA MAB variants in M. abscessus S and R strains. (A) Western blots using antibodies against the HA-epitope (upper panel) and the Ag85 complex (lower panel) as loading control were done to assess the expression levels of the InhA MAB variants in various strains overproducing either InhA MAB (WT), InhA MAB (G96V), or InhA MAB (G96S). Equal amounts of total lysates (10 μg) of each strain were separated on a 12% SDS-PAGE. (B) Wild-type M. abscessus CIP104536 T (S) and NITD916 R2 strains were grown in CaMHB and exposed for 9 h with increasing concentrations of ethionamide (ETH) or NITD-916 at concentrations corresponding to 1× and 5× MIC. Equal amounts of total lysates (10 μg) of each strain were separated on a 12% SDS-PAGE and probed with anti-KasA (upper panel) anti-Ag85 complex (lower panel) antibodies (used as loading control).

Figure 6 .

 6 Figure 6. Inhibition of mycolic acid biosynthesis by NITD-916 in M. abscessus. (A) Dose-response effects of ETH and NITD-916 in M. abscessus CIP104536 T (S). The inhibitory effect on the incorporation of [2-14 C]acetate was assayed by exposing cultures to increasing concentrations of ETH or NITD-916 for 1 h prior to labeling for another 2 h at 37 °C under shaking. The corresponding radiolabeled FAMEs and MAMEs were extracted. Equal counts (50 000 cpm) were loaded onto a TLC plate and lipids were developed in petroleum ether/acetone (95/5, v/v). (B) Mutant NITD916 R2 is refractory to mycolic acid inhibition by NITD-916. M. abscessus CIP104536 T (S) and its derivative NITD916 R2 were exposed to concentrations corresponding to 0.5×, 1×, and 5× MIC of NITD-916, labeled and subjected to lipid extraction and analysis as in (A).

Figure 7 .

 7 Figure 7. Structural basis of inhibition of M. abscessus InhA by NITD-916. (A) Crystal structure of M. abscessus InhA bound to NITD-916 and NAD solved at 1.45 Å resolution. For simplicity only one protomer of the tetrameric structure is shown. The protein is depicted as gray ribbons and the inhibitor NITD-916 and cofactor NAD are shown rendered in sticks. The final 2|F o |-|F c | map for NITD-916 is shown in blue mesh contoured at 1.0 sigma. The site of resistance mutations G96 is circled in red and other residues which interact with NITD-916 are labeled and shown with their side chains rendered in sticks. (B) Overlay of the crystal structures of InhA MAB bound to NITD-916 and NAD depicted as above, and InhA MTB bound to NITD-916 and NAD shown in green ribbons for the protein and green carbon sticks for the inhibitor and cofactor. (C) Overlay of the crystal structure of InhA MAB in the apoenzyme state shown in cyan ribbons, the holoenzyme state bound to NAD in magenta with NAD in magenta sticks, and the inhibited state bound to NAD and NITD-916 in gray as in the upper panels. The loop spanning residues Thr196 through Gly212 moves significantly upon cofactor and inhibitor binding.

  Figure S1: Cytotoxicity assay of NITD-916, isoniazid (INH) and rifabutin (RFB) on THP-1 cells; Figure S2: Percentage of THP-1 macrophages at 0, 1, and 3 days postinfection with M. abscessus S in the presence of absence of NITD-916; Figure S3: Differential scanning fluorimetry (DSF) thermal shift analysis of InhA MAB ; Figure S4: Multiple sequence alignments of the InhA proteins (PDF)■ AUTHORINFORMATION 

Figure S1 .

 S1 Figure S1. Cytotoxicity assay of NITD-916, isoniazid (INH) and rifabutin (RFB) on THP-1 differentiated macrophages. Cells were differentiated with PMA for 48 hrs and exposed to increasing concentration of either NITD-916, INH or RFB (starting at 100 µg/mL) for an additional 24 hrs (A) or 72 hrs (B) at 37 °C in the presence of 5% CO2. Results are the mean of three independent experiments done in duplicates.
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  Affiliations continued on next page) Molecular Cell 82, 2385-2400, July 7, 2022 ª 2022 Elsevier Inc. 2385 ll proinflammatory cytokines of the interleukin (IL)-1 family, IL-1b and IL-18, as well as Gasdermin D (GSDMD) (Broz and Dixit, 2016). GSDMD cleavage activates a type of lytic cell death, pyroptosis, that also triggers the release of the cellular content (Broz and Dixit, 2016; Kayagaki et al., 2021). Although pyroptosis and IL-1-related cytokines are important defenses against a range of microbial infections, dysregulation of the inflammasome promotes excessive inflammation (Kayagaki et al., 2015; Shi et al., 2015; Yu et al., 2021). Specifically, IL-1-related cytokines are detected in SARS-CoV-2-infected patients and are suspected to directly and indirectly contribute to severe COVID-19-linked sepsis (Cauchois et al., 2020; Cavalli and Dagna, 2021; Junqueira et al., 2021; Lucas et al., 2020; Pan et al., 2021; Rodrigues et al., 2021; Yap et al., 2020).

  ) (Bauernfried et al., 2021; Lee et al., 2019; Robinson et al., 2020). NLRP1, a NOD-like receptor (NLR), exhibits a domain FIIND (function-to-find domain) that autocleaves NLRP1 into two proteins noncovalently connected (Chavarrı ´a-Smith et al., 2016; Chui et al., 2019; Johnson et al., 2018; Mitchell et al., 2019; Okondo et al., 2018; Sandstrom et al., 2019; Zhong et al., 2018). In this process, the proteases DPP8/DPP9 keep the C-Term CARD in an inactive conformation. Pathogen-driven activation of the NLRP1 inflammasome can occur in the following different ways. First, cleavage of NLRP1 close to the N-terminal PYRIN domain can send N-terminal NLRP1 to the proteasome, thus allowing the C-terminal CARD domain to oligomerize and activate caspase-1 (Mitchell et al., 2019). This mechanism occurs when murine NLRP1B is exposed to the anthrax lethal factor (LF) protease (Chavarrı ´a-Smith et al., 2016; Chui et al., 2019; Sandstrom et al., 2019) and also in humans in response to enterovirus 3C cysteine proteases (Robinson et al., 2020; Tsu et al., 2021). Another mech-anism that activates NLRP1 is binding of long double-stranded RNA detection to its NACHT-(NAIP [neuronal apoptosis inhibitor protein], C2TA [MHC class 2 transcription activator], HET-E [incompatibility locus protein from Podospora anserina]

  ; Dick et al., 2016; Franklin et al., 2014; Lu et al., 2014). We activated NLRP1 using poly(I:C) or the pharmacological agent Val-boroPro (Val-boro) to evaluate the efficacy of our cell lines (Figures S1C-S1F; Johnson et al., 2018; Okondo et al., 2018). Transfection of poly(I:C) or treatment with various doses of Val-boro only triggered cell lysis in NLRP1expressing cells (Figures S1C-

Figure 1 .

 1 Figure 1. NLRP1 is an innate immune sensor of SARS-CoV-2 infection (A) Western blot examination of NLRP1, NLRP3, and ACTIN in various human epithelial cells and cell lines. (B) Cell death (LDH) and viability (ATP Glo) evaluation in A549 ACE2/NLRP1+ and A549 ACE2/NLRP1À airway epithelial cell lines infected with various multiplicity of infection (MOI) of SARS-CoV-2 for 24 h. (C) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 ACE2/NLRP1+/ASC-GFP and A549 ACE2/NLRP1À/ASC-GFP airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h. Nucleus was stained with Hoechst (blue), and nucleocapsid (N) was stained in red after fixation. Brightfield/ASC-GFP pictures were taken in dish during cell infection. Images shown are from one experiment and are representative of n = 3 independent

  least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (F) Cell death (LDH) evaluation in NHBE airway epithelial cells infected with various multiplicity of infection (MOI) of SARS-CoV-2 for 36 h in the presence/absence of the pan-caspase inhibitor Z-VAD (25 mM), Necroptosis inhibitor Necrostatin-1s (Nec1s, 30 mM), or the Ferroptosis inhibitor Ferrostatin-1 (Fe1, 10 mM). (G) Western blot characterization of genetic invalidation of NLRP1 in NHBE population using CRISPR-Cas9 and measure of cell lysis (LDH release) in NHBE WT and NHBE NLRP1À/À airway epithelial cells infected with various multiplicity of infection (MOI) of Wuhan or Delta variant SARS-CoV-2 for 36 h. Efficiency of genetic invalidation by single-guide RNAs (sgRNAs were evaluated at the whole cell population. Data information: western blot (A and G) images are from one experiment performed 3 times. Graphs (B), (D), (F), and (G) show data presented as means ± SEM from n = 3 (F and G), n = 4 (B) and n = 6 (D) independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. Images (C and E) are representative of one experiment performed 3 times.

Figure 2 .

 2 Figure 2. SARS-CoV-2 NSP5 protease-cleaved NLRP1 at the Q333 site nucleates NLRP1 inflammasome (A) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 NLRP1+/ASC-GFP and A549 NLRP1À/ASC-GFP airway epithelial cell lines infected with SARS-CoV-2 (MOI 0.05) for 24 h in the presence or absence of proteasome inhibitor bortezomib (0.1 mM) or inhibitor of the glycine N-degron pathway MLN4924 (1 mM). Images shown are from one experiment and are representative of n = 3 independent experiments; scale barss 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total cells presents in the wells. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (B) Western blot examination of NLRP1 cleavage using an anti-NLRP1 N-terminal antibody (aa 1-323) upon coincubation of SARS-CoV-2, SARS-CoV-1, or MERS-CoV 3CL (NSP5) proteases (5 mM) with A549 NLRP1+ airway epithelial cell lysates in presence or absence of the 3CL inhibitors GC-376 (10 mM) or PF-00835231 (10 mM). NLRP1 N-terminal, NLRP1 C-terminal, NSP5, and ACTIN were immunoblotted. (C) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 NLRP1+/ASC-GFP airway epithelial cell lines transduced with a doxycycline (dox)-inducible plasmid encoding NSP5 or its catalytically inactive mutant NSP5 C145A . Images shown are from one experiment and are representative of n = 3 independent experiments; scale bars, 10 mm. For quantifications, the percentage of cells with ASC complexes was determined by determining the ratios of cells positives for ASC speckles on the total cells presents in the wells. At least 10 fields from n = 3 independent experiments were analyzed. Values are expressed as mean ± SEM. (D) Schematic representation of the approximate NLRP1 N-terminal fragment generated by NSP5 protease cut. (E) Western blot examinations of the ability of NSP5 to cleave various NLRP1 constructs mutated in glutamine (Q) at various sites. Immunoblots show anti-N-terminal NLRP1, ACTIN, and NSP5. (F) Florescence microscopy and associated quantifications of ASC-GFP specks in A549 NLRP1+/ASC-GFP or A549 NLRP1Q333A/ASC-GFP airway epithelial cell lines transduced with a doxycycline (dox)-inducible plasmid encoding NSP5 or its catalytically inactive mutant NSP5 C145A . Images shown are from one experiment (legend continued on next page)

Figure 3 .

 3 Figure 3. NSP5 protease cleaves Gasdermin D in its pore-forming domain (A) Cell death (LDH) evaluation in A549 NLRP1+ , A549 NLRP1À , or A549 NLRP1+/GSDMDÀ airway epithelial cell lines infected for 24 h with SARS-CoV-2 (MOIs 0.1, 0.01, and 0.001) or stimulated with doxycycline (dox)-induced NSP5 expression. (B) Measure of cell lysis (LDH release) and cell viability (Cell titer Glo) in NHBE WT and NHBE GSDMDÀ/À airway epithelial cells infected with various SARS-CoV-2 viral strains (MOI 1) for 36 h.

  (D) Western blot examination of GSDMD and NLRP1 cleavages upon coincubation of SARS-CoV-2 NSP3 protease or SARS-CoV-2/SARS-CoV1 3CL (NSP5) proteases (5 mM) with A549 NLRP1+ or A549 NLRP1À cell lysates in the presence or absence of the 3CL inhibitor PF-00835231 (10 mM). GSDMD (anti C-terminal), NLRP1 N-terminal, NSP5, and ACTIN were immunoblotted. (E) Coomassie observation of recombinant GSDMD cleavage by various amounts of SARS-CoV-2 NSP5 protease and top-down mass-spectrometry identification of GSDMD-cleaved fragments. In blue are represented the various GSDMD fragments identified upon NSP5 coincubation. In red is the NSP5 protease detected by mass spectrometry. (F) Western blot examination and schematic representation of GSDMD cleavage by SARS-CoV-2 3CL (NSP5) or recombinant human caspase-1 (CASP1) proteases in cell lysates from A549 expressing WT GSDMD or GSDMD 193A constructs. GSDMD (anti-C-terminal), NSP5, and ACTIN were immunoblotted. (G) Cell death (LDH) evaluation in A549 cells expressing doxycycline-inducible GSDMD fragments, including GSDMD full-length (FL), caspase-1-generated active GSDMD (1-275), or NSP5-generated 1-193 and 194-484 GSDMD fragments. Cell lysis was determined 18 h after doxycycline (dox) addition in the culture medium. (H and I) Cell death (LDH) evaluation in A549 NLRP1+/GSDMDÀ cells complemented or not with constructs coding for WT GSDMD or GSDMD 193A . Cells were transduced with dox-inducible NSP5 plasmids, treated with the NLRP1 activator Val-boro (10 mM) or infected (I) with SARS-CoV-2 (MOI 0.01). Cell lysis was determined 18 h after doxycycline (dox) addition, 10 h after Val-boro addition in the culture medium, or 24 h after infection. Data information: graphs (A, B, G, H, and I) show data presented as means ± SEM from n = 3 independent pooled experiments; ***p % 0.001 for the indicated comparisons with t test. Western blot (C, D, and F) images are from one experiment performed 3 times. Images (E) show one experiment performed 3 times.

Figure 4 .

 4 Figure 4. NLRP1 engages a caspase-3/Gasdermin E-dependent pyroptosis pathway upon SARS-CoV-2 infection

Figure 5 .

 5 Figure 5. Caspase-3/IL-16 and GSDME as potential markers of COVID-19 severity (A) Measure of the presence of various inflammatory mediators in plasmas from hospitalized patients presenting COVID-19 disease and analyzed according to their disease severity degree (n = 60 patients, including 15 with moderate COVID-19, 15 with moderate COVID-19 on admission, 15 with severe COVID-19 on admission, and 15 IFN alterations with severe COVID-19). Samples were prepared at day 0 posthospitalization. Data information: data shown as means from n = 12 different donors per category (moderate/moderate / severe/severe/IFN alterations); each category is represented with a colored circle; * p % 0.05, **p % 0.01, ***p % 0.001 for the indicated comparisons using t test with Bonferroni correction.

  al., 2019; Schultze and Aschenbrenner, 2021; Tay et al., 2020; Zheng et al., 2020). Consequently, any delay in a robust type I interferon production/response exposes the host to robust viral replication and exacerbated inflammation, leading to heavy organ damage (Asano et al., 2021; Bastard et al., 2020, 2021a, 2021b, 2021c; Galani et al., 2020; Hadjadj et al., 2020; Koning et al., 2021; Zanoni, 2021; Zhang et al., 2020). Our insights into NLRP1 inflammasome activation upon SARS-CoV-2 infection of epithelial cells in vitro suggest that NLRP1-driven inflammation might be both beneficial and detrimental in COVID-19 patients.
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Figure 1 .

 1 Figure 1. Nigratine inhibits necroptosis by targeting RIPK1 kinase. (a) Nigratine and necrostatin-1 (Nec-1), as control inhibitor of necroptosis, are structurally non related molecules. (b) Jurkat-Fadd def cells were treated 24 h with increasing concentrations of nigratine alone or co-treated with 10 ng/ml of TNF-α. Cell viability was estimated by MTS assay. Data are shown as the mean ± SD of four replicates. (c)The RIPK1 catalytic activity was monitored using myelin basic protein, MBP, as a substrate. RIPK1 was assayed in the presence of increasing concentrations of both nigratine and Nec-1. The kinase activities are expressed in % of average maximal activity, i.e. measured in the presence of DMSO (n = 2, mean ± SEM). (d) The IC 50 (on kinase) and EC 50 and "protection delta" (Protec∆) (on cells) values were determined from the dose-response curves using Graphpad PRISM software and reported in the table. The level of protection against the TNF-α-induced cell death is estimated using the Protec∆ values (first described and used in16 ). These data are determined by subtracting the value obtained for cells only treated with TNF-α from the value obtained for co-treatment with TNF-α and with the tested compound.

Figure 2 .

 2 Figure 2. Nigratine protects HT-22 mouse hippocampal neuronal cell line from cell death triggered by both class I and II-inducers of ferroptosis. HT22 cells were treated 24 h with increasing concentrations (0-50 µM) of the tested chemical compounds alone ("HT22") or co-treated with 5 mM glutamate, 0.5 µM erastin or 1 µM of RSL3. Ferrostatin-1 ("F") was used as a positive control for ferroptosis inhibition. Cell viability was estimated by MTS assay. Data are shown as the mean ± SD of four replicates.

Figure 3 .

 3 Figure 3. Nigratine protects SH-SY5Y human neuroblastoma cell line from cell death triggered by both class I and II-inducers of ferroptosis. (a) SH-SY5Y cells were co-treated 24 h with various concentrations of the tested chemical compounds alone and 10 µM of erastin. Ferrostatin-1 (Fer-1) was used as a positive control for ferroptosis inhibition. Cell viability was estimated by MTS assay. Data are shown as the mean ± SEM of two replicates. (b) SH-SY5Y cells were treated 24 h with 5 µM of RSL3 and increasing concentrations of nigratine or ferrostatin-1 (Fer-1). Cell death was evaluated by lactate dehydrogenase (LDH) release assay. Results are plotted in % of LDH release measured when cells are treated with RSL3 (left axis, colored blue). Cell viability was measured by MTS reduction assay. The results obtained (colored red) were plotted in % of maximal viability (detected in DMSO-treated cells, right axis). Data are shown as the mean ± SD of three replicates.

Figure 4 .

 4 Figure 4. Nigratine protects porcine kidney epithelial LLC-PK1 cell line from lipid peroxidation and cell death triggered by RSL3. LLC-PK1 cell line was treated with 2 µM of RSL3 and increasing concentration of nigratine or ferrostatin-1 (Fer-1). (a) Cell viability was estimated by MTS assay. Data are shown as the mean ± SD of three replicates. (b) Lipid peroxidation was detected by cellular BODIPY 581/591 C11 staining. Fluorescence was recorded with the IncuCyte S3 live cell imaging apparatus. Data are shown as the mean ± SD of three replicates of nine replicates. (c) Representative phase-contrast and fluorescence images of cells stained with BODIPY 581/591 C11 probe are visualized using the IncuCyte S3 live cell imaging apparatus.

  Cell viability was assessed by MTS assay (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay; Promega, Fitchburg, WI, USA) according to the manufacturer's instructions. This assay is based in the reduction of the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) by viable cells to form a colored formazan product. After treatment, cells were incubated 3 h at 37 °C, 5% CO 2 with MTS. The absorbance was measured using a microplate reader at 490 and 630 nm and the percentage of viability was calculated by dividing the absorbance of testing compound by the absorbance of DMSO treated cells (control).

Figure 5 .

 5 Figure 5. Antioxidant activity of nigratine. DPPH reduction assay was conducted for 30 min at room temperature after the addition of a DPPH solution at 15.85 µM (in 90/10, vol/vol, methanol/water) in 96-well plate. Reduction of DPPH was determined by absorbance measurement at 517 nm. Tocopherol (vitamin E), a well-known antioxidant, and Fer-1, as lipophylic antioxidant, were used as a positive controls. Data are shown as the mean ± SD of three replicates.

Figure 6 .

 6 Figure 6. Nigratine protects human bronchial organoids from necroptosis and ferroptosis. (a) Timelapse microscopy and the associated quantifications of the measure of plasma membrane permeabilization using propidium iodide incorporation in human primary bronchial organoids stimulated with the mix of 40 μM Z-VAD, 100 ng/ml Human TNF-α and 5 µM BV-6 in presence or absence of 25 μM nigratine, 40 μM necrostatin-1 or 40 μM ferrostatin-1 for 15 h. Data are plotted as means + /-SEM. pValue calculated by t-test. (b) Time-lapse microscopy and the associated quantifications of the measure of plasma membrane permeabilization using propidium iodide incorporation in human primary bronchial organoids stimulated with 800 µM of cumene hydroperoxide in presence or absence of 25 μM nigratine, 40 μM necrostatin-1 or 40 μM ferrostatin-1 for 4 h. Data are plotted as means +/-SEM. pValues were calculated by t-test (**pValue < 0.01, ***pValue < 0.001, ****pValue < 0.0001).

Fig 1 .

 1 Fig 1. ExoU-dependent lung pathology in mice associates to an alarmin and peroxidized lipid signature. (A) Survival of WT mice intranasally infected (n = 7 animals per condition) with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments. Log-rank Cox-Mantel test was used for survival comparisons. ��� p � 0.001. (B) Bronchoalveolar (BAL), lung, blood and spleen bacterial loads from WT mice (n = 8) 18 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments. �� p � 0.01, Mann-Whitney analysis test. (C) Alarmin levels in bronchoalveolar fluids (BALFs) from WT mice (n = 8) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. (D) Prostaglandin E2 (PGE2) and Leukotriene B4 (LTB4) levels in bronchoalveolar fluids (BALFs) from WT mice (n = 8) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments; �� p � 0.01, Mann-Whitney analysis test. (E) Peroxidized lipid product (isoprostanes and MDA) levels in bronchoalveolar fluids (BALFs) from WT mice (n = 8) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Graphs represent one experiment (8 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. Data information: Data shown as means (Graphs B-E) and are representative of one experiment performed three times; � p � 0.05; �� p � 0.01, ��� p � 0.001, Mann-Whitney analysis test (B-E) and log-rank Cox-Mantel test for survival comparisons (A). https://doi.org/10.1371/journal.ppat.1009927.g001

Fig 2 .

 2 Fig 2. Lipid peroxidation inhibition delays ExoU-induced cell necrosis. Otherwise specified, cells were infected with an MOI of 0.5 of P. aeruginosa PP34, PP34 exoU-or PP34 exoUS142A for various times. ��� p � 0.001, t-test with Bonferroni correction. (A) Measure of LDH release in Nlrc4 -/-BMDMs infected with PP34 or PP34 exoU-in presence of Z-VAD (40µM), olaparaib (10µM), Necrostatin-1s (Ne1s, 40µM) or Ferrostatin-1 (Fe1, 10µM) for 2 hours. ��� p � 0.001, t-test with Bonferroni correction. (B) Measure of LDH release in WT or Casp1 -/-/Casp11 -/-BMDMs transfected (Lipofectamin 2000) with 1µg of LPS or Flagellin (Flg) to induce pyroptosis, treated with Z-VAD (40µM)/TNFα (500UI/mL)/TPCA-1 (5 µM) to induce necroptosis or with Cumene hydroperoxide (CuOOH, 400µM) to induce ferroptosis in presence or absence of Ferrostatin-1 (Fe1, 10µM) for 6 hours. ��� p � 0.001, t-test with Bonferroni correction. (C) Measure of alarmin/cytokine release in Nlrc4 -/-BMDMs infected with PP34 or PP34 exoU-in presence of Z-VAD (40µM), olaparaib (10µM), Necrostatin-1s (Ne1s, 40µM) or Ferrostatin-1 (Fe1, 10µM) for 2 hours. ��� p � 0.001, t-test with Bonferroni correction. (D) Heat map representing measure of LDH release in WT, ALOX5 -/- and ALOX12/15 BMDMs transfected with recombinant ExoU in presence/absence of Cox1 inhibitor (Ketorolac Tromethamine, 10µM), Cox2 inhibitor (NS 398, 25µM), Cyp450 epoxygenase activity inhibitor (PPOH, 10µM), phospholipase inhibitor MAFP (50µM) or lipid peroxidation inhibitors Ferrostatin-1 (Fe1, 20µM), Resveratrol (5µM), Liproxstatin-1 (30µM), a-Tocopherol (20µM) for 2 hours. The heat map shows the mean of three combined independent experiments, each performed in triplicate. (E) Time course measure of plasma membrane permeabilization using propidium iodide incorporation in Nlrc4 -/-BMDMs infected with PP34 or PP34 exoUS142A in presence/absence of Ferrostatin-1 (Fe1, 20µM). ��� p � 0.001, t-test with Bonferroni correction. (F) Microbicidal activity of macrophages (5h) and neutrophils (3h) after infection with P. aeruginosa exoU + and exoU -(MOI 0.5) in presence/absence of ferrostatin-1 (10µM). ��� p � 0.001, t-test with Bonferroni correction. Data information: Data are represented as means +/-SEM (graphs A-F) from n = 3 independent pooled experiments; ��� P � 0.001 for the indicated comparisons using t-test with Bonferroni correction. https://doi.org/10.1371/journal.ppat.1009927.g002

Fig 3 .

 3 Fig 3. ExoU-induced cell death involves ROS-induced lipid peroxidation but proceeds in a ferroptosis independent manner. (A) Cytometry detection and quantification of (phospho)lipid peroxidation using the probe C11-bodipy in WT BMDMs treated with CuOOH (20µM) or transfected with rExoU (500ng) or its catalytically dead mutant rExoU S142A (500ng) for 1 hour in presence or absence of Ferrostatin-1 (20µM). Sample were acquired using FACSCalibur (BD). The graphs shows the mean+/-SEM of one experiment performed in triplicate out of three independent experiments. �� P�0.001, ��� P � 0.001 for the indicated comparisons using t-test with Bonferroni correction. (B) (Redox) lipidomic analysis of phospholipid peroxidation in BMDMs transfected with recombinant ExoU or its catalytically dead mutant ExoU S142A for 45 minutes. Each value is standardized to the corresponding phospholipid content shown in (S3B Fig). The heat map shows the mean of one experiment performed in triplicate. (C) Cytometry detection and quantification of (phosphor)lipid peroxidation using the probe C11-bodipy in WT BMDMs pre-treated or not for 1 hour with CuOOH (20µM) in presence or absence of Ferrostatin-1 (20µM) and then transfected with rExoU (500ng) for 1 hour. Sample were acquired using FACSCalibur (BD). The graphs shows the mean+/-SEM of one experiment performed in triplicate out of three independent experiments. � P � 0.05, �� P�0.001, for the indicated comparisons using t-test with Bonferroni correction. (D) Measure of LDH release in WT BMDMs pre-treated or not for 1 hour with CuOOH (20µM) in presence or absence of Ferrostatin-1 (20µM) and then transfected with rExoU (500ng) for 3 hours. ��� p � 0.001, T-test with Bonferroni correction. (E) Representative microscopy images (phospho)lipid peroxidation and quantifications using the probe C11-bodipy in CuOOH-primed (20µM) HELA cells infected with PP34 (MOI5) for 2 hours. Images show two independent experiments, each performed three times at 2 hours post infection. Scale bar 20µm; Green, oxidized bodipy (oxidized phospholipids, PLs ox); Red, bodipy (phospholipids, PLs); Blue (Endoplasmic Reticulum, ER tracker probe, 1µM). Arrows show enriched peroxidised phospholipids in the plasma membrane area. Quantifications show the Mean Fluorescence Intensity (MFI) quantification of Peroxidized lipids from one experiment performed three times (50-60 cells counted). ��� P<0.001 by T-test. (F) Measure of LDH release in immortalized (i) WT or Cypor -/-BMDMs primed or not with CuOOH (20µM, 1hour) in presence or absence of ferrostatin-1 (20µM) and infected for 2 hours with PP34. ��� p � 0.001, T-test with Bonferroni correction. (G) Time course measure of plasma membrane permeabilization using propidium iodide incorporation in WT and Cypor -/-HELA cells primed or not with CuOOH (20µM, 1hour) and infected with PP34 (MOI5) for 2 hours. ��� p � 0.001, T-test with Bonferroni correction. (H) Time course measure of plasma membrane permeabilization using propidium iodide incorporation in immortalised WT and Gpx4 -/-BMDMs transfected with rExoU (500ng) for 7 hours. ��� p � 0.001, T-test with Bonferroni correction. (I) ExoU phospholipase

Fig 4 .

 4 Fig 4. Ferrostatin-1 protects mice against ExoU-induced lung pathology. (A) Bronchoalveolar (BAL), lung and spleen bacterial loads from WT mice (n = 7/group) 18 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. When specified, mice were intraperitoneally pretreated with ferrostatin-1 (6mg. k -1 or PBS) 4 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments. �� p � 0.01, Mann-Whitney analysis test. NS: Not significant. (B, C) Alarmin and lipid peroxide products levels in bronchoalveolar fluids (BALFs) from WT mice (n = 7 mice/group) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. When specified, mice were intraperitoneally pretreated with ferrostatin-1 (6mg.k -1 or PBS) 4 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. (D) Immune cell (CD45+) populations in bronchoalveolar fluids (BALFs) from WT mice (n = 7 mice/group) 6 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. When specified, mice were intraperitoneally treated with ferrostatin-1 (6mg.k -1 or PBS) 4-6 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test. (E) Histological observation and scoring of bronchial and lung cellular infiltrations upon exoU-expressing P. aeruginosa intranasal infection. When specified, mice were intraperitoneally pretreated with ferrostatin-1 (6mg.k -1 or PBS) 4-6 hours before intranasal infection. Stars show the cellular infiltrates. � p � 0.05; Mann-Whitney analysis test. (F) Mice survival (n = 7 mice/group) 40 hours after intranasal infection with 5.10 5 CFUs of P. aeruginosa PP34 or its isogenic mutant PP34 exoU-. Mice were intraperitoneally pretreated with ferrostatin-1 (6mg.k -1 or PBS) 4 hours before intranasal infection. Graphs represent one experiment (7 mice/group) out of three independent in vivo experiments; �� p � 0.01, Log-rank Cox-Mantel test was used for survival comparisons. (G, H) Time-lapse microscopy and the associated quantifications of the measure of plasma membrane permeabilization using propidium iodide incorporation in human primary bronchial organoids infected (microinjection) with P. aeruginosa expressing exoU + or its isogenic mutant (exoU -) in presence or absence of ferrostatin-1 (40µM) for 15 hours. Data are plotted as means+/-SEM. ��� p � 0.001, T-test with Bonferroni correction. Data information: Data shown as means (Graphs A-E) and are representative of one experiment performed three times; � p � 0.05; �� p � 0.01, Mann-Whitney analysis test (A-E) and log-rank Cox-Mantel test for survival comparisons (F). https://doi.org/10.1371/journal.ppat.1009927.g004
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  Statistical analyses were performed using the software Prism 7 (GraphPad Software, San Diego, CA). A minimum of four mice per group was used in each experiment. Pooled results obtained from two to five experiments are presented in most figures as indicated in figure legends. For The Journal of Immunology 3 at bibCNRS INSB on September 3, 2021 http://www.jimmunol.org/ Downloaded from

4FIGURE 1 .

 1 FIGURE 1. Intranasal but not intragastric delivery of live or HK CNCM I-5314 induces both lung Th17 and RORgt 1 Tregs in naive mice. (A) Experimental protocol. C57BL/6 naive mice were inoculated i.n. with 1 Â 10 7 CFU of live or HK L. murinus CNCM I-5314 in 20 ml of PBS (or PBS alone) three times per week during 2 wk before the sacrifice point. Another mouse group received i.g. administration of 1 Â 10 9 CFU of live L. murinus CNCM I-5314 in 200 ml of PBS (or PBS alone) every day during a 10-d period before being sacrificed. Mice treated with PBS i.n. or i.g. are displayed together as the PBS group. Thereafter, a single-cell suspension was prepared from lung homogenates, and the CD4 1 T cell compartment was analyzed by flow cytometry, as illustrated in Supplemental Fig. 2A; cells from the blood circulation were not excluded. (B) Dot plots showing the frequencies of Th17 (Foxp3 À RORgt 1 ), cTregs (Foxp3 1 RORgt À ), and RORgt 1 Tregs (Foxp3 1 RORgt 1 ) among lung CD4 1 T cells from a representative mouse belonging to each experimental group. (C and D) Vertical scatter plots show CD4 1 T cell subpopulation frequencies among CD4 1 T cells (C) or total cell number (D) in lung homogenates according to the indicated experimental group. (E) Vertical scatter plots represent ratio of Th17 (Foxp3 À RORgt 1 ) to RORgt 1 Tregs (Foxp3 1 RORgt 1 ) among all RORgt 1 CD4 1 T cells (left), proportion of RORgt 1 Tregs (Foxp3 1 RORgt 1 ) among all Foxp3 1 cells (middle), and summary of frequencies of Th17, RORgt 1 Tregs, and cTregs among CD4 1 T cells (right) as indicated for each experimental group. Three to five independent experiments (n 5 58 mice per experiment) are pooled in the graphs and indicated by different symbols; each symbol represents an individual mouse. The median [or mean for cTreg frequencies (C) and cell number (D) that follow a normal distribution] and 95% CIs are represented by the black bars. A KruskalWallis test and Dunn posttest [or ordinary one-way ANOVA followed by Tukey posttest for cTreg frequencies (C) and cell number (D)] were performed to compare the mean rank of each group to the PBS control group (as the groups did not follow a normal distribution). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. NS values, p > 0.05.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Mutations in the CFTR gene may impact mRNA and protein expression, function, stability, or a combination of these (132, 133). All mutations that cause CF can be grouped according to their functional defect into seven classes (Figure11). Class I mutations are due to premature truncation or nonsense alleles, thus often causing degradation of mRNA and affecting protein production. Class II mutations lead to misfolding of the protein, which is retained at the endoplasmic reticulum followed by premature degradation by proteosomes. This group includes the most common

10 countries with the highest records of CF patients, showing in 2019 an estimated prevalence of 7-10 patients per 100,000 habitants (128). CF is a recessive autosomal disease caused by mutations in the cystic fibrosis transmembrane conductance regulator gene. Around 2,000 mutations in this gene have been described to date (129). The CFTR gene is located in the chromosome 7, spans 250 kb, and is composed of 27 exons. The gene is transcribed into a 6.5 kb messenger RNA that encodes a 1,480 amino acid protein (130). CFTR encodes an anion channel, activated by cAMP-dependent phosphorylation, whose primary function is the transport of chloride and bicarbonate. Furthermore, the CFTR controls water secretion and absorption through the apical plasma membrane of epithelial cells. CFTR can also regulates other ion channels activity, including the epithelial sodium channel (ENaC) (128, 131). CFTR mutation, which is termed ∆F508 and is present in 70% of defective CFTR alleles and in 80% of patients with CF in Europe (134, 135). Class III mutations lead to full-length CFTR channel incorporated into the cell membrane, but with impair gating. Class IV mutations cause a decrease in chloride and bicarbonate conductance (136, 137). Class V mutations result in the decreased presence of CFTR at the cell surface, often because of alternative splicing, promoter or missense mutations. Class VI mutations destabilize CFTR at the cell surface, which results in increased endocytosis and degradation by lysosomes, and decreasing its recycling back to the cell surface. Finally, class VII mutations or un-rescuable pharmacological mutations. It is the most severe class due to the total absence of mRNA transcription (128, 135, 138).

Table 1 . Non-mammalian models used to study Mabs infection

 1 are environmental phagocytic organisms and are considered natural hosts of NTM (185). Co-cultures of Mabs with amoebas have demonstrated the induction of virulence factor expression by Mabs (e.g., phospholipase C) when the bacterium is inside the amoeba (186). Despite the failure to isolate Mabs from environmental sources, these studies support the view that amoebas contribute to shaping the virulence of Mabs (186). On the other hand, in recent years, zebrafish have been widely exploited to understand the role of innate and adaptative immunity against

(adapted from (180)).

Amoebas

Mabs. Zebrafish embryos allow visualizing, by non-invasive imaging, the progression, and fate of Mabs infection, as well as host-pathogen interactions in a live animal at a high-resolution level (179). In general, work using zebrafish as a model has identified the role of TNF in the development and maintenance of granulomas (124), the importance of a functional CFTR in innate immunity against

Table 3 . Summary of the key findings of the molecular basis of infectious disease using the organoid model (adapted from (261)).
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	al., 2013; Thacker et al., 2020). However, lung-on-chips are
	generally developed using induced Pluripotent Stem Cells (iPSC) or ep-
	ithelial cell lines, require complex expertise in both iPSC cultures based
	on long stepwise differentiation protocols, and in nano-micro fabri-
	cation for chip devices. Therefore, organoids and on-chip organs are
	complementary approaches that provide alternatives to animal exper-
	imentation thus complying with the "3R′s"-Replacement, Reduction,
	Refinement-which call for in vitro or a alternatives to model functional
	organs and pathologies (Gkatzis et al., 2018).
	As mycobacteria, especially Mtb, establish their replicative niche
	in the alveolar part of the lung, another limitation comes from the ab-
	sence of pneumocytes in the AO model. Recent advances in modeling
	the human alveolar part of the human lung as organoids (Salahudeen
	et al., 2020; Youk et al., 2020) will allow further modeling of the my-
	cobacterial replicative niche. Finally, the ability to introduce human
	macrophages allows functional modeling of a key cell type and its
	cellular network, overcoming another limitation of organoid systems.
	Extension of the BALO technology, combining connected airway with
	alveoli and engraftment of macrophages (Vazquez-Armendariz et al.,
	2020), to human stem cells could open new venues for mycobacterial
	infection modeling. We believe that this work forms a starting point for
	modeling a wide range of human respiratory pathogens using lung or-
	ganoids, as exemplified with SARS-CoV-2, (Lamers et al., 2020, 2021;
	Salahudeen et al., 2020; Si et al., 2021; Thacker et al., 2021), but also
	respiratory infections driven by host disorders such as cystic fibrosis.
	The collection of patient data and tissue for AO generation was
	performed according to the guidelines of the European Network
	of Research Ethics Committees following European and national
	law. In the Netherlands and France, the responsible accredited
	ethical committees reviewed and approved this study in accordance
	with the Medical Research Involving Human Subjects Act. Human
	lung tissue was provided by the Primary Lung Culture Facility
	(PLUC) at MUMC+, Maastricht, The Netherlands. Collection, stor-
	age, use of tissue and patient data were performed in agreement
	with the "Code for Proper Secondary Use of Human Tissue in the
	Netherlands" (http://www.fmwv.nl). The scientific board of the
	Maastricht Pathology Tissue Collection approved the use of ma-
	terials for this study under MPTC2010-019 and formal permission
	was obtained from the local Medical Ethical Committee (code 2017-
	087). The CHU of Toulouse and CNRS approved protocol CHU 19
	244 C and Ref CNRS 205782. All patients participating in this study
	consented to scientific use of their material; patients can withdraw
	their consent at any time, leading to the prompt disposal of their tis-
	sue and any derived material.
	Human buffy coats were obtained from volunteers with in-
	formed consent via Sanquin (NVT0355.01) or établissement français
	du sang (Agreement 21PLER2017-0035AV02).

Table 2 . 3.9 | CmMTB preparation and macrophage co- cultures

 2 

	Organoids were washed out of Matrigel and dissociated into single
	cells using TrypLE for 5 min at 37°C. A minimum of 5 × 10 5 cells/ml
	were incubated with dsRED expressing Mtb at an MOI of 10 in com-
	plete organoid media. After 4 or 24 hr for single cells, or 7 days for
	whole intact organoids, samples were washed with PBS, stained with
	CellMask Deep Red (1:30.000) to highlight all cells composing the
	organoid and fixed in 4% paraformaldehyde overnight at 4°C. Cells
	were pelleted and resuspended in PBS supplemented with 2% FCS.
	Samples were filtered just before analysis and sorted using a BD FACS
	ARIA Fusion. Cells were selected on their FSC-A/SSC-A profile, dou-
	blets were excluded on FSC-W/FSC-H and SSC-W/SSC-H parameters.
	Finally, double positive cells were gated based on Cell Mask Deep Red
	staining and DsRED-expressing Mtb. The population of cells from P5
	(positive for GFP/bacteria and APC/ organoid cells) was pooled and
	imaged by confocal microscopy to determine if bacteria was intracel-
	lular. The fluorescent dyes used are summarized in

  Until now, organoids from CF patients have been used successfully to determine the response of CF patients to the CFTR modulator treatment (143, 248, 260, 306, 307). To further characterize CF-AO, we performed a proteomic gene ontology enrichment study, which revealed a positive regulation of the cellular oxidant detoxification pathway. Subsequently, we confirmed that CF-AO produced high levels of ROS, leading to lipid peroxidation and cell death, as previously measured in CF patients (312) and ECs (313, 314). Due to the high basal ROS production and the overrepresentation in the proteomics analysis of oxidation and detoxification pathways by CF-AOs, we hypothesized that the oxidative stress

	This research was focused on Mabs, the most common NTM infecting CF patients
	(308). As stated in the introduction, Mabs displays either S (GPL+) or R (GPL-)
	morphotypes. S variants are more hydrophilic, enabling increased sliding motility and
	biofilm formation, while the aggregative R variants have a high propensity to produce
	large hypervirulent bacterial serpentine cords (90). In AOs both morphotypes resided
	it was observed that aberrant CFTR function or anti-inflammatory effects of
	After, I generated and characterized CF-AO derived from a patient with a Class I roscovitine lead to deficient ROS production by NADPH oxidases NOX2 and
	mutation, leading to the absence of the CFTR protein. Compared to H-AOs, CF-AOs DUOX2, which decreases neutrophil recruitment and promotes uncontrolled growth
	of intracellular Mabs in macrophages (187, 320).

Due to the validation of AOs as a good model for the study of mycobacterial infections performed in my first article, I had the opportunity to carry out a second research work.

In my second article: "Human bronchial organoids unveil druggable pathways against Mycobacterium abscessus infection in cystic fibrosis". I generated AOs from lung biopsies of CF patients to model disease-associated infections and decipher the factors that allow opportunistic pathogens to colonize these airways. It is important to highlight that this is the first paper applying CF AOs to model infections. mainly at the lumen, with the S variant forming biofilm, and the R one, virulent cords.

Mabs S was also found directly interacting with ciliated cells at the surface of the organoids. As a result, Mabs retained their fundamental characteristics within the organoids, thus making them an appropriate model to study this bacterial infection.

It is worth noting that biofilm visualization remains a challenge, especially in ex vivo and in vivo settings (309), therefore the AOs seems to be a promising tool to study biofilm formation and its contribution to mycobacterial resistance to antibiotics (118, 310). Interestingly, both Mabs morphotypes grow around death epithelial cells and cellular debris found at the organoid lumen. Probably, this process favors the growth of the bacteria but also the biofilm formation by Mabs S, as demonstrated before in vitro in a synthetic cystic fibrosis medium in the presence of host cell DNA (311).

showed a thicker epithelium denoting cell hyperplasia, increased mucus production, and no residual function of the CFTR channel. All these features are in agreement with previous reports

(196)

. environment of CF might play a role in the growth of Mabs. To validate this hypothesis, we infected healthy and CF AOs with S or R-Mabs and quantified Mabs proliferation and organoid cell death. Mabs growth was higher in CF-AOs, concomitant with an increase in epithelial damage. This was reversed by activating NRF2, the master antioxidant regulator. So far, the role of ROS in Mabs infection remains contradictory. In agreement with our findings, it has been shown that an oxidative environment favors Mabs growth in macrophages (315, 316). Moreover, activation of NRF2 decreases the bacterial proliferation in vitro and in vivo (317, 318). Curiously, one study reported that treatment of CF NHBE cells with CFTR modulators rescues NRF2 function and improves tissue oxidative stress (319), which might contribute to the control of bacterial infection. In contrast, in a zebrafish model,

Supplemental Table S2. Associations of fluoxetine versus saline exposure with inflammatory markers.

  

		Primers 5'-3'	Reference
	Cytokines and chemokines		
	IL-6	F-TACCACTTCACAAGTCGGAGGC Day 2	OriGene	Day 6
	CXCL10	R-CTGCAAGTGCATCATCGTTGTTC F-ATTGCCACGATGAAAAAGAATGAT R-AGACCAAGGGCAATTAGGACTAGC Fluoxetine vs. Saline Fluoxetine vs. Saline Fluoxetine vs. Saline Shimizu K, et al. J Immunol. Fluoxetine vs. Saline 2011;186(10):5927-5937. Viral load Viral RNA Viral load Viral RNA
		OR [95% CI]	OR [95% CI]	doi:10.4049/jimmunol.1003351 OR [95% CI] OR [95% CI]
	TNFα IL6	F-GGTGCCTATGTCTCAGCCTCTT	OriGene
	CCL2 Crude IL-1β Adjusted TNF	R-GCCATAGAACTGATGAGAGGGAG F-GCTACAAGAGGATCACCAGCAG 0.47 (0.23 -0.94; 0.47 (0.23 -0.94; 0.042)* 0.042)* R-GTCTGGACCCATTCCTTCTTGG F-TGGACCTTCCAGGATGAGGACA 0.43 (0.15 -1.19; 0.42 (0.20 -0.86; 0.115) 0.025)* R-GTTCATCTCGGAGCCTGTAGTG	0.28 (0.12 -0.65; OriGene 0.013)* 0.48 (0.15 -1.59; OriGene 0.259)	0.28 (0.12 -0.65; 0.013)* 0.28 (0.11 -0.67; 0.018)*
	β-actin Crude Adjusted Viral load	F-GCTGTGCTGTCCCTGTATGCCTCT R-CCTCTCAGCTGTGGTGGTGAAGC 0.32 (0.17 -0.58; 0.32 (0.17 -0.58; 0.001)* 0.001)* 0.31 (0.12 -0.76; 0.41 (0.24 -0.69; 0.017)* 0.003)*	Koblansky AA, et al. Immunity. 0.34 (0.14 -0.85; 0.34 (0.14 -0.85; 2013;38(1):119-130. 0.040)* 0.040)* doi:10.1016/j.immuni.2012.09.016 1.08 (0.39 -3.00; 0.35 (0.14 -0.87; 0.888) 0.045)*
	RdRp CXCL10	F-GTGARATGGTCATGTGTGGCGG	Corman VM, et al. Euro Surveill.
	Crude Adjusted	R-CAAATGTTAAAAACACTATTAGCATA Probe-FAM-CAGGTGGAACCTCATCAGGAGATGC -0.44 (0.22 -0.88; 0.44 (0.22 -0.88; 0.39 (0.15 -1.02; 2020;25(3):2000045. 0.39 (0.15 -1.02; doi:10.2807/1560-0.028)* 0.028)* 0.080) 0.080) 7917.ES.2020.25.3.2000045 0.42 (0.15 -1.16; 0.53 (0.27 -1.04; 0.75 (0.19 -2.89; 0.40 (0.15 -1.07; TAMRA 0.107) 0.076) 0.681) 0.095)
	CCL2			Rebendenne A, et al. J Virol.
	Crude	0.26 (0.15 -0.45; <0.001)*	0.26 (0.15 -0.45; <0.001)*	2021;95(8):e02415-20. 0.48 (0.17 -1.30; doi:10.1128/JVI.02415-20 0.174)

0.48 (0.17 -1.30; 0.174) Adjusted 0.37 (0.17 -0.81; 0.020)* 0.29 (0.17 -0.51; <0.001)* 1.01 (0.25 -4.12; 0.984) 0.49 (0.18 -1.35; 0.194) * Two-sided p-value is significant (p<0.05).

Table 1 .

 1 Characteristics of NITD-916 Spontaneous Resistant Mutants of M. abscessus a

	MIC (μg/mL)

Diseases pubs.acs.org/journal/aidcbc Article

  

https://doi.org/10.1021/acsinfecdis.2c00314 ACS Infect. Dis. XXXX, XXX, XXX-XXX

Table 2 .

 2 MIC (μg/mL) of NITD-916 and RFB Determined in CaMHB at 30 °C against M. abscessus Overexpressing Wild-Type and Mutated inhA MAB (MAB_2722c) Alleles

	strain	NITD-916	RFB
	CIP104536 T (S)	1.56	50
	S + pMV261-inhA MAB	3.12	50
	S + pMV261-inhA MAB (G96V)	25	50
	S + pMV261-inhA MAB (G96S)	50	50
	CIP104536 T (R)	1.56	12.5
	R + pMV261-inhA MAB	3.12	12.5
	R + pMV261-inhA MAB (G96V)	12.5	12.5
	R + pMV261-inhA MAB (G96S)	50	12.5

https://doi.org/10.1021/acsinfecdis.2c00314 ACS Infect. Dis. XXXX, XXX, XXX-XXX

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

  

containing DMSO (negative control) or 500 μL RPMI FBS containing either RFB or NITD-916. Drugs were renewed on a daily basis. Cells were washed with PBS and lysed with 100 μL of 1% https://doi.org/10.1021/acsinfecdis.2c00314 ACS Infect. Dis. XXXX, XXX, XXX-XXX

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

  Briefly, the MAB_2722c gene encoding InhA MAB was cloned from genomic DNA into the bacterial expression vector BG1861, which encodes a non-

	cleavable N-terminal His 6 tag. The protein was expressed in
	BL21(DE3) cells with autoinduction media followed by cell
	lysis and purification via nickel affinity then size exclusion
	chromatography. InhA MAB crystallized at 23.06 mg/mL in the
	apo state in the MCSG1 crystallization screen condition E1 (2
	M (NH 4 ) 2 SO 4 , 0.1 M Hepes pH 7.5); the crystal was
	cryoprotected with reservoir supplemented with 20% v/v
	ethylene glycol. InhA MAB crystallized at 23.06 mg/mL with 4
	mM NADH in the JCSG+ crystallization screen condition E1
	(0.1 M sodium cacodylate pH 6.27, 1.09 M sodium citrate
	tribasic); the crystal was cryoprotected with reservoir
	supplemented with 4 mM NADH and 20% v/v ethylene
	glycol. InhA MAB crystallized at 23.06 mg/mL with 3.5 mM
	NADH and 3.5 mM NITD-916 in the Index crystallization
	screen condition H10 (0.2 M sodium citrate tribasic, 20% PEG
	3350); the crystal was cryoprotected with reservoir supple-
	mented with 3.5 mM NADH, 3.5 mM NITD-916, and 20% v/
	v ethylene glycol. The apo and the NADH/NITD-916 bound
	data sets were collected at the Advanced Photon Source
	beamLine 21 ID-F with a Rayonix MX-300 CCD detector at
	0.97872 Å wavelength. The NADH bound data set was
	collected in house on a Rigaku FR-E+ SuperBright X-ray
	generator with a Saturn 944+ detector at 1.5406 Å wavelength.
	The apo structure was solved by molecular replacement using
	MORDA and the M. tuberculosis InhA structure (PDB ID
	2H7I superseded by 4U0J) as a search model. The structure
	was refined with iterative rounds of refinement between Phenix 65 and Coot. 66 X-ray diffraction images have been
	uploaded to the Integrated Resource for Reproducibility in
	Macromolecular Crystallography (IRRMC) database (www. proteindiffraction.org). 67
	Ligand Binding via Differential Scanning Fluorimetry
	(DSF). Sypro dye based DSF experiments were performed on a
	Bio-Rad CFX-96 thermal cycler at 0.1 mg/mL InhA MAB in a
	background buffer of 25 mM Tris pH 8.0, 200 mM NaCl, 1
	mM TCEP, and 1% v/v glycerol. DMSO was kept constant at
	2% v/v for all measurements. NAD alone or NAD and NITD-
	916 were added to a final concentration of 1 mM.
	Statistical Analyses. Statistical analyses were performed
	on Prism 9.0 (Graphpad) and detailed for each figure legend.
	*P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001.
	■ ASSOCIATED CONTENT * sı Supporting Information
	The Supporting Information is available free of charge at
	https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00314.
	L
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Table S1 :

 S1 MIC of ethionamide and NID-916 against M. abscessus in different media; Table S2: Activity of INH, NITD-916, and the quinoline-INH hybrid 16g against M. abscessus strains overexpressing KatG MTB ; Table

Table S1 .

 S1 MIC (in µg/mL) of ethionamide (ETH) and NID-916 determined in CaMHB, Middlebrook 7H9, Sauton's medium and ASM against wild-type M. abscessus CIP104536 T and against strain NITD916 R2 . Results were completed in triplicate in at least two independent experiments.

					Corresponding Author			
					Laurent Kremer -Centre National de la Recherche
					Scientifique UMR 9004, Institut de Recherche en Infectiologie
					de Montpellier (IRIM), Université de Montpellier, 34293
					Montpellier, France; INSERM, IRIM, 34293 Montpellier,
					France; orcid.org/0000-0002-6604-4458; Phone: (+33)
					4 34 35 94 47; Email: laurent.kremer@irim.cnrs.fr
	Strain		CaMHB	7H9 + OADC	Sauton	ASM	
		ETH NITD-916	ETH	NITD-916	ETH NITD-916	ETH NITD-916
	CIP104536 T (S)	25	1.56	12.5	6.25	6.25	0.195	25	0.78
	NITD916 R2 (S)	25	>200	12.5	>200	6.25	>200	25	>100

Table S2 .

 S2 Activity of INH, NITD-916 and the quinoline-INH hybrid 16g 1 against M. abscessus strains overexpressing KatGMTB. MIC (µg/mL) were determined in CaMHB at 30 °C. Results were confirmed in two separate experiments.

					MIC (µg/mL)		
	Strain			INH	NITD-916	16g	
	CIP104536 T (S)		> 1000	1.56		> 200	
	CIP104536 T (S) + pSMT3-katGMTB-tdTomato	62.5	1.56		100	
	CIP104536 T (R)		> 1000	1.56		> 200	
	CIP104536 T (R) + pSMT3-katGMTB-tdTomato	62.5	1.56		100	
	(1) Alcaraz, M.; Sharma, B.; Roquet-Banères, F.; Conde, C.; Cochard, T.; Biet, F.; Kumar, V.; Kremer,
	L. Designing Quinoline-Isoniazid Hybrids as Potent Anti-Tubercular Agents Inhibiting Mycolic Acid
	Biosynthesis.	Eur	J	Med	Chem	2022,	239,	114531.
	https://doi.org/10.1016/j.ejmech.2022.114531.				

Table S3 .

 S3 Crystallographic data collection and refinement statistics.

	Data collection and processing	InhAMAB with NITD-916 and NAD
	Wavelength (Å)	0.97872
	Resolution range (Å)	50 -1.45
	Space group	C2
	Unit Cell	78.31, 102.31, 76.82 / 90, 114.65, 90
	Total reflections	95,830 (6037)
	Multiplicity	3.87 (2.26)
	Completeness (%)	98.2 (84.4)
	Mean I/sigma(I)	18.13 (4.29)
	Wilson B-factor (Å 2 )	11.58
	R-merge (%)	4.6 (22.8)
	Refinement	InhAMAB with NITD-916 and NAD
	Number of reflections	93,841
	Number of R-free reflections	1989
	R-work %	15.05
	R-free %	17.87
	RMS(bonds)	0.005
	RMS(angles)	0.840
	Ramachandran plot	
	Favored (%)	96.4
	Allowed (%)	3.6
	Outliers (%)	0
	PDB ID	7U0M

1
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  respiratory samples. COVID-19 patients were graded according to the severity on admission and on maximum severity during their hospitalization based on The World Health Organization's (WHO) ordinal scale (WHO Working Group on the Clinical Characterisation and Management of COVID-19, 2020). Patients were considered as having moderate disease when they required oxygen by mask or nasal prongs (WHO grade 5), and severe disease when they required high flow oxygen therapy, non-invasive ventilation, invasive ventilation, or extra-corporeal membrane oxygenation (WHO grade >5). Three groups of non-immunocompromised patients were identified for the purpose of this study: patients with moderate COVID-19 on admission and throughout their stay at the hospital (group ''Moderate''); patients with moderate COVID-19 on admission with subsequent clinical worsening and severe COVID-19 requiring ICU admission (group ''Moderate/Severe''); and patients with severe disease requiring ICU already on admission (group ''Severe''). Mean age of COVID-19 patients was 60.8 ± 12 years, the percentage of females was 24.4. Plasma from patients with interferon alterations 15 plasmas from patients with life-threatening COVID-19 pneumonia who developed critical disease (Bastard et al., 2020; Zhang et al., 2020) were obtained. Specifically, 3 patients exhibited inborn autosomic recessive (AR) or autosomic dominant (AD) mutation in genes encoding for interferon production/response, including AD TBK1 (MB019430), AR IRF7 (MB019096) and AR IFNAR1 (MB019091) (Zhang et al., 2020). The 12 other plasma samples came from COVID-19 patients with proven auto-antibodies to IFNa2/IFNw (Figure S5D; Bastard et al., 2020). All donors had given written informed consent and the study was approved by local Institutional Review Boards (IRBs). COVID-19 disease severity was assessed in accordance with the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia. The term life-threatening COVID-19 pneumonia describes pneumonia in patients with critical disease, whether pulmonary, with mechanical ventilation [continuous positive airway pressure (CPAP), bilevel positive airway pressure (BIPAP), intubation, or high-flow oxygen], septic shock, or damage to any other organ requiring admission in the intensive care unit (ICU) (Bastard et al., 2020; Zhang et al., 2020).
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	HA-GsdmD Q335A fwd2	GGCGCTGGAGgccGGCCAGAGC	Sigma-Aldrich
		CTTGGGCC	
	GsdmD Q335 rev2 pMSCV	ctcccctacccggtagaattcCTAGT	Sigma-Aldrich
		GGGGCTCCTGGCTC	
	Recombinant proteins		
	Recombinant SARS-COV 3CL	E-718-050	Novusbio
	Recombinant SARS-CoV-2 3CL	E-720-050	Novusbio
	Recombinant MERS-CoV 3CL	E-719-050	Novusbio
	Recombinant human caspase-1 protein (active)	Ab39901	Abcam
	Nsp3, peptidase C16 of PLpro	PX-COV-P004	proteogenix
	HRV3C Protease	SAE0045	Sigma-Aldrich
	Software and algorithms		
	Snapgene	GSL Biotech LLC, Chicago, U.S.A.	N/A
	Fiji (Image J)		N/A
	Benchling Software		N/A
	Image Lab 6.1 (Biorad)		N/A
	Biorender.com		N/A
	Graphpad 8.0a		N/A
	Uniprot database		N/A
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  Tregsat bibCNRS INSB on September 3, 2021 http://www.jimmunol.org/ Downloaded from determined correspondence between OD and bacterial concentration using CFU assays; for CNCM I-5314, in exponential growth, 1uDO is equivalent to 2 Â 10 8 CFU/ml). Pellets were harvested by centrifugation at 3,000 Â g at 4 C, washed twice in PBS (MgCl 2 , CaCl 2 free; Life Technologies) and resuspended in PBS at 5 Â 10 8 CFU/ml (for i.n. administration) or 5 Â 10 9 CFU/ml (for intragastric administration [gavage] [i.g.]) for CNCM I-5314 or at 5 Â 10 4 CFU/ml for M. tuberculosis.
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Data information:

Graphs A, B show data presented as means ± SEM from n=3 independent pooled experiments; ***p ≤ 0.001 for the indicated comparisons with t-test. Western Blot (C) image is from one experiment.
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Ethic statements: The collection of patient data and tissue for human airway organoid generation was performed according to the guidelines of the European Network of Research Ethics Committees following European and national law. The responsible accredited ethical committees reviewed and approved this study in accordance with the Medical Research Involving Human Subjects Act. The CHU of Toulouse and CNRS approved protocol CHU 19 244 C and Ref CNRS 205782. All patients participating in this study consented to scientific use of their material; patients can withdraw their consent at any time, leading to the prompt disposal of their tissue and any derived material. Non-tumor lung tissue from two independent donors receiving surgical treatment for lung cancer were used to derive human airway organoids.

SARS-CoV-2 virus production

The BetaCoV/France/IDF0372/2020 isolate was supplied by Sylvie van der Werf and the National Reference Centre for Respiratory Viruses hosted by Institute Pasteur (Paris, France).

The mNeonGreen (mNG) reporter SARS-CoV-2 were based on 2019-nCoV/USA_WA1/2020 isolated from the first reported SARS-CoV-2 case in the USA, and provided through the World 
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Generation of mutations in Gasdermin D gene

To express the N-terminal and C-terminal fragments of GSDMD generated following cleavage by Sars-CoV-2 3CL protease we used the following strategy: 1) nucleotide sequence coding for the N-terminal and C-terminal domains of GSDMD peptides were generated following proteases cleavage by using SnapGene software; 2) N-terminal and C-terminal GSDMD coding sequence were generated by PCR with the addition of a 5' Start codon ATG and 3' Stop codon TGA; 3) Amplified PCR fragments were cloned into pCW57-RFP-P2A-MCS lentiviral vector plasmid between BamHI and EcoRI restriction sites. This system allows ectopic expression of the N-terminal and C-terminal domains of GSDMD in order to study their activity.

To generate cells stably expressing Gsdmd gene mutated for protease cleavage sites (mutations GSDMD Q193A and GSDMD Q335A ) we introduced point mutations in the GSDMD coding sequence by overlapping PCR and cloned mutated GSDMD in pMSCV-puro vector between BamHI and NotI restriction sites. Restriction enzymes were all from New England BioLabs. All the construct generated were verified by DNA sequencing (Eurofins genomics). Primers of the different constructions are listed in key resources table.

Generation of mutations in NLRP1 gene

The transient expression plasmid of NLRP1Q333A was cloned into the pCS2+ vector using standard restriction cloning using ClaI and XhoI flanking the open reading frames. Site-directed mutagenesis was carried out with QuickChangeXL II (Agilent #200522) according to the manufacturer's instructions. Primers:

Rev Q333A: CTTCCCAATTCCAGCAGCCCCCGCCAGTATGACTATGCGAGGTTC Fwd Q333A: GAACCTCGCATAGTCATACTGGCGGGGGCTGCTGGAATTGGGAAG

Generation of doxycycline-inducible plasmids

To generate doxycycline-inducible SARS-CoV-2 3-CL protease (NSP5) constructs, WT NSP5 or NSP5C145A were amplified by PCR from pLEX307-SARS-CoV-2-3-CL and pLVX-EF1a-IRES-Puro 3CL C145A template respectively. PCR products were digested with AgeI and NheI restriction ezymes and digested insert were ligated in pLVB-TetON vector between AgeI and NheI restriction sites.

To generate cell lines nsp5-inducible A549 cell lines, cells were transduced with both pLVB-nlr-TetR and pLVB-TetON-NSP5. Primer1 (44-mer): ATTTATATTAACCGGTATGAGTGGTTTTAGAAAAATGGCATTCC Primer2(45-mer): AATTATAATGCTAGCTTATTGGAAAGTAACACCTGAGCATTGTC

Cell transfection/transduction A549 transfected with NLRP1 mutated plasmids

The day prior to the transfection, 2 x 10 5 A549 cells were plated in 6 well plate in 10% FBS DMEM (Gibco) supplemented with 1% penicillin-streptomycin (Gibco). The day after, cells were treated with Nate 1X (Invivogen) for 30 min. DNA-lipids complexes were prepared with 1mg of pCS2+ NLRP1 mutated plasmids [START_REF] Robinson | Enteroviral 3C protease activates the human NLRP1 inflammasome in airway epithelia[END_REF] or pCS2+ NLRP1 Q333A , lipofectamine LTX and PLUS reagent diluted in Opti-MEM and incubated for 30 min at room temperature according to the manufacturer's instructions (Invitrogen). DNA-lipid complexes were added to cells and incubated O/N at 37 C in 10% FBS DMEM.

A549 transfected with Gasdermin d plasmids

The day prior to the transfection, 2 x 10 5 A549 dual cells were plated in 6 well plate in 10% FBS DMEM (Gibco) supplemented with 1% penicillin-streptomycin (Gibco). The day after, DNA-lipids complexes were prepared with 1mg of GSDMDNT pcW57 plasmids and polyethylenimine (PEI) diluted in Opti-MEM. DNA-lipid complexes were added to cells and incubated for 48h at 37 C in Opti-MEM (Fischer Scientific).

SARS-CoV-2 production and infection

Experiments using SARS-CoV-2 virus were performed in BSL-3 environment. 

COVID Human Genetic Effort members and affiliations

The affiliations of the members of the COVID Human Genetic Effort are as follows. Cell-based lipid peroxidation assay. Ferroptosis was induced by treatment of porcine LLC-PK1 cells (derived from the renal epithelial cells of Hampshire pigs PK1) with 2 µM of RSL3. For lipid peroxidation assay, cells were seeded in 96-well black plates with clear bottom at a density of 10,000 cells per well. The assay was performed as previously described by Kahn-Kirby et al. 34 . Briefly, after overnight incubation, cells were pre-labeled with 10 µM of BODIPY 581/591 C11 dye (Invitrogen, Carlsbad, CA, USA) for 30 min at 37 °C; 5% CO 2 . Cells were washed 3 times with PBS before adding treatment. Cells were then treated with RSL3 (2 µM) and increasing concentrations of nigratine or ferrostatin-1 (Fer-1) and incubated at 37 °C with 5% CO 2 during 24 h in the IncuCyte S3 live-cell imaging and analysis system (Essen BioScience, Sartorius, Göttingen, Germany). Images were acquired using a 10X objective and 440-480 nm Excitation / 504-544 nm Emission filters, once hourly for up to 24 h. 

DPPH reduction assay.
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V. Host phospholipid peroxidation fuels

Author summary

Although a proper activation of various regulated cell necrosis confer a significant advantage against various infectious agents, their dysregulation drives host tissue damages that can end up with fatal sepsis. Specifically, 30% of the bacterial strains of Pseudomonas aeruginosa (P. aeruginosa) express the phospholipase A2-like toxin ExoU that is injected into host target cells through the Type-3 Secretion System. This toxin induces, through a yet unknown mechanism, a strong and fast necrotic cell death that supports fatal respiratory infections. Therefore, in this study, we sought to determine the cellular mechanisms by which ExoU triggers host cell necrosis. In this context, we found that ExoU exploits basal cellular phospholipid peroxidation to promote cell necrosis. Mechanistically, host cell lipid peroxidation stimulates ExoU phospholipase activity, which then triggers a pathological cell necrosis both in vitro and in vivo. Altogether, our results unveil that targeting host cell lipid peroxidation constitutes a virulence mechanism developed by microbial phospholipases, a process that contributes to P. aeruginosa-mediated pathology.

SEM. Regarding animal experiments, we used Mann-Whitney tests and mouse survival analysis were done using log-rank Cox-Mantel test. P values in figures have the following meaning; NS non-significant and Significance is specified as � p � 0.05; �� p � 0.01, ��� p � 0.001. 
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Conceptualization: Re ´mi Planès, Etienne Meunier. (31%) and increased by CNCM I-5314 treatment specifically in Th17 (48%) and RORgt 1 Tregs (20%) (Fig. 2C). In the case of immunosuppressive cytokines, we failed to detect lung CD4 1 T cells expressing IL-10 by our intracellular cell staining approach, independent of the CNCM I-5314 administration. However, the proportion of leukocytes expressing the proform of TGF-b1 was higher in both Th17 (72%) and RORgt 1 Tregs (82%) compared with cTregs (28%); the CNCM I-5314 treatment only had an increasing effect in cTregs (45%) when compared with PBS control group (Fig. 2C).

Data curation:

Collectively, this characterization indicates that lung RORgt 1 Tregs share phenotypic characteristics reminiscent of immunosuppressive leukocytes at steady state, which is maintained after administration of CNCM I-5314. This is mirrored by the expansion of Th17 cells with an anti-inflammatory phenotype that may indicate potential lung homeostatic functions rather than proinflammatory responses.

Intranasal administration of CNCM I-5314 increases lung Th17 and RORct 1 Tregs during M. tuberculosis infection

To better understand the immunomodulatory effect enacted by CNCM I-5314 in the context of pulmonary disease, we assessed its potential prophylactic effect in the context of one of the most historical and deadly respiratory pathogens to afflict humans, M. tuberculosis, the etiological agent of tuberculosis (TB). In fact, both Th17 and cTregs play protective and pathogenic roles in TB, depending on the stage and severity of the disease (6571). As illustrated in Fig. 3A, mice were inoculated i.n. with CNCM I-5314, or vehicle control (PBS alone) three times per week during a 2-wk period prior to i.n. infection with M. tuberculosis, or mock infection (PBS alone). Thereafter, mice were inoculated twice per week postinfection with CNCM I-5314 (or PBS alone) until the indicated sacrifice time points postinfection. We assessed lung T cells by flow cytometry at 42 d postinfection, which is a standard reference time point to observe the dedicated adaptive immune response against M. tuberculosis (Fig. 3B, Supplemental Fig. 2A). Unlike Th1 cells, which are characterized by the lineage T-box expressed in T cells (T-bet) transcription factor, and are the crucial effector T cells in the control of M. tuberculosis, the administration of CNCM I-5314 increased the proportion and number of lung Th17 cells compared with those obtained in mock-treated mice (Fig. 3BD). In addition, whereas the proportion of cTregs was slightly diminished, CNCM I-5314 administration strongly increased the proportion and cell number of RORgt 1 Tregs (Fig. 3BD). CNCM I-5314 also modulated Th17 and RORgt 1 Tregs locally in the lung tissue and airway because the exclusion of circulating leukocytes in the lung vasculature yielded the same proportion and cell number (Fig. 3C,3D). Unlike in steady-state conditions, in which the proportion of Th17 cells relative to RORgt 1 Tregs decreases upon delivery of CNCM I-5314 (Fig. 1E), this ratio remained constant during M. tuberculosis infection, indicating that the higher abundance of Th17 cells over RORgt 1 Tregs might be favored in an inflammatory context (Fig. 3E). When considering all lung Foxp3 1 CD4 1 T cells in infected mice, however, the proportion of the RORgt 1 Tregs among total Tregs increased from 14% up to 50% after CNCM I-5314 delivery (Fig. 3E). Notably, compared with the minute proportion of these cells obtained in the PBS-treated M. tuberculosisinfected animals, the CNCM I-5314 appeared responsible for the higher proportion of Th17 and RORgt 1 Tregs (11% and 8%, respectively) in the lung CD4 1 T cell compartment in M. tuberculosisinfected mice (Fig. 3E). Because the probiotic use of Lactobacillus strains modulates the levels and phenotype of CD4 1 T cells (62), we also examined their cytokine production in the presence of CNCM I-5314 at day 42 postinfection with M. tuberculosis (Fig. 4A,4B). Although most cytokines (TNF, IFN-g, proTGF-b) were not modified by CNCM I-5314 administration, there was an increase in IL-17 production by lung CD4 1 T cells in CNCM I-5314treated M. tuberculosisinfected mice (Fig. 4A,4B) that correlated with the Il17a mRNA expression detected in whole lung tissue from these animals (Fig. 4C). Interestingly, whereas the CNCM I-5314 treatment did not alter the cytokine mRNA gene expression (Tnf, Ifng, Il6, Il10, or Il1b) in lung tissue (Fig. 4C), it decreased significantly the TNF and IFN-g (but not IL-6 or IL-10) protein production found in lung exudate from M. tuberculosisinfected mice (Fig. 4D).

Altogether, these findings establish that the immunomodulatory effect of exogenous administration of CNCM I-5314 on lung CD4 1 T cells, distinguished by an increase in Th17 and RORgt 1 Tregs, overcomes the well-known capacity of M. tuberculosis to modulate lung immunity (72).

CNCM I-5314 decreases lung inflammation associated with M. tuberculosis infection

To evaluate whether the immunomodulatory effect exerted by CNCM I-5314 influences TB infection outcome, we first verified that the CNCM I-5314 treatment did not result in unwanted inflammation in the lung. As measured by histology at day 42 after mock infection, we confirmed that CNCM I-5314 delivery during mock infection (PBS only) did not result in leukocyte infiltration indicative of lung lesions during M. tuberculosis infection (Fig. 5A). Next, in a 2 Â 2 experimental design, in which we compared PBS-treated mock-infected mice with PBS-treated M. tuberculosisinfected mice and CNCM I-5314treated mock-infected mice with CNCM I-5314treated M. tuberculosisinfected mice (Supplemental Fig. 3A), we noticed that CNCM I-5314 treatment did not increase the mRNA profiles of proinflammatory genes, such Il1b, Mpo, and Inos in lung tissue at day 42 postinfection with M. tuberculosis (or mock) (Supplemental Fig. 3B). Of note, unlike PBS-treated M. tuberculosisinfected mice, in which there is an expected induction in Inos mRNA expression in lung tissue compared with that obtained in PBS-treated mock-infected mice, we observed a decreasing trend in the expression of this gene in lung tissue from both CNCM I-5314treated mock-infected mice and CNCM I-5314treated M. tuberculosisinfected mice (Supplemental Fig. 3B). At the protein level, the CNCM I-5314 treatment did not provoke the release of proinflammatory (TNF, IFN-g, and IL-6) or anti-inflammatory (IL-10) cytokines in the lung exudate as expected for day 42 postinfection with M. tuberculosis (Supplemental Fig. 3C). Moreover, flow cytometry analyses of intracellular staining for hallmark Th1 markers, such as T-bet and IFN-g, revealed that the rise of Th1 cells is specific to M. tuberculosis infection, as they become abundant in the lungs of PBS-treated M. tuberculosisinfected mice compared with PBS-treated mock-infected mice (Supplemental Fig. 3D,3E). Similar to PBS-treated mock-infected mice, Th1 cells are nonexistent in CNCM I-5314treated mock-infected mice (Supplemental Fig. 3D,3E). By contrast, we confirmed that the rise of Tregs and IL-17Aproducing cells is specific to the CNCM I-5314 treatment, as these cells are only significantly augmented in the lungs of CNCM I-5314treated mock-infected mice in comparison with Next, we measured the M. tuberculosis burden and lung inflammation in infected mock-and CNCM I-5314treated mice (Fig. 3A). Histological analyses at 42 d postinfection revealed that administration of CNCM I-5314 reduces lung leukocyte infiltration (Foxp3 1 RORgt-) among all CD4 1 T cells (right) as indicated for each experimental group. Five independent experiments (n 5 58 mice per experiment) were pooled together. For all panels, the black bar lines or bars represent the median of each group and 95% CIs. A two-way ordinary ANOVA followed by Sidak posttest was used in (C) and (D) to compare the mean of the CNCM I-5314 and mock-treated mice among CD45 À or CD45 1 cells; a MannWhitney U test was performed to compare the medians of the CNCM I-5314-and mock-treated mice in (E). ****p < 0.0001. NS, p $ 0.05. 
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