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Tetraspanins, a wide family composed of 33 transmembrane proteins, are associated with different types of proteins through which they arbitrate important cellular processes such as fusion, adhesion, invasion, tissue differentiation and immunological responses. Tetraspanins share a comparable structural design, which consists of four hydrophobic transmembrane domains with cytoplasmic and extracellular loops. They cooperate with different proteins, including other tetraspanins, receptors or signalling proteins to compose functional complexes at the cell surface, designated tetraspanin-enriched microdomains (TEM). Increasing evidences establish that tetraspanins are exploited by numerous intracellular pathogens as a doorway for entering and replicating within human cells. Although previous surveys focused
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Mycobacterium abscessus (Mab) is a fast-growing, antibiotic-resistant mycobacterium that causes severe lung infections, particularly in patients with cystic fibrosis. In general, inhalation of aerosols containing the infectious bacilli causes Mycobacterium infection. Adhesion of the bacilli to the surface of macrophages via specific receptors leads to phagocytosis and the underlying immunological events. However, the exact mechanism of Mab uptake by host cells remains poorly understood. During my thesis, I investigated the role of the large extracellular loop (LEL) of CD81, a novel human receptor belonging to the tetraspanin family, and its associated mycobacterial ligands in Mab internalization by macrophages and pneumocytes. My findings showed that deletion of CD81LEL, antibodies blocking surface-exposed CD81, and preincubation of bacilli with recombinant GST-CD81LEL protein or synthetic peptides mimicking a small portion of CD81LEL significantly reduced mycobacterial uptake by host cells. Furthermore, pull-down experiments revealed, among other interactant proteins, a mycobacterial ligand, Alkylhydroperoxidase C or AhpC (Mab_4408c) belonging to the bacterial antioxidant system, interacting with CD81LEL. Interestingly, soluble AhpC saturating macrophages reduces bacterial internalization, however when overproduced in mycobacteria, AhpC promotes bacilli internalization. Moreover, pre-incubation of macrophages with anti-CD81LEL antibodies completely inhibited phagocytosis of AhpC-coated fluorescent beads, indicating a direct interaction between the CD81LEL receptor and the mycobacterial adhesin AhpC. Finally, conditional knock-down of AhpC in Mab led to a decrease in mycobacterial invasion, in correlation with our previous data. In conclusion, my thesis project describes a novel mechanism of invasion of pathogenic Mab within the host, which could pave the way for future translational applications to reduce or inhibit mycobacterial infections.

Mycobacterium abscessus (Mab) est une mycobactérie à croissance rapide, résistante aux antibiotiques, qui provoque de graves infections pulmonaires, notamment chez les patients atteints de mucoviscidose. En général, l'inhalation d'aérosols contenant les bacilles infectieux provoque l'infection par Mycobacterium. L'adhésion des bacilles à la surface des macrophages via des récepteurs spécifiques conduit à la phagocytose et aux événements immunologiques sous-jacents. Cependant, le mécanisme exact de l'internalisation de Mab par les cellules hôtes demeure mal compris. Au cours de ma thèse, j'ai étudié le rôle de la grande boucle extracellulaire (LEL) de CD81, un nouveau récepteur humain appartenant à la famille des tétraspanines, et de ses ligands mycobactériens associés dans l'internalisation de Mab par les macrophages et les pneumocytes. Mes résultats ont montré que la délétion de CD81LEL, les anticorps bloquant le récepteur CD81 exposé en surface des macrophages et la pré-incubation des bacilles avec la protéine recombinante GST-CD81LEL ou des peptides synthétiques mimant une partie de CD81LEL réduisaient significativement l'entrée des mycobactéries dans les cellules hôtes. En outre, des expériences de pull-down ont révélé, parmi d'autres protéines d'interaction, qu'un ligand mycobactérien, l'Alkylhydroperoxydase C ou AhpC (Mab_4408c) appartenant au système antioxydant bactérien, interagissait avec CD81LEL. Il est intéressant de noter que la saturation des macrophages par la protéine recombinante AhpC soluble réduit l'internalisation des bactéries, mais que lorsque celle-ci est surproduite dans les mycobactéries, elle favorise l'internalisation des bacilles. De plus, la pré-incubation des macrophages avec des anticorps anti-CD81LEL a complètement inhibé la phagocytose des billes fluorescentes enrobées d'AhpC, indiquant une interaction directe entre le récepteur CD81LEL et l'adhésine mycobactérienne AhpC. Enfin, le knock-down conditionnel d'AhpC dans Mab a conduit à une diminution de l'invasion mycobactérienne, en corrélation avec nos données précédentes. En conclusion, mon projet de thèse décrit un nouveau mécanisme d'invasion de Mab dans la cellule hôte, qui pourrait ouvrir la voie à de futures applications translationnelles pour réduire ou inhiber les infections mycobactériennes. Characterized for the first time by Lehmann and Neumann in 1896, mycobacteria are slightly curved or straight rods measuring 1 to 10 µm in length and 0.3 to 0.6 µm in width (Brennan & Nikaido, 1995). The prefix "myco" which means "wax" in Latin refers specifically to the very waxy nature of their wall.
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Mycobacteria are distinguished from Gram-negative (Gram -) and Gram-positive (Gram +) bacteria by the unique structure and composition of their envelope and their large lipid mass, nearly 40% of the cell content, which is found mainly in the cell wall, that also contains a large variety of proteins and sugars [START_REF] Chiaradia | Dissecting the mycobacterial cell envelope and defining the composition of the native mycomembrane[END_REF]. Because of their wall rich in complex lipids, mycobacteria are stained very poorly by conventional staining techniques, such as Gram staining for example, hence, it is difficult for traditional stains to penetrate inside the bacilli. Therefore, for staining mycobacteria and corynebacteria, the Ziehl-Neelsen staining technique is used, and it consists of staining the cells with fuchsine then decolorizing them with acid followed by strong alcohol. These bacteria are called acid-alcohol resistant bacillus (BAAR) because their bleaching is impossible due to the specific structure of their wall that retains strongly the coloration [START_REF] Bishop | The history of the Ziehl-Neelsen stain[END_REF].

Classification of Mycobacteria and associated pathogenesis

There are currently nearly 200 species of mycobacteria identified to date [START_REF] Tortoli | The new phylogeny of the genus Mycobacterium: The old and the news[END_REF]). Runyon's classification was the first to be proposed in 1959. It divides mycobacteria into four groups using phenotypic criteria, which are essentially the growth rate and the capacity of the colonies to develop pigmentation in the presence or absence of light, called respectively photochromogenic or scotochromogenic [START_REF] Runyon | Anonymous mycobacteria in pulmonary disease[END_REF]. Therefore, mycobacteria can be separated between two major groups, those characterized by a slow growth rate (SGM for slowly growing mycobacteria) and those having a rapid growth rate (RGM for rapidly-growing mycobacteria).

Slowly growing mycobacteria

SGM have a generation time of almost 20 hours, and therefore require more than 7 days (up to 3 months) to form visible colonies on solid medium [START_REF] Runyon | Identification of mycobacterial pathogens utilizing colony characteristics[END_REF] . Strict pathogenic mycobacteria belong to the SGM group and consist of two major groups: Mycobacterium tuberculosis complex (the best known among them is M. tuberculosis strain) and Mycobacterium leprae (which causes leprosy) [START_REF] Tortoli | The new phylogeny of the genus Mycobacterium: The old and the news[END_REF].

These two groups are referred as tuberculosis-causing mycobacteria [START_REF] Wolinsky | Mycobacterial diseases other than tuberculosis[END_REF].

M. tuberculosis also called Bacillus of Koch, was discovered by Robert Koch in 1882, is the etiological agent of tuberculosis. This disease was and still a major public health problem, causing pulmonary and extrapulmonary diseases, with nearly 10,6 million new cases in 2021 and nearly 1.6 million deaths (WHO 2022 Global TB report). Other SGMs causing lung diseases exist as bacteria of the M. avium complex but are generally found in people with pre-existing lung problems or a weakened immune system [START_REF] Daley | Mycobacterium avium Complex Disease[END_REF]. Some of these SGMs are responsible of different types of infection, especially in tropical regions of Africa, such as M. ulcerans that is responsible of Buruli ulcer characterized by significant necrosis of infected wounds [START_REF] Van Der Werf | Mycobacterium ulcerans disease[END_REF].

Rapidly growing mycobacteria

RGMs form visible colonies in less than 7 days, their generation time is mainly between 2 and 6 hours [START_REF] Runyon | Identification of mycobacterial pathogens utilizing colony characteristics[END_REF]. Unlike SGMs, this group mainly include saprophytic and environmental mycobacteria with the exception of opportunistic human pathogens such as M. abscessus, M. chelonae or M. fortuitum. These latter become opportunistic pathogens if the environmental factors are reunited. One of these factors is the immune or pathological status of the patient [START_REF] Cowman | Non-tuberculous mycobacterial pulmonary disease[END_REF]. In addition, a physical interaction with the pathogen is essential, which in reality can be very frequent since the presence of these microorganisms has been proved in plumbing systems [START_REF] Falkinham | Nontuberculous mycobacteria from household plumbing of patients with nontuberculous mycobacteria disease[END_REF], in potting soil (De Groote et al., 2006) and patient-to-patient transmission is possible especially in healthcare facilities (Bryant et al., 2016).

Hence, the RGM group include saprophytic or opportunistic pathogenic mycobacteria that include most of the atypical or non-tuberculous mycobacteria (NTM) [START_REF] Brown-Elliott | Rapidly Growing Mycobacteria[END_REF] (Figure 1). Slowly growing mycobacteria consist of strictly pathogenic mycobacteria (presented in green), such as M.

tuberculosis complex and M. leprae, but also M. marinum and M. ulcerans belong to the NTMs. In addition, SGM comprise opportunistic and saprophytic mycobacterial strains (presented in blue). Rapidly growing mycobacteria contain the opportunistic M. chelonae-abscessus complex, as well as saprophytic/environmental mycobacterial strains (Johansen et al., 2020).

Thirty years later, a new classification method was proposed, no longer based on phenotypic criteria but on the comparison of 16S ribosomal RNA sequences [START_REF] Olsen | Ribosomal RNA: A key to phylogeny[END_REF]. However, some species cannot be clearly classified by this method. Therefore, the use of other highly conserved genes as markers has also been proposed, such as the comparison of the genes hsp60, hsp65, rpoB, smpB, sodA, tmRNA et tuf [START_REF] Mignard | A seven-gene, multilocus, genus-wide approach to the phylogeny of mycobacteria using supertrees[END_REF]) (Figure 2). This method and other technological improvements, such as high-throughput sequencing technique of bacterial isolates, has proven to be essential or even mandatory in order to classify the emerging pathogenic mycobacteria for which the identification was not specific and clear for decades such in the case of M. abscessus complex for example. These new identification technologies recently established and used for the old and the newly emerged species, allowed the mycobacterial classification to be very dynamic and in a constant evolvement (Johansen et al., 2020). outgroup for the single-gene databases. The bar 0.09 estimates nucleotide substitutions per site (adapted from [START_REF] Mignard | A seven-gene, multilocus, genus-wide approach to the phylogeny of mycobacteria using supertrees[END_REF].

Mycobacterium tuberculosis complex
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Chapter 2 : Non-tuberculous Mycobacteria

General characteristics and pathologies

NTMs, or atypical mycobacteria, include all mycobacteria that do not belong to the tuberculosis complex and strains of M. leprae. Most of them are saprophytic and non-pathogenic for humans and animals, especially those belonging to the RGM group. This is particularly the case of M. smegmatis, the mycobacterial model the most used in the laboratory (time of generation is about three hours) [START_REF] Hett | Bacterial growth and cell division: A mycobacterial perspective[END_REF]. Typically, NTMs are ubiquitous and found abundantly in ecological niches such as soil, in the air (on suspended particles like dust), on plants and in natural and drinking water sources, which makes the contact human-pathogen very frequent and in high rates [START_REF] Roux | Multicenter study of prevalence of nontuberculous mycobacteria in patients with cystic fibrosis in france[END_REF].

Although most NTMs are non-pathogenic, some of them are capable of causing human pathologies that may or may not mimic tuberculosis, these pathologies are called mycobacteriosis [START_REF] Griffith | An Official ATS/IDSA Statement: Diagnosis, Treatment, and Prevention of Nontuberculous Mycobacterial Diseases[END_REF].

These opportunistic pathogens are capable of infecting people with confirmed predispositions or pathologies (patients suffering from cystic fibrosis for example) or immunocompromised people (M.-L. [START_REF] Wu | NTM drug discovery: Status, gaps and the way forward[END_REF]. Mycobacteriosis caused by these pathogens affects particularly the lungs but also can affect the lymph nodes, skin, soft tissues or bones [START_REF] Koh | Nontuberculous Mycobacteria-Overview[END_REF]. Cases of mycobacteriosis are constantly increasing. In the United States for example, the number of lung diseases caused by NTMs has increased between 3 to 8% each year since the end of the 1990s [START_REF] Adjemian | Prevalence of nontuberculous mycobacterial lung disease in U.S. Medicare beneficiaries[END_REF]. The NTMs causing the greatest number of infections are those of the M. avium complex (MAC, including M. avium and M. intracellulare species), followed then by those of the M. chelonae complex (including M. chelonae and M. abscessus) and M. fortuitum [START_REF] Brown-Elliott | Clinical and taxonomic status of pathogenic nonpigmented or late-pigmenting rapidly growing mycobacteria[END_REF][START_REF] Fleshner | Mortality among patients with pulmonary non-tuberculous mycobacteria disease[END_REF].

The treatment of mycobacteriosis requires prior identification of the species responsible for the disease. This identification might be difficult and challenging since NTMs are naturally present in the environment and this can generate positive results without them being the real cause of the symptoms. NTMs are isolated from patient samples (sputum for example) and cultivated. After extraction of genomic DNA, the species are identified by sequencing of specific markers such as the 16S ribosomal RNA gene, which differentiates the MAC complex from other NTMs, or by sequencing hsp65 and rpoB housekeeping genes [START_REF] Ryu | Diagnosis and Treatment of Nontuberculous Mycobacterial Lung Disease: Clinicians' Perspectives[END_REF]. The treatment is then adapted according to the diagnosed NTM.

Pulmonary infections caused by NTMs

Most often, lung damage caused by atypical mycobacteria is manifested mainly when the person is suffering from an underlying respiratory disease, such as chronic obstructive pulmonary disease, bronchiectasis, pneumoconiosis or cystic fibrosis [START_REF] Griffith | Nontuberculous mycobacterial lung disease[END_REF]. However, these infections can happen also in healthy patients presenting no predispositions [START_REF] Griffith | Clinical features of pulmonary disease caused by rapidly growing mycobacteria. An analysis of 154 patients[END_REF].

In most cases, these pulmonary infections are due to species of the MAC complex, Mycobacterium kansasii, Mycobacterium xenopi or even from the RGM group such as M. abscessus [START_REF] Bryant | Whole-genome sequencing to identify transmission of Mycobacterium abscessus between patients with cystic fibrosis: A retrospective cohort study[END_REF].

In cystic fibrosis patients, infections with NTMs mainly involve MAC and M. abscessus complex species, and are usually more serious with an important and increasing prevalence [START_REF] Griffith | Emergence of nontuberculous mycobacteria as pathogens in cystic fibrosis[END_REF][START_REF] Olivier | Nontuberculous mycobacteria. I: Multicenter prevalence study in cystic fibrosis[END_REF][START_REF] Roux | Multicenter study of prevalence of nontuberculous mycobacteria in patients with cystic fibrosis in france[END_REF][START_REF] Seddon | Prevalence of nontuberculous mycobacteria in cystic fibrosis clinics, United Kingdom, 2009[END_REF] .

Extra-pulmonary infections caused by NTMs

NTMs can also cause skin and soft tissue infections, as well as infections in lymph nodes, bones and joints, or even cause disseminated infections [START_REF] Griffith | An Official ATS/IDSA Statement: Diagnosis, Treatment, and Prevention of Nontuberculous Mycobacterial Diseases[END_REF].

The two NTMs that are most found in skin or soft tissue infections are M. ulcerans and M. marinum.

The first one is responsible of Buruli ulcer disease, characterized by a severe necrotic skin infection. Studies have shown that Burili ulcer lesions mainly happen in the most exposed body parts to M. ulcerans, (mainly upper and lower limbs), which may be linked to either insect bites, or skin injuries, or both [START_REF] Röltgen | Buruli Ulcer: History and Disease Burden[END_REF] .The second one is a natural pathogen of fish, causing "swimming pool granuloma" in humans. M. marinum causes a pseudo-tuberculous systemic infection in fish. Contact with infected fish can contaminate and induce skin lesions in humans, especially workers in the aquaculture sector. The infection cannot be transmitted from one infected person to another, however if the treatment is delayed or not appropriate, the infection can get deeper and disseminate which may require amputation of the infected tissue [START_REF] Akram | Mycobacterium Marinum[END_REF].

Other species such as M. abscessus, M. chelonae or M. fortuitum are implicated in cases of skin infections [START_REF] Grange | Infection and disease due to the environmental mycobacteria[END_REF]. Many NTMs can also be responsible of disseminated infections, particularly in an immune deficiency context [START_REF] Falkinham | Nontuberculous mycobacteria in the environment[END_REF], such as the MAC complex in AIDS (Acquired Immune Deficiency Syndrome) patients that can become a lethal disease if not well diagnosed and treated [START_REF] Corti | Mycobacterium avium complex infection in HIV/AIDS patients[END_REF].

Moreover, NTMs such as M. chelonae, M. abscessus or M. fortuitum involved in extra-pulmonary infections are capable of resisting to most commonly used disinfectants and are very often nosocomial infections. These infections are caused either by the use of reusable materials that have been poorly disinfected, or caught following the injection of contaminated solutions most often during surgical procedures such as endoscopy, dialysis or organs transplants [START_REF] Carbonne | Outbreak of Nontuberculous Mycobacterial Subcutaneous Infections Related to Multiple Mesotherapy Injections[END_REF][START_REF] Wallace | Nosocomial Outbreaks/Pseudo Outbreaks Caused by Nontuberculous Mycobacteria[END_REF].

Although the prevalence of tuberculosis is decreasing in developed countries, meanwhile infections caused by NTMs are increasing and raising an alarming public health concern worldwide. They are capable of inducing a wide spectrum of pathologies, which is the case of M. abscessus in particular, and this specific strain will be described in the next chapter (Johansen et al., 2020).

23 Chapter 3 : Mycobacterium abscessus: an emerging opportunistic pathogen among NTMs

Generalities

The work of Runyon, but also that of Wayne contributed to the recognition of the pathogenic potential of certain atypical mycobacteria [START_REF] Wayne | The "Atypical" Mycobacteria: Recognition and Disease Association[END_REF]. The last decades have witnessed the emergence of opportunistic mycobacterial pathogens among NTMs, accompanying the sharp increase in the number of people with various forms of immunosuppression [START_REF] Nightingale | Incidence of Mycobacterium avium-intracellulare complex bacteremia in human immunodeficiency viruspositive patients[END_REF]. More recently, following the progress in mycobacterial diagnostics, new emerging or re-emerging species have been identified, particularly among RGMs [START_REF] De Groote | Infections due to rapidly growing mycobacteria[END_REF].

Among these species, M. abscessus is the only RGM to cause pulmonary pathologies in immunocompetent patients [START_REF] Freeman | Intrathoracic nontuberculous mycobacterial infections in otherwise healthy children[END_REF][START_REF] Griffith | Clinical features of pulmonary disease caused by rapidly growing mycobacteria. An analysis of 154 patients[END_REF]; G. C. W. [START_REF] Kang | Mycobacterium abscessus Hand Infections in Immunocompetent Fish Handlers: Case Report[END_REF][START_REF] Varghese | First case report of chronic pulmonary lung disease caused by Mycobacterium abscessus in two immunocompetent patients in Saudi Arabia[END_REF]. In addition, M. abscessus is highly resistant to many antibiotics leading to treatment failures [START_REF] Nessar | Mycobacterium abscessus: A new antibiotic nightmare[END_REF]. As a result, interest in this RGM has continued to grow in the recent years.

Historical discovery of M. abscessus

M. abscessus was first isolated in 1953 from a subcutaneous abscess in a patient's knee [START_REF] Moore | An unusual acid-fast infection of the knee with subcutaneous, abscesslike lesions of the gluteal region; report of a case with a study of the organism, Mycobacterium abscessus, n[END_REF]. Indeed, for several decades it was included with M. chelonae in the M. fortuitum complex as the "chelonae-abscessus" group [START_REF] Nakayama | Studies of the relationship between Mycobacterium fortuitum and Mycobacterium runyonii[END_REF]. However, in 1992 following the set-up of new molecular biology techniques and DNA-DNA hybridization, M. abscessus was separated from the "chelonae-abscessus" group and was considered as a bacterial species on its own [START_REF] Kusunoki | Proposal of Mycobacterium peregrinum sp. nov., nom. rev., and elevation of Mycobacterium chelonae subsp. abscessus (Kubica et al.) to species status: Mycobacterium abscessus comb. nov[END_REF].

Currently, M. chelonae-abscessus complex include M. chelonae, M. abscessus subsp. abscessus, M. abscessus subsp. bolletti and M. abscessus subsp. massiliense (Johansen et al., 2020). This separation should imperatively be taken into consideration when choosing the proper antibiotic therapy, since these species respond differently to the different antibiotics administrated during the treatment [START_REF] Benwill | Mycobacterium abscessus: Challenges in diagnosis and treatment[END_REF].

Infection course of M. abscessus

M. abscessus shares with M. tuberculosis a similar process of infection. However, unlike M. tuberculosis, the routes of transmission of M. abscessus are not well known (Figure 3). After colonization, immune cells like macrophages and neutrophils, that are near the infection site are recruited to phagocytose M.

abscessus in an attempt to eliminate the pathogen. At this stage of infection, the innate immunity defense is sufficient to limit and prevent most of the NTM infections. However, M. abscessus can resist the phagosomal defense mechanism while inducing the production of inflammatory cytokines (such as tumor necrosis factor or TNF) that will lead to the recruitment of other immune cells to form a granuloma (Bernut et al., 2016;[START_REF] Rottman | Importance of T cells, gamma interferon, and tumor necrosis factor in immune control of the rapid grower Mycobacterium abscessus in C57BL/6 mice[END_REF]. The granuloma is a very organized structure, formed by the infected macrophages containing the bacteria in the middle and surrounded by the recruited immune cells, like T and B lymphocytes, neutrophils and fibroblasts. The T and B lymphocytes are recruited following the activation of the adaptive immune response to cease the infection. This step is crucial for the granuloma maturation [START_REF] Dorhoi | For better or for worse: The immune response against Mycobacterium tuberculosis balances pathology and protection[END_REF]. The formation of a granuloma is the hallmark of mycobacterial infection, in which take place host-pathogen interactions through diverse host receptors contributing to this process.

Depending on the mycobacterial load in the granuloma, two scenarios can occur: either the granuloma constrains the infection, or it fails to contain the infection and the bacteria breakdown the granuloma.

Moreover, it is very important to mention the unique characteristic of M. abscessus that this bacterium can irreversibly switch from the smooth to the rough morphotype during persistent infection, resulting in the formation of huge extracellular bacterial cords that destroy the granuloma, as observed in vivo in zebrafish model infections (Bernut et al., 2014). However, the biological or environmental stimuli for this transition are still not understood.

Figure 3. M. abscessus infection course.

The routes of transmission of M. abscessus are still not well defined, but the sources of infection could be environmental or through an infected person. The presence of the pathogen inside the host will lead to the recruitment of innate immune cells which will be followed by the formation of a granuloma and then two possibilities can happen. The first one is that the granuloma will activate the adaptive immune response by recruiting T and B cells, that will contain the infection and the granuloma remains stable. The second possibility is the irreversible transition of M. abscessus from the smooth to the rough morphotype, leading to the formation of massive cords and rupture of the granuloma, resulting in the dissemination of the pathogen with great tissue destruction (adapted from Johansen et al., 2020).

Bacterial morphotypes and their pathophysiology

M. abscessus display two morphotypes which can be visually differentiated by simple observation of colonies appearance on solid medium. This simple morphological difference has a strong impact on their respective physiology and pathophysiology. Therefore, it is possible to observe round colonies called "Smooth" (or S) having a smooth and creamy appearance. The other observable colonies, are called "Rough" (or R). These latter seem to be dehydrated and are organized in a serpentine structure on their periphery. In a liquid medium, S morphotype forms a relatively homogeneous suspension when compared to the R variant which forms large aggregated clumps (Bernut et al., 2014) (Figure 4). The smooth morphotype forms round colonies on solid medium 7H10, and it is observed in liquid medium (LB) as small clusters spread homogenously in the culture. However, the rough morphotype forms colonies with serpentine structure on the periphery and a dehydrated aspect on solid medium, and it grows in liquid medium forming bulky clumps (adapted from Bernut et al., 2014).

Moreover, studies have shown that the aggregation capacity of the R variant forms a biofilm that is more waxy in appearance than the S variant, but the two morphotypes seem to be able to organize themselves into a biofilm of the same size and the same density [START_REF] Clary | Mycobacterium abscessus Smooth and Rough Morphotypes Form Antimicrobial-Tolerant Biofilm Phenotypes but Are Killed by Acetic Acid[END_REF]. In addition, the S morphotype is considered mobile because it has a "sliding motility" towards the edges of a petri dish, while the R morphotype is unable to do so (Howard et al., 2006). These two phenomena, the aggregation and mobility, and others like host interaction, intracellular invasion in macrophages and virulence, would be mostly due to the presence in the S variant and its absence in the R variant, of glycopeptidolipids (GPLs). GPLs are a class of glycosylated peptidolipids present in the outer layer of the mycomembrane [START_REF] Gutiérrez | Glycopeptidolipids, a Double-Edged Sword of the Mycobacterium abscessus Complex[END_REF][START_REF] Recht | Genetic Analysis of Sliding Motility in Mycobacterium smegmatis[END_REF]. This molecule is formed by a lipid core, composed of fatty acids and a carbon chain ranging from 28 to 30 atoms, which is linked to a peptide core, that is either diglycosilated or triglycosilated, while the latter exhibiting a stronger polarity [START_REF] Gutiérrez | Glycopeptidolipids, a Double-Edged Sword of the Mycobacterium abscessus Complex[END_REF].

a) Macrophage invasion of the S morphotype

GPLs that are found in the outermost layer of the cell envelope of the S morphotype strongly influence the phagocytic response of macrophages to M. abscessus. The S variant is phagocytosed individually and GPL will help delay the important pro-inflammatory response, notably by preventing the initial production of InterLeukin-8 (IL) [START_REF] Davidson | Mycobacterium abscessus glycopeptidolipid prevents respiratory epithelial TLR2 signaling as measured by HβD2 gene expression and IL-8 release[END_REF]. In fact, GPLs cover and hide bacterial motifs present at the surface of the bacilli and prevent any interaction with the Toll-Like Receptor-2 (TLR2) involved in the inflammation [START_REF] Rhoades | Mycobacterium abscessus Glycopeptidolipids Mask Underlying Cell Wall Phosphatidyl-myo-Inositol Mannosides Blocking Induction of Human Macrophage TNF-α by Preventing Interaction with TLR2[END_REF]. This will limit the recruitment of new macrophages and the overproduction of other pro-inflammatory cytokines which would lead to an exacerbated response then to cell death (Roux et al., 2011). GPLs on the surface of the S morphotype play an important role in blocking the fusion with lysosomes, as well as the production of ROS which make it possible to control the infection (Whang et al., 2017) (Figure 4, lower panel). Then, the bacilli continue modulating the macrophage response by blocking the acidification of the phagosome by using the type secretion system VII (ESX-4) as a means of promoting the intracellular survival [START_REF] Laencina | Identification of genes required for Mycobacterium abscessus growth in vivo with a prominent role of the ESX-4 locus[END_REF]. These strategies will allow the S variant to establish a secure and stable replication niche over time. But once the intracellular bacterial load becomes too heavy, the macrophages undergo apoptosis, releasing the bacilli in the extracellular medium that will again be phagocytosed by other macrophages which will lead to the beginning of a new infectious cycle (Bernut et al., 2014).

b) Macrophage invasion of the R morphotype

As mentioned previously, the R variant lacks GPL on its surface, which allows other lipids or proteins to be unmasked and hence interact with TLR2 host receptor that will trigger a strong inflammatory response (Roux et al., 2011) (Figure 4, upper panel). It was also shown that the TPP (trehalose polyphleates) molecules present in the mycomembrane were also involved in the formation of bacterial aggregates called "cords" [START_REF] Llorens-Fons | Trehalose Polyphleates, External Cell Wall Lipids in Mycobacterium abscessus, Are Associated with the Formation of Clumps with Cording Morphology, Which Have Been Associated with Virulence[END_REF]. These mycobacterial cords formed by the R variant are a real challenge for the phagocytic cells. These structures are sometimes more than a hundred micrometers long and exceed greatly the size of macrophages or neutrophils which therefore make these cells unable to phagocytose these bacteria (Bernut et al., 2014). Moreover, this huge structural organization decreases the ability of anti-microbial molecules to penetrate and reach the deepest layer of the bacilli forming the cords. Those characteristics make the R morphotype a hypervirulent form which is mainly found in the acute infection phases (Catherinot et al., 2009;[START_REF] Jönsson | Molecular epidemiology of Mycobacterium abscessus, with focus on cystic fibrosis[END_REF].

Nevertheless, smaller bacillary aggregates are sometimes observed to form and are then phagocytosed, giving rise to a "social" phagosome (Roux et al., 2016). These bacilli will not be able to prevent phagolysosomal fusion and thus its acidification. There will also be no inhibition of autophagy and apoptosis, as with the S variant, thus increasing macrophage lysis (Whang et al., 2017). These characteristics reflect the high virulence of the R morphotype. The S morphotype infects macrophages individually. The exposed GPLs on its surface inhibit macrophage apoptotic response through targeting mitochondria and interacting with cyclophilin D, hence reducing the production of radical oxygen species ROS and limiting mycobacterial spread among other macrophages. However, the R morphotype infects macrophages as aggregates forming "social phagosomes" inside the cell. The lack of GPLs on the surface of this morphotype exposes TLR2 agonists that have immunostimulatory effects, such as PIM2 (phosphatidyl-myoinositol dimannoside) and lipoproteins, leading to an intense proinflammatory response resulting in severe and acute infections (adapted from [START_REF] Gutiérrez | Glycopeptidolipids, a Double-Edged Sword of the Mycobacterium abscessus Complex[END_REF].

Clinical diseases

M. abscessus manifestation in cystic fibrosis population

Cystic fibrosis (CF) is a very common autosomal recessive genetic disease. It is due to mutations in the cftr gene (Cystic Fibrosis Transmembrane Conductance Regulator) leading to an alteration of the CFTR protein, which belongs to the ABC transporter family. CFTR is a transmembrane chloride ion channel expressed in the apical zone of epithelial cells that are present in various organs such as liver, sinuses, lungs and pancreas [START_REF] Leitch | Cystic fibrosis[END_REF]. In addition, this protein is present in many cell types [START_REF] Bradbury | Intracellular CFTR: Localization and function[END_REF],

including immune cells such as macrophages and neutrophils in which it participates in phagosome and phagolysosome acidification, respectively [START_REF] Di | CFTR regulates phagosome acidification in macrophages and alters bactericidal activity[END_REF][START_REF] Painter | CFTR Expression in human neutrophils and the phagolysosomal chlorination defect in cystic fibrosis[END_REF]. The main function of this protein is to maintain a balance at the ion level between intracellular and extracellular compartments [START_REF] Lopes-Pacheco | CFTR Modulators: Shedding Light on Precision Medicine for Cystic Fibrosis[END_REF], specifically, to ensure the water and electrolyte (bicarbonate and chloride ions)

balance of mucus secretions.

The absence of this protein at the apical level of the pulmonary epithelial cells leads to a change in the composition of the mucus present on the surface of these cells. This will induce the formation of a dehydrated, thicker and more viscous mucus in the respiratory tract [START_REF] Stutts | CFTR as a cAMP-Dependent Regulator of Sodium Channels[END_REF]. Consequently, the role of mucus in the removal of dust and infectious agents (which is normally the bactericidal activity of mucus) is altered, favoring the colonization of the airways by pathogens, such as Staphylococcus aureus, Haemophilus influenzae, Pseudomonas aeruginosa and others [START_REF] Matsui | Reduced Three-Dimensional Motility in Dehydrated Airway Mucus Prevents Neutrophil Capture and Killing Bacteria on Airway Epithelial Surfaces[END_REF][START_REF] Smith | Cystic fibrosis airway epithelia fail to kill bacteria because of abnormal airway surface fluid[END_REF]Verkman et al., 2003). Thus, in addition to losing its bactericidal activity, thick mucus will limit the mobility of phagocytic cells, rendering them unable to reach the pathogen to eliminate it [START_REF] Matsui | Reduced Three-Dimensional Motility in Dehydrated Airway Mucus Prevents Neutrophil Capture and Killing Bacteria on Airway Epithelial Surfaces[END_REF].

NTM species which are most commonly identified in cystic fibrosis (CF) patients are Mycobacterium avium complex (MAC) and Mycobacterium abscessus complex (MABSC) with 95% of CF cases [START_REF] Martiniano | Nontuberculous Mycobacterial Infections in Cystic Fibrosis[END_REF][START_REF] Skolnik | Nontuberculous Mycobacteria in Cystic Fibrosis[END_REF]Viviani et al., 2016). More particularly, Mab subspecies is becoming the most worrying opportunistic pathogen in hospitals and CF centers worldwide causing approximatively 80% of respiratory infections among immunocompromised patients and the causing factors are presented in Figure 5 [START_REF] Dorn | Multidrug-resistant Mycobacterium abscessus threatens patients with cystic fibrosis[END_REF][START_REF] Martiniano | Nontuberculous Mycobacterial Infections in Cystic Fibrosis[END_REF][START_REF] Mougari | Infections caused by Mycobacterium abscessus: Epidemiology, diagnostic tools and treatment[END_REF].

Drug treatment for Mab takes up to 2 years, with unfortunately a success rate of only about 30% [START_REF] Dorn | Multidrug-resistant Mycobacterium abscessus threatens patients with cystic fibrosis[END_REF]Floto et al., 2016). Above all, Mab treatment is difficult and challenging because failure to treat and eliminate the pathogen often leads to impaired lung function later on [START_REF] Degiacomi | Mycobacterium abscessus, an Emerging and Worrisome Pathogen among Cystic Fibrosis Patients[END_REF]. Below are some of the factors that may participate in the spread of Mab among cystic fibrosis patients as one of the most emerging and threatening pathogens. Several factors contribute to the spread of Mab among cystic fibrosis patients as an emerging pathogen. These factors include human-to-human transmission, which has recently been demonstrated [START_REF] Bryant | Whole-genome sequencing to identify transmission of Mycobacterium abscessus between patients with cystic fibrosis: A retrospective cohort study[END_REF](Bryant et al., , 2016;;[START_REF] Dorn | Multidrug-resistant Mycobacterium abscessus threatens patients with cystic fibrosis[END_REF] although the routes of transmission of Mab are still under investigation, and which could be acquired via fomites and aerosols or possibly by environmental transmission. The formation of cords and biofilms of the pathogen also contributes to its spread among patients. Drug resistance and the lack of active anti-tubercular drugs resulting from high intrinsic and acquired antibiotic resistance limit the eradication of the pathogen. Finally, there is a direct association between CFTR dysfunction and impaired bactericidal activity of macrophages as well as neutrophil recruitment to the site of infection, preventing or limiting the formation of protective granulomas (adapted from [START_REF] Degiacomi | Mycobacterium abscessus, an Emerging and Worrisome Pathogen among Cystic Fibrosis Patients[END_REF].

Chapter 4 : Mycobacterial cell envelope

Overview on the mycobacterial cell envelope: Structure and function

Mycobacteria are distinguished from Gram-negative and Gram-positive bacteria by the unique structure and composition of their envelope. This envelope is composed of a plasma membrane, a periplasm and a wall comprising a layer of peptidoglycan, covalently linked to a layer of arabinogalactan on which are esterified the mycolic acids (MA) (Brennan & Nikaido, 1995). These last ones are lipids with exceptionallylong fatty acid chains, and the mycobacterial cell envelope is characterized by the presence of these MA rendering its membrane very unique and forming the mycomembrane [START_REF] Chiaradia | Dissecting the mycobacterial cell envelope and defining the composition of the native mycomembrane[END_REF] (Figure 6).

These three molecules form the mycolyl-arabinogalactan-peptidoglycan (mAGP) complex. The envelope includes also a large number of lipids non-covalently bound to the rest of the envelope, as well as a capsule (Brennan & Nikaido, 1995).

The cell envelope is crucial for the mycobacterial integrity and physiology, since it confers the mechanical resistance of the bacteria, protection against hostile environments, adhesion to host receptors and transport of proteins and solutes. Mycobacteria are distinguished by their highly abundance in lipids, constituting up to 60% of the cell wall [START_REF] Brennan | Structural studies on the type-specific antigens and lipids of the mycobacterium avium. Mycobacterium intracellulare. Mycobacterium scrofulaceum serocomplex. Mycobacterium intracellulare serotype 9[END_REF][START_REF] Daffé | The envelope layers of mycobacteria with reference to their pathogenicity[END_REF]. More specifically, these lipids are responsible of the biological properties of mycobacteria, including the high resistance to a large panel of antibiotics, as well as the bacterial low permeability to nutrients, which can goes up to 1000fold less permeable than the most highly resistant Gram-negative bacteria [START_REF] Jarlier | Permeability barrier to hydrophilic solutes in Mycobacterium chelonei[END_REF].

The plasma membrane

In mycobacteria, the plasma membrane is similar to a classic bacterial plasma membrane [START_REF] Daffé | The envelope layers of mycobacteria with reference to their pathogenicity[END_REF]. It consists of phospholipids forming an asymmetric lipid bilayer delimiting the bacterial cytoplasm.

It contains mainly phosphatidylglycerol, phosphatidylethanolamine, and phosphatidylinositol. Its asymmetrical aspect has been attributed to the presence of glycolipids, mostly phosphatidyl-myo-Inositol Mannoside (PIM), and its derivatives, the lipomannans (LMs) and lipoarabinomannans (LAMs) in the outer leaflet of the cytoplasmic membrane [START_REF] Mamadou | The cell envelope of Mycobacterium smegmatis: Cytochemistry and architectural implications[END_REF][START_REF] Zuber | Direct visualization of the outer membrane of mycobacteria and corynebacteria in their native state[END_REF]. LMs are formed by long and branched mannose chains linked to PIM, however LAM possesses additional arabinose chains, that are capped with mannose residues and linked to LM [START_REF] Guerin | Molecular basis of phosphatidyl-myo-inositol mannoside biosynthesis and regulation in mycobacteria[END_REF]. PIMs play a major role in the low permeability of the cell envelope of mycobacteria and the intrinsic mycobacterial resistance against antibiotics [START_REF] Bansal-Mutalik | Mycobacterial outer membrane is a lipid bilayer and the inner membrane is unusually rich in diacyl phosphatidylinositol dimannosides[END_REF]. PIMs, LMs and LAMs are essential for cell wall integrity and bypassing the host immune system [START_REF] Koul | Interplay between mycobacteria and host signalling pathways[END_REF]. Mycobacterial cell envelope consists of different consecutive layers. The peptidoglycan layer is presented in blue followed by the arabinogalactan layer in green (galactan in dark green and arabinan in light green). Then, trehalose is presented by orange hexagons and is inserted to mycolic acids to form TMM (trehalose monomycolate) and TDM (trehalose dimycolate). Mycolic acids are illustrated in yellow and the surface lipid phthiocerol dimycocerosate (PDIM) in red (adapted from Dulberger et al., 2020).

The peptidoglycan layer

Peptidoglycan is separated from the plasma membrane by a large periplasm whose thickness is around 7-8 nm, notably similar to that of the mycomembrane. This layer preserves bacterial shape through its rigidity, and protects the cytoplasmic membrane against the osmotic pressure of the cytoplasm. The standard peptidoglycan layer consists of short peptides and glycans composed of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) linked by β-1-4 bonds. These peptides and glycans are alternating to form a layered honeycomb rigid structure [START_REF] Egan | Regulation of bacterial cell wall growth[END_REF][START_REF] Meroueh | Three-dimensional structure of the bacterial cell wall peptidoglycan[END_REF]. This network ensures the survival of the bacteria facing the environmental changes, such as the presence of antibiotics or lytic enzymes (β-lactams, lysozyme, muramidases) [START_REF] Mcneil | Evidence for the nature of the link between the arabinogalactan and peptidoglycan of mycobacterial cell walls[END_REF]. In addition, peptidoglycan stimulates immunity, both innate and adaptive and promotes the maturation of the granuloma by recruiting lymphocytes to the infection site (Dulberger et al., 2020). Peptidoglycan is covalently linked to a polysaccharide called arabinogalactan, itself esterified by long molecules of mycolic acids. The LAM is found all across the mycobacterial membrane up to the external layer [START_REF] Mahapatra | N Glycolylation of the nucleotide precursors of peptidoglycan biosynthesis of Mycobacterium spp. Is altered by drug treatment[END_REF].

The arabinogalactan layer

The middle layer of the mycobacterial cell membrane is made by arabinogalactan sugars. The arabinogalactan is a branched polysaccharide composed of arabinose and galactose. More precisely, the galactan part is made of 30 molecules of D-galactofuranose (D-galf) forming a chain linked covalently to the peptidoglycan via an L-rhamnose molecule. The arabinan chains are linked to D-Galf residues at positions 8, 10 and 12 of the galactan [START_REF] Alderwick | Deletion of Cg-emb in corynebacterianeae leads to a novel truncated cell wall arabinogalactan, whereas inactivation of Cg-ubiA results in an arabinandeficient mutant with a cell wall galactan core[END_REF][START_REF] Bhamidi | The identification and location of succinyl residues and the characterization of the interior arabinan region allow for a model of the complete primary structure of Mycobacterium tuberculosis mycolyl arabinogalactan[END_REF]. So the peptidoglygan is linked to the arabinogalactan via a phosphodisaccharide composed of a molecule of rhamnose and a molecule of GlcNac (McNeil et al., 1990). Moreover, the mycolic acids are connected to the peptidoglycan layer via arabinogalactan, and this complex is known as the mycolyl-arabinogalactan-peptidoglycan, or mAGP complex. This complex is necessary for the pathogenicity and survival of M. tuberculosis and is actually the target of many anti-tubercular agents [START_REF] Alderwick | Deletion of Cg-emb in corynebacterianeae leads to a novel truncated cell wall arabinogalactan, whereas inactivation of Cg-ubiA results in an arabinandeficient mutant with a cell wall galactan core[END_REF].

The mycomembrane

Last constituents of the mAGP complex are the mycolic acids. As mentioned previously, they are fatty acids long chains produced specifically by certain families of actinobacteria (including mycobacteria and corynebacteria). They are α-alkyl β-hydroxylated molecules which can contain up to 90 carbon atoms in M. tuberculosis [START_REF] Marrakchi | Mycolic acids: Structures, biosynthesis, and beyond[END_REF]. There are 3 types of mycolic acids, alpha-, methoxy-and ketomycolic acids within which is intercalated a huge variety of lipids and glycolipids having a structural role and participating in the virulence of the bacteria [START_REF] Thanna | Targeting the trehalose utilization pathways of Mycobacterium tuberculosis[END_REF]. However, M. smegmatis produce α-and epoxy-mycolic acids [START_REF] Pawełczyk | The Molecular Genetics of Mycolic Acid Biosynthesis[END_REF]. This set of exotic compounds forms the inner layer of a structure more exposed to the external environment called mycomembrane.

Trehalose can be inserted on these mycolic acids by members of the Antigen 85 complex and form

Trehalose MonoMycolate (TMM) and Trehalose DiMycolate (TDM) also designated as "cord factor". TDM is the most abundant glycolipid in the mycomembrane. It is very immunogenic but at the same time it participates in the survival of bacteria inside the infected host [START_REF] Thanna | Targeting the trehalose utilization pathways of Mycobacterium tuberculosis[END_REF].

Other molecules are also present such as diacyltrehalose (DAT), polyacyltrehalose (PAT), sulfo/sulfoglycolipids (SL/SGL) and phthiocerol dimycocerosate (PDIM) [START_REF] Abrahams | Mycobacterial cell wall biosynthesis: A multifaceted antibiotic target[END_REF]. There is PIM but also LAM which here will play an important role in the inactivation of macrophages and in the neutralization of reactive oxygen compounds (ROS) (A. K. [START_REF] Mishra | Lipoarabinomannan and related glycoconjugates: Structure, biogenesis and role in Mycobacterium tuberculosis physiology and host-pathogen interaction[END_REF].

All these lipids, glycolipids and derivatives form the outer layer of the mycomembrane in M. tuberculosis. However, M. abscessus does not have DAT, PAT and SL but another glycolipid, trehalose polyphleates (TPP) [START_REF] Llorens-Fons | Trehalose Polyphleates, External Cell Wall Lipids in Mycobacterium abscessus, Are Associated with the Formation of Clumps with Cording Morphology, Which Have Been Associated with Virulence[END_REF]. M. abscessus, like also M. smegmatis and M. avium, possess glycopeptidolipids also involved in virulence (Schorey & Sweet, 2008).

It has been observed by electron microscopy that the mycomembrane has the same thickness as the plasma membrane (about 7 nm), which raises the question of the arrangement of mycolic acids [START_REF] Hoffmann | Disclosure of the mycobacterial outer membrane: Cryo-electron tomography and vitreous sections reveal the lipid bilayer structure[END_REF][START_REF] Zuber | Direct visualization of the outer membrane of mycobacteria and corynebacteria in their native state[END_REF]. Indeed, mycolic acids completely elongated would form a membrane sheet of at least 40 nm, incompatible with the microscopy measurements. This observation led to the proposition that these mycolic acids are folded in on themselves, forming a compact structure where the extractable lipids are inserted constituting the outer leaflet of the mycomembrane (M. Villeneuve et al., 2005;[START_REF] Zuber | Direct visualization of the outer membrane of mycobacteria and corynebacteria in their native state[END_REF].

The capsule

A capsule can be found above the mycomembrane in certain pathogenic mycobacteria, notably in M. tuberculosis and M. marinum [START_REF] Daffé | Unraveling the Structure of the Mycobacterial Envelope[END_REF]. The capsule of mycobacteria is mainly made up of polysaccharides and proteins, in varying amounts. M. leprae and M. avium are exceptions for which significant amounts of specific glycolipids as glycopeptidolipids (GPLs) [START_REF] Daffé | The envelope layers of mycobacteria with reference to their pathogenicity[END_REF], and massive amounts of phenolic glycolipids (PGLs) are found [START_REF] Boddingius | Subcellular localization of Mycobacterium leprae-specific phenolic glycolipid (PGL-I) antigen in human leprosy lesions and in M. leprae isolated from armadillo liver[END_REF]. The main polysaccharides found are α-D-glucan, a high weight glucose homopolymer molecule, D-arabino-D-mannan (AM), a heteropolymer of mannose and arabinose and a homopolymer of mannose, α-D-mannan [START_REF] Daffé | Genetics of Capsular Polysaccharides and Cell Envelope (Glyco)lipids[END_REF]. Interestingly, studies have found that major components of the external capsular leaflet of slowgrowing mycobacteria, that are mostly pathogens, are polysaccharides [START_REF] Lemassu | Extracellular and surface-exposed polysaccharides of non-tuberculous mycobacteria[END_REF], however the main component of the outermost capsular layer of the rapidly-growing species are proteins [START_REF] Lemassu | Extracellular and surface-exposed polysaccharides of non-tuberculous mycobacteria[END_REF][START_REF] Ortalo-Magné | Molecular composition of the outermost capsular material of the tubercle bacillus[END_REF]. These proteins are important for host interactions and involved in bacterial virulence [START_REF] Daffé | The capsule of Mycobacterium tuberculosis and its implications for pathogenicity[END_REF].

This diverse set of complex molecules makes the mycobacterial cell wall an extremely hydrophobic and robust structure, which represents a first physical barrier to numerous antibiotics, especially those of a hydrophilic nature. This rich structure also provides mycobacteria the ability to resist the large environmental changes of temperature and pH [START_REF] Daffé | Unraveling the Structure of the Mycobacterial Envelope[END_REF].

Chapter 5 : Host receptors interacting with Mycobacteria and subsequent immune response

As mentioned previously, the cell envelope of mycobacteria is highly rich in glycosylated lipids and proteins that are exposed primarily on the surface of the bacteria. This fact makes them accessible to interact with host receptors, thus triggering different possible types of immune responses depending on the receptor activated. A large panoply of receptors is able to recognize and interact with the mycobacterial cell envelope.

In this context, our review, presented below, aims to provide an overview of the literature on host cell receptors that interact with mycobacterial species and are involved in the following immune responses that can be host protective (fight against mycobacterial infections) or promote internalization and survival of mycobacteria inside cells. The known mycobacterial ligands involved in these interactions are also described in the review. In this chapter, the most important receptors that recognize mycobacteria are detailed. The entire review is presented in the appendix of my thesis manuscript. that the fate of mycobacteria within host cells is largely dependent on the entry pathway, with some enhancing host protection and others promoting infection and dissemination, the mechanisms contributing to the latter are currently not fully understood. Unpacking the interaction between mycobacteria and host cells during pathogenesis is of paramount importance to leverage into improved and innovative therapeutic approaches. In this review, the processes employed by mycobacteria to hijack host cells and tissues are discussed, as well as their broader significance in both immune evasion and bacterial survival as well as features that may contribute to reduced bacterial growth and pathogenicity.

The Molecular Basis and Consequences of Host Cell Invasion by Mycobacteria

RECEPTOR RECOGNITION OF MYCOBACTERIA BY DIFFERENT CELL TYPES

Innate immune receptors

The innate immune response serves as the initial line of defense against invading pathogens and is carried out via immune cells expressing a wide range of PRR (Pattern Recognition Receptor). These receptors exist in either membrane-bound or cytosolic forms. Each receptor type serves a unique role by recognizing the pathogen in its intact state, as with membrane-bound receptors, such as TLR, CLR (C-type Lectin Receptor) and scavenger receptors (SR), or by components of a pathogen, as with cytosolic receptors, such as NODlike receptors (NLR) (A. Mishra et al., 2017). Recognition of PAMP (Pathogen-associated molecular pattern molecule) by the PRR triggers signaling cascades leading to the establishment of the inflammatory response and the internalization and degradation of mycobacterial bacilli. Each PRR is specific to a diverse set of PAMP, ensuring the appropriate selective downstream activation of the adaptive immune response.

Toll-like receptors TLR2

Establishment of an effective immune response against intracellular mycobacteria depends on the rapid detection of the invading pathogen by the innate immune system and the coordinated activation of the adaptive immune response. TLR are adept at detecting and restricting infection by pathogenic microorganisms, including mycobacteria. The interaction is complex and involves distinct mycobacterial cell wall components and multiple members of the TLR family. Numerous studies have shown that TLR2, acting alone or in concert with other TLR, can recognize several secreted or surface-associated components and mount an effective defensive response against M. tuberculosis. In macrophages, recognition of M.

tuberculosis by TLR2 induces apoptosis via the caspase-8 pathway, limiting intracellular proliferation of the bacilli (Figure 7) (López et al., 2003). TLR2 is also found in other cell types, including human endothelial cells, where it has been shown to activate the key immune regulatory NF-κB pathway when interacting with M. tuberculosis' Hsp70 (Rv0350) protein (Bulut et al., 2005). In dendritic cells (DC), TLR2 recognizes the secreted Rv0577 protein, involved in the methylglyoxal detoxification pathway, to induce pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6 and IL-12p70 in a MyD88-dependent manner, as well as mitogen-activated protein kinases and NF-κB (Figure 7). It has been shown that Rv0577treated DC have the capacity to activate naïve T cells, polarize CD4 + and CD8 + T cells to secrete IFN-γ and IL-2, and induce T cell proliferation. Moreover, this mechanism has been observed to induce the proliferation of memory CD4 + and CD8 + CD44 high CD62L low T cells in the spleen of M. tuberculosis-infected mice.

Collectively, these observations demonstrate the close association of TLR2 and Rv0577 in the protective regulation of both the innate and adaptive immune responses to M. tuberculosis infection (Byun et al., 2012). Conversely, TLR2 may also play a harmful role in IL-10-producing B cells. Upon the interaction of TLR2 and M. tuberculosis' mannose-capped lipoarabinomannan (ManLAM), the MyD88/PI3K/AKT/Ap-1 and NF-κB signaling pathways stimulate both B cell proliferation and their IL-10 production, causing the excessive cytokines to diminish immune cell activity and increase infection susceptibility (Figure 8) (Yuan et al., 2019).

Despite these deleterious aspects, in vivo experiments demonstrate the presence of TLR2 provides an overall protective effect. Indeed, TLR2-deficient mice show reduced bacterial clearance, a defective granulomatous response, and the development of chronic pneumonia, causing them to prematurely succumb to infection within 5 months. The range of interactions of TLR2 with diverse ligands highlights its critical role in immune regulation, particularly as its absence yields an exaggerated inflammatory response (Drennan et al., 2004). Controversially, seminal tests performed after M. tuberculosis infection in TLR2/4/9and MyD88-deficient mice, showed that only the latter succumbed rapidly to uncontrolled mycobacterial growth, while the former controlled the infection. These results demonstrate that only MyD88, but not TLR2, TLR4 and TLR9, is essential for triggering the macrophage effector mechanisms that are central to antimycobacterial defense.

TLR heterodimers

Effective response to mycobacteria by heterodimeric TLR acting in concert has also been described in the literature. In human monocytes at the innate immune level, stimulation of TLR2/TLR1/CD14 by the LpqH lipoprotein triggers a cascade to induce the production of the antimicrobial peptide cathelicidin.

Cathelicidin paired with other components of the vitamin D regulation pathway, including Cyp27b1 hydroxylase and AMP-activated protein kinase (AMPK) to increase intracellular calcium concentration, and mitogen-activated protein kinase (MAPK) to induce Cyp27b1 expression to trigger cellular autophagy (Figure 7) (Shin et al., 2010). Influencing adaptive immune functions as well, the lipoproteins LprG and LpqH interact with TLR2/TLR1 heterodimers to activate NF-κB in primary human CD4 + T cells. Thus, these lipoproteins serve as important stimuli for immune system regulation in both the innate, via cytokine and co-stimulatory molecule secretion, and adaptive, via memory T cell activation, during M. tuberculosis infection (Lancioni et al., 2011). Another study showed that LprG, ManLAM, and LM bind to TLR2 in the absence of TLR1. Nevertheless, trimolecular interactions were revealed by binding of TLR2-LprG or TLR2-PIM6 complexes to TLR1, whereas binding of TLR2 to TLR1 was not detected in the absence of the lipoprotein or glycolipid. In addition, ManLAM has a low affinity for TLR2 compared with PILAM, LM, and LprG, accounting for its reduced ability to induce TLR2-mediated ERK signaling pathway activation and TNF-α secretion by macrophages (Shukla et al., 2018). In contrast, LM from Mycobacterium bovis BCG induces both macrophage activation and pro-inflammatory cytokine production through TLR2 ligation. This proinflammatory activity has been attributed to the tri-and tetra-acylated forms of LM. Tri-acyl-LM, a TLR2/TLR1 agonist, promotes IL-12p40 and NO secretion by macrophages through the adaptor proteins

MyD88 and TIRAP (Figure 7) (Doz et al., 2007).

To evaluate the role of other TLR heterodimers, the independent function of TLR9 and cooperative behavior with TLR2 in M. tuberculosis infection were elucidated through a knock-out murine study. Infected

Tlr9 -/-mice exhibited a defect in IL-12p40 and IFNꝩ production, whereas double knock-out Tlr2 -/-/Tlr9 -/-mice were markedly more susceptible to infection due to defects in pro-inflammatory cytokine production and diminished M. tuberculosis-specific IFNꝩ responses, resulting in increased pulmonary pathology (widespread inflammation and focal necrosis) [START_REF] Bafica | TLR9 regulates Th1 responses and cooperates with TLR2 in mediating 1036 optimal resistance to Mycobacterium tuberculosis[END_REF]. In vitro, cooperation between TLR9 and TLR2 was demonstrated by a reduced IL-12 response in the DC and macrophages of the Tlr2 -/-/Tlr9 -/-mice compared to control cells. These findings reveal that TLR9 plays a functional role both independently and in tandem with other TLR members in the host resistance to mycobacterial infections [START_REF] Bafica | TLR9 regulates Th1 responses and cooperates with TLR2 in mediating 1036 optimal resistance to Mycobacterium tuberculosis[END_REF].

TLR4

In addition to TLR1/2/9, TLR4-mediated signaling also contributes to the protective response against M. tuberculosis. Several mycobacterial proteins interact with TLR4, including Hsp65 and Hsp70, stimulating the NF-κB cascade in human endothelial cells (Bulut et al., 2005). DC TLR4 recognize the ribosomal protein Rv0652, which induces cellular maturation and pro-inflammatory cytokines TNF-, IL-1 and IL-6 following the activation of the MyD88 and TRIF signaling pathways (Figure 7) (S. J. Lee et al., 2014). These newly activated DC in turn activate naïve T cells and efficiently polarize CD4 + and CD8 + to secrete IFN and induce cell-mediated cytotoxicity to eliminate infected cells. (S. J. Lee et al., 2014). The peptidoglycan hydrolase RipA activates the NF-κB signaling pathway and triggers the production of pro-inflammatory cytokines, TNFα, IL-6, and IL-12, by ligation to TLR4. Unlike other mycobacterial ligands interacting with TLR4, RipA activates the PI3K-AKT-mTORC1 signaling cascade, ultimately resulting in inhibition of the autophagyinitiating kinase ULK1 (Figure 8) (Shariq et al., 2021). This inhibition results in efficient intracellular survival of recombinant M. smegmatis expressing M. tuberculosis RipA in macrophages (Shariq et al., 2021). RipA also targets host cell mitochondria and inhibits the production of oxidative phosphorylation enzymes to promote mycobacterial replication in macrophages (Figure 8). In addition, RipA also inhibits caspase-dependent programmed cell death in macrophages, thereby preventing an effective innate antibacterial response (Figure 8) (Shariq et al., 2021). Collectively, the RipA endopeptidase contributes to the creation of a permissive replication niche in host cells by inducing repression of autophagy and apoptosis. In addition to proteins, the tetra-acylated LM-containing fraction from M. bovis BCG activates macrophages in a MyD88-dependent manner through TLR4 (Doz et al., 2007) while PIMs induce TLR2-and TLR4-dependent signaling, thus possibly influencing protective immunity (Abel et al., 2002). The role of TLR4 in host resistance to M. tuberculosis was also evaluated in C3H/HeJ (Tlr4 -/-) mice after aerosol infection. Tlr4 -/-mice showed a reduced ability to clear mycobacteria from the lungs, favoring the spread of the infection in the spleen and liver and accelerating mortality (Abel et al., 2002). The lungs of these animals showed signs of chronic pneumonia and deficits in pulmonary production of TNF-α, IL-12p40 and chemoattractant protein-1 (Abel et al., 2002). Collectively, these studies indicate that multiple TLR positively contribute to the establishment of an optimal protective immunity against M. tuberculosis infection. 

Lectin domain-containing receptors and opsonins

C-type lectin receptors (CLR) are Ca 2+ -dependent glycan-binding proteins, which adopt a C-type lectin fold structure with a highly variable primary protein sequence and possess similarities in the primary and secondary structures of their carbohydrate-recognition domain (CRD). CLR are widely expressed in living organisms (Drickamer, 1999) and are made up of a diverse members including phagocytic receptors and proteoglycans. Adopting both secreted, soluble forms and anchored forms in the plasma membrane, they frequently oligomerize into homodimers, homotrimers and higher order oligomers. These structures lend to the interaction with multivalent ligands and recognition of diverse glycans, owing to the unique carbohydrate composition and structure found on the surface of pathogens (Hsu et al., 2006). Functionally, CLR can act as adhesion molecules or phagocytic and/or signaling receptors in the innate immune response to microbes and have been highly conserved throughout evolution (Cummings & McEver, 2015).

Understanding of CLR family-mycobacterial ligand interactions has expanded in recent years and will be discussed below.

Collectins

Collectins are soluble PRR of the innate immune system. They belong to a group of collagenous Ca 2+dependent defensive lectins found in animals and function to bind oligosaccharides or lipids present on the surface of microorganisms. Following binding to collectins, microbes may be eliminated through aggregation, complement activation, opsonization, phagocytosis activation, or growth suppression.

The CLR of the innate immune system, including human pulmonary surfactant protein A (SP-A, a member of the collectin family produced by lung epithelial cells of the distal and proximal air spaces), have been identified as key players in the early recognition of invading pathogens and initiation of host defense responses. SP-A decorates the surface of M. tuberculosis to enhance macrophage adhesion (Ferguson et al., 1999). Although ManLAM is considered as the primary target of CLR (DC-SIGN, MR, CR3, etc), the Apa glycoprotein has also been shown to interact with SP-A in a calcium-dependent fashion (Ragas et al., 2007).

Through the interaction with cell wall-associated mycobacterial components, the human lung SP-A acts as an effective opsonin to facilitate attachment of bacilli to macrophages.

In addition to SP-A, the surfactant protein D (SP-D) is another collectin produced in the distal airspaces of the lungs. Capable of recognizing carbohydrates through its CRD, SP-D regulates interactions between M.

tuberculosis and macrophages through the recognition of mannosylated components, such as ManLAM (Ferguson et al., 1999). Also a calcium-dependent event, specific binding of SP-D to M. tuberculosis causes bacterial agglutination, reduces adhesion to macrophages and decreases its intracellular growth [START_REF] Carlson | Together, these observations 241 reveal that SP-A and SP-D play opposite roles in the host innate response to M. tuberculosis in the lungs. 242 Another member of the collectin family, the mannose-binding lectin (MBL, produced by the liver 243 and circulated throughout the body) recognizes various slow-growing mycobacteria (e.g., M. 244 tuberculosis, M. bovis, M. kansasii, and M. gordonae) as well as M. smegmatis[END_REF]Ferguson et al., 1999). Together, these observations reveal that SP-A and SP-D play opposite roles in the host innate response to M. tuberculosis in the lungs.

Another member of the collectin family, the mannose-binding lectin (MBL, produced by the liver and circulated throughout the body) recognizes various slow-growing mycobacteria (e.g., M. tuberculosis, M.

bovis, M. kansasii, and M. gordonae) as well as M. smegmatis. The molecular recognition of ManLAM and the antigen 85 complex (Ag85) leads to activation of the lectin pathway of the complement system and increases phagocytosis (Bartlomiejczyk et al., 2014(Bartlomiejczyk et al., , Świerzko et al., 2016)). Given MBL's ability to bind fibronectin, it may play an additional role in the interaction of the Ag85 complex with the extracellular matrix.

While extensive research focus has been given to the interaction of M. tuberculosis and phagocytic cells, less is understood about the molecular basis underlying binding and entry with non-phagocytic cells.

Among the different cell types investigated, Chinese hamster ovary (CHO) fibroblasts and primary porcine aortic endothelial cells were reported to successfully bind to M. tuberculosis in vitro. Binding markedly increase in the presence of 10% to 20% human or bovine serum, suggesting that the bacteria benefit from the coating of serum opsonins (Hoppe et al., 1997). Pre-incubation with individual opsonins revealed that recombinant serum-derived human mannose-binding protein (MBP, belonging to the collectin family, possessing one lectin domain and produced in the liver during infection) also improved binding. Using PIMspecific antibodies to demonstrate a partial blocking of M. tuberculosis and M. smegmatis, these surface molecules were found to play a role in binding to CHO and endothelial cells (Hoppe et al., 1997).

Furthermore, PIM-coated beads were observed to adhere to CHO cells with significant enhancement through the addition of MBP-enriched serum and the presence of PIM mannoses (Hoppe et al., 1997). These findings confirm PIM can function as adhesins to bind to non-phagocytic cells both directly and after opsonization with serum MBP.

Serum amyloid A-opsonin-dependent uptake

Opsonization confers the coating of bacteria with various molecules, which are then recognized by specific host receptors. Among these, the serum amyloid A1 (SAA1) protein belongs to the family of apolipoproteins associated with high-density lipoproteins (HDL). These proteins play several roles, including the transport of cholesterol to the liver for secretion into the bile, the recruitment of immune cells to inflammatory sites and the induction of enzymes to degrade the extracellular matrix. The interaction between M. tuberculosis and SAA1 occurs through the membrane effectors AtpA (Rv1308), the ABC transporter (Rv2477c), the ESX-1 substrate EspB (Rv3881c), the antigen TB18.6 (Rv2140c), and the phosphomethylpyrimidine synthase ThiC (Rv0423c) (Kawka et al., 2021). Opsonization of M. tuberculosis by SAA1 promotes bacterial entry into target phagocytes, stimulates intracellular growth and survival, and upregulates two operons encoding mycobacterial transport systems, MmpL5/MmpS5 (Rv0676c) and Rv1217c/Rv1218c (Kawka et al., 2021). Despite the protective opsonic behavior of SAA1, the interaction with M. tuberculosis inadvertently promotes the infection of host macrophages and modulates the functional response of the pathogen.

Mincle and Dectin

Mincle is principally expressed on myeloid cells, including macrophages and DC (Marakalala & Ndlovu, 2017). It is composed of a CRD, a transmembrane (TM) domain and a short cytoplasmic tail with a positivelycharged residue, which engages with the adaptor molecule FcRγ to trigger intracellular signaling via the Syk/CARD9 pathway (Figure 7) (Marakalala & Ndlovu, 2017). Mincle is an essential receptor for the glycolipid trehalose-6,6'-dimycolate (TDM, also known as cord factor) (Heitmann et al., 2013), which activates macrophages and downstream inflammatory cytokines and nitric oxide (Figure 7) (Ishikawa et al., 2009). It is also a known adjuvant for Th1/Th17 vaccination that activates Syk-Card9 signaling in antigen-presenting cells (APC). To confirm its role, genetic disruption experiments of Mincle showed the complete elimination of TDM-induced macrophage activation and stimulation of T cell immune responses to a TB vaccine (Ag85B-ESAT-6). Moreover, macrophages lacking Mincle or FcRγ exhibit impaired inflammatory responses to M.

bovis BCG (Schoenen et al., 2010). In a murine study, administration of TDM in wild-type mice triggered elevated inflammatory cytokine levels in sera and lung inflammation associated with granuloma formation (Ishikawa et al., 2009), whereas Mincle-deficient mice were still able to mount an effective granulomatous and protective immune response after infection with both low and high doses of M. tuberculosis (Heitmann et al., 2013). These findings suggest that the loss of Mincle in vivo can be fully compensated and a protective inflammatory immune response still generated during M. tuberculosis infection. Mincle has been shown to further induce an immune response in mice following interaction with other mycobacterial ligands, such as trehalose-monomycolate (TMM), glucose-monomycolate (GMM) and arabinose-monomycolate (AraMM).

Stimulation with these ligands activate bone marrow-derived DC to produce IL-6, TNF-α and reactive oxygen species (ROS) and stimulate the NLRP3 inflammasome to promote Th1 and Th17 responses (Tima et al., 2017). The murine bone marrow-derived DC may also be activated through Mincle signaling after exposure to M. tuberculosis' immunogenic β-gentiobiosyl diacylglycerides (Richardson et al., 2015). Lastly, unique to the human immune response, Mincle interplays with glycerol-monomycolate (GroMM) to stimulate macrophages for inflammatory cytokines production (Hattori et al., 2014).

Signaling through Dectin receptors activates the Syk/CARD9/BCL-10/MALT1 cascade (Figure 7), resulting in the production of pro-inflammatory cytokines and the induction of T cell-mediated immunity (Marakalala & Ndlovu, 2017). Adopting several forms, Dectin-1, Dectin-2 and Dectin-3 have been linked to antimycobacterial immunity. Dectin-1 is a glycosylated TM protein with an extracellular CRD and a cytoplasmic immunoreceptor tyrosine-based activation motif (ITAM)-like domain that supports intracellular signaling (Figure 7) (Marakalala & Ndlovu, 2017). Dectin-1 is primarily expressed on macrophages, DC, neutrophils and a subset of T cells, recognizing M. tuberculosis and less virulent mycobacterial species, despite the mycobacterial ligand(s) remaining largely unknown. Dectin-1-dependent infection of BMDM, DC, A549 cells, PBMC, MDC, neutrophils or monocytes with varied mycobacterial species leads to the production of antimicrobial peptides, ROS and cytokines, such as TNF-α, IL-6, G-CSF, RANTES, IL-12p40, IL-17A, IL-1β, and IL-23 (Figure 7) (Bisiaux et al., 2017;H.-M. Lee et al., 2009;Romero et al., 2016;Rothfuchs et al., 2007;van de Veerdonk et al., 2010;Yadav & Schorey, 2006;Zenaro et al., 2009). Furthermore, DC activated by a Dectin-1 agonist stimulates naïve CD4 + T cells to upregulated IFNγ and IL-17 (Zenaro et al., 2009). During a Dectin-1-KO study, mice had significantly decreased lung bacillary loads but developed histological signs of pneumonia (Marakalala et al., 2011). Additionally, the loss of Dectin-1 did not result in any significant variations across the pulmonary cytokine expression profiles when compared to control mice (Marakalala et al., 2011). Thus, Dectin-1 does not appear to play a major role in immunity against M.

tuberculosis in vivo, understanding limited applicability due to the use of a murine model. Conversely, the structure of Dectin-2 consists of a CRD, a TM and a short cytoplasmic tail and is mainly expressed on macrophages, certain subsets of DC and peripheral blood monocytes (Marakalala & Ndlovu, 2017). BMDC surface-associated Dectin-2 specifically recognizes ManLAM, resulting in the production of pro-and antiinflammatory cytokines (Figure 7), effects that are reversed in Dectin-2 -/-BMDC (Yonekawa et al., 2014).

Upon mycobacterial infection, Dectin-2 -/-mice exhibit increased lung pathology, demonstrating that this receptor is a key factor in host immunity against mycobacterial infection. The remaining type, Dectin-3, recognizes TDM, stimulates Mincle expression through the CARD9-Bcl10-MALT1 complex, and NF-κB binding to the Mincle promoter enhances host immunity to mycobacterial infection. Consistent with these findings, Dectin-3-or CARD9-deficient mice produce significantly less pro-inflammatory cytokines and KLHspecific antibodies after immunization with a TDM-containing adjuvant (Zhao et al., 2014).

Dendritic cell immune activating receptor

The DC immune activation receptor (DCAR) is expressed on peritoneal macrophages and monocytederived inflammatory cells in the lungs and spleen. It lacks an immunoreceptor tyrosine-based inhibitory motif (ITIM) in its intracellular domain (Omahdi et al., 2020;Toyonaga et al., 2016), however, possesses a positively-charged amino acid in its TM, allowing protein-protein interactions with FcRγ, which supplies the immunoreceptor tyrosine-based activation motif (ITAM) required for DCAR-dependent signaling (Omahdi et al., 2020). Macrophages and monocytes produce the MCP-1 chemokine upon exposure to PIMs, a function that is modulated through DCAR, which interacts directly with acylated PIMs (Ac1PIM1, AcPIM2 and Ac2PIM2) (Arai et al., 2020;Toyonaga et al., 2016). In the absence of DCAR or FcRγ MCP-1 production is halted, as was observed in DCAR-deficient mice (Toyonaga et al., 2016). Upon mycobacterial infection, mice showed reduced numbers of monocyte-derived inflammatory cells at the site of infection, decreased IFNγ production by T cells and increased bacterial loads. For adequate T cell response against mycobacteria, DCAR is an essential receptor (Toyonaga et al., 2016).

DC-SIGN and its murine homologs

Interactions between DCs and the M. tuberculosis complex play a key role in anti-mycobacterial immunity. M. tuberculosis gains entry to DC through the interaction between DC-SIGN and ManLAM or LAM (Maeda et al., 2003;Tailleux et al., 2003), with the acyl chains of the ManLAM's mannosylphosphatidylinositol anchor and the mannooligosaccharide caps acting as the primary interface (Maeda et al., 2003). Although mannose-capped LAM molecules are present across mycobacterial species, DC-SIGN discriminates between these permutations and selectively recognizes M. tuberculosis. For instance, M. smegmatis-derived LAM, capped with phosphatidylinositol (PILAM), has a limited ability to preferentially bind DC-SIGN in the presence of M. tuberculosis. Furthermore, DC-SIGN interacts poorly with PILAM and with the uncapped AraLAM molecules from M. fortuitum or M. chelonae, respectively, or with M. avium's single mannose residue-capped ManLAM (Maeda et al., 2003). Despite this, the removal of the mannose caps in a ΔpimE mutant (PimE/Rv1159 catalyzes the transfer of the fifth mannose to PIM4 to generate PIM5) fails to reduce the interaction of whole mycobacteria with DC-SIGN (Driessen et al., 2009), suggesting that the receptor is likely to interact with additional ligands. Indeed, DC-SIGN has also a strong affinity for hexamannosylated PIM6 (Figure 8) (Driessen et al., 2009;Ehlers, 2010). Generation of M. bovis BCG mutants deficient in PIM6 (single mutant) or PIM6 and mannose capping on LAM (double mutant) (Driessen et al., 2009) still show similarly binding affinity to DC-SIGN and DC and induce comparable levels of IL-10 and IL-12p40 as the wild-type strain. Furthermore, infection studies with these strains have established that the ManLAM/PIM-DC-SIGN interaction was not critical for protective immunity in mice (Ehlers, 2010), strengthening the view that while ManLAM and PIM6 are true ligands of DC-SIGN, additional ligands are likely to govern the interaction between mycobacteria and DC in vivo. This notion is further supported by other studies reporting the binding of multiple ligands to DC-SIGN, including LM, PIM2, α-glucan (a dominant capsular polysaccharide) (Figure 8), and the 19-kDa or the 45-kDa mannosylated Apa glycoproteins (Geurtsen et al., 2009;Pitarque et al., 2005;Sawettanai et al., 2019;Torrelles et al., 2006).

The consequences of the DC-SIGN-mediated interactions between mycobacterial ligands and DC are multifold. M. tuberculosis and M. bovis BCG (through ManLAM) bind to DC-SIGN, halting DC maturation, impeding IL-12 release and inducing IL-10 secretion (Gagliardi et al., 2005;Geijtenbeek et al., 2003;T. Wu et al., 2011). Similarly, binding of the M. tuberculosis α-glucan to DC-SIGN stimulates immunosuppressive IL-10 production by DCs (Figure 8) (Geurtsen et al., 2009). This behavior is mirrored during ManLAM or PIM6 interactions with DC-SIGN in immature DC and macrophages, impairing DC maturation and modulating cytokine secretion by phagocytes and DC, leading to overall suppressed protective immunity to TB (Ehlers, 2010). Furthermore, IFNγ levels have been showed to be significantly downregulated in the supernatants of naïve T cells after co-culture ManLAM-primed DC (T. Wu et al., 2011). The same phenotype was described in a clinical study reporting that overexpression of DC-SIGN in TB patients decreased DC activation, elevated secretion of IL-10 by DCs, decreased induction of T cell proliferation and impaired the immune response (Zhang et al., 2009). Nevertheless, M. tuberculosis infection of human DC-SIGN-transgenic mice for revealed that DC-SIGN can promote host protection by limiting tissue pathology (Ehlers, 2010). DC can also target and eliminate M. tuberculosis-infected apoptotic neutrophils following the association between neutrophil Mac-1 protein (CD11b/CD18) and DC-SIGN, thereby reducing inflammation (Hedlund et al., 2010).

Inflammation reduction was further shown in an in vivo experiment exposing DC to synthetic mannodendrimers mimicking the ManLAM of M. tuberculosis, revealing the cells' pro-inflammatory cytokine production to be inhibited in a DC-SIGN-dependent manner, limiting acute neutrophil influx in mice lungs (Blattes et al., 2013).

In M. leprae, the etiological agent of leprosy, infection severity is a function of DC-SIGN expression levels and the interaction with ManLAM. When treated with M. leprae-specific ManLAM, DC upregulate DC-SIGN expression, resulting in an increased nuclear intrusion of NF-κB leading to potent production of IL-10. This promotes an immunosuppressive environment during leprosy progression, creating an optimal niche for bacterial persistence in the host (Kumar et al., 2013). Overall, pathogenic mycobacteria capitalize on the DC-SIGN-ManLAM interaction through the prevention of DC maturation and induction of the immunosuppressive cytokine IL-10, permitting enhanced survival and persistence (Figure 8).

To further understand the function of DC-SIGN in anti-TB immunity, parallel murine studies were undertaken. Among the eight murine homologs (SIGNR1-8), SIGNR1 and SIGNR3 are the closest analogs to DC-SIGN. SIGNR1 is expressed by macrophages only, yet still interacts with M. tuberculosis through ManLAM, similar to DC-SIGN (Koppel et al., 2004;Wieland et al., 2007). Peritoneal macrophages from Signr1-KO mice produce less IL-10 upon stimulation with ManLAM than those from wild-type mice, suggesting that the interaction of ManLAM with SIGNR1 may result in similar immunosuppression observed in the human equivalent (Wieland et al., 2007). Another in vivo study showed that SIGNR1 upregulates SOCS1 expression during M. tuberculosis infection, impairs IL-12 production and promotes M. tuberculosis survival (Srivastava et al., 2009). Moreover, upon stimulation of murine DC with C-type lectin ligand LAM, SIGNR1 significantly suppresses NF-κB activation as well as TNFα, IL-6 and IL-12p40 production (Ohtani et al., 2012). In contrast to the observations in the Signr1-KO mice, the Signr3-KO mice were the only group to display dampened resistance to M. tuberculosis. SIGNR3 is expressed by lung phagocytes during infection and interacts with M. tuberculosis surface glycoconjugates to induce secretion of inflammatory cytokines critical for host defense, including TNF and IL-6, confirming the protective role of murine SIGNR3 during the infection (Tanne et al., 2009;Tanne & Neyrolles, 2010). Several kinds of receptors (TLR2, TLR4, DC-SIGN, MR and Galectin-9) activate various pathways that increase mycobacteria intracellular survival by interacting with the bacterial adhesins. These pathways are involved in the generation of IL-10 and metalloproteinases, as well as the inhibition of specific cytokine responses, autophagy, oxidative stress, and immune cell activation. Furthermore, coronin-1a is recruited to the mycobacterial phagosome, causing calcium flux to be induced and calcineurin to be activated, preventing phagosome-lysosome fusion (adapted from Daher et al., 2022, submitted).

Mannose receptor

The mannose receptor (MR) is an eight lectin-domain transmembrane protein capable of binding carbohydrate ligands including terminal mannose-containing glycoconjugates, fucose and GlcNAc (Martinez-Pomares, 2012). MR recognizes mycobacterial surface ManLAM (Figure 8), LAM, AraLAM, acylated PIMs, LM, glycosylated and acylated 19-kDa antigen and PstS-1 (a 38-kDa mannosylated glycolipoprotein) (Diaz-Silvestre et al., 2005;Esparza et al., 2015;Schlesinger et al., 1994;Torrelles et al., 2006). Its role facilitates the adhesion of M. tuberculosis strains to human monocyte-derived macrophages (MDM). Playing a role in adhesion, MR facilitates non-opsonic phagocytosis by binding surface glycopeptidolipids (GPL) on M. smegmatis (Figure 8) (Schlesinger, 1993;C. Villeneuve et al., 2005), and additionally was recently shown to internalize fluorescent beads coated with the triglycosylated form of GPL (GPL-3) through the internal and external rhamnose residues linked to the alaninol residue (Daher et al., 2022). After phagocytosis, maturation of the phagosome (Figure 8) only takes place at the point of fusion with the lysosomal Hck compartment (a Src family tyrosine kinase used as a marker of lysosome-phagosome fusion in human cells), providing an opportunity for mycobacteria to inhibit this process through the MR-ManLAM interaction (Figure 8) [START_REF] Astarie-Dequeker | The mannose receptor mediates uptake of pathogenic 1033 and nonpathogenic mycobacteria and bypasses bactericidal responses in human macrophages[END_REF]Kang et al. 2005). Specifically, it is the ManLAM mannose cap structures that prevent the phagosome-lysosome fusion, and experimentally, it has been shown that the fully intact ManLAM molecule is required to maintain this phenotype (P. B. Kang et al., 2005). The arrest of phagosome-lysosome fusion has also been observed in M. avium serovar 4 through the GPL-MR interaction (Figure 8) (Shimada et al., 2006), causing downstream suppression of EEA1 and Ca 2+ /calmodulin kinase II recruitment in THP-1 cells (Shimada et al., 2006). Internalization via the MR not only inhibits phagosome-lysosome fusion but blocks the production of cytokines that target mycobacteria.

ManLAM, after cross-linking with MR, inhibits TLR2-induced IL-12 production in human DC (Nigou et al., 2001). A subsequent study confirmed the ManLAM-MR engagement reduces inflammation by both inducing the production of anti-inflammatory factors IL-10 (IL-1R antagonist) and IL-1R type II, and suppressing IL-12 secretion by human DCs (Chieppa et al., 2003). In THP-1 cells, the induction of matrix metalloproteinase-9

(MMP-9) production by MR in response to M. tuberculosis and LAM is also a contributing factor to lung tissue damage during TB infection (Rivera-Marrero et al., 2002). Overall, these studies demonstrate that MR plays a multi-faceted role in promoting a favorable mycobacterial infection niche in phagocytes.

Complement receptor type 3 (CR3)

CR3 is a heterodimeric surface receptor that belongs to the integrin superfamily, comprising CD11b and CD18. It has multiple binding sites locate on the C-terminal lectin domain, which can mediate both opsonic and non-opsonic phagocytosis (Velasco-Velázquez et al., 2003). Several studies have evaluated the role of CR3 in mycobacterial infections, highlighting its involvement in initial binding (Stokes et al., 1998;Velasco-Velázquez et al., 2003) C3b to form the C3 convertase) increased adhesion (Schlesinger, 1993;Schlesinger et al., 1990). This was also observed in vivo in Itgam -/-(CR3 negative) mice where non-opsonic binding and serum-mediated opsonic attachment of M. tuberculosis to resident macrophages was significantly reduced [START_REF] Rooyakkers | Absence of complement receptor 3 results in reduced binding and ingestion 1351 of Mycobacterium tuberculosis but has no significant effect on the induction of reactive oxygen 1352 and nitrogen intermediates or on the survival of the bacteria in resident and interferon-gamma 1353 activated macrophages[END_REF]Melo et al. 2000). Downstream of internalization, M. tuberculosis survival and replication in infected macrophages and mice were not significantly affected by the absence of ITGAM/CD11b, suggesting that CR3-mediated uptake is not a major factor contributing to intracellular survival (Hu et al., 2000;Melo et al., 2000). Consistently, MDM exhibit enhanced adherence of BCG and M. leprae and the attachment process is CR3 and/or serum dependent (requiring thermolabile serum components) (Launois et al., 1992;Schlesinger & Horwitz, 1990[START_REF] Schlesinger | Downstream of internalization, M. tuberculosis survival and replication in infected macrophages and 464 mice were not significantly affected by the absence of ITGAM/CD11b, suggesting that CR3-mediated 465 uptake is not a major factor contributing to intracellular survival[END_REF]. Mechanistically, the C-terminal lectin domain of CR3 recognizes LAM, PIM2 and polar GPL (C. Villeneuve et al., 2005). In addition, the 85C antigen promotes the uptake of BCG and M. tuberculosis by monocytes through ligation to CR3 (Hetland & Wiker, 1994). Furthermore, Rv0180c

promotes the infection initiation in the lungs of mice and facilitates entry into macrophages through CR3 (Payros et al., 2021). The cooperation between CR3 and TLR2 appears fundamental to inhibit the release of peroxidase by eosinophils, which in turn modulate the innate immune response to mycobacteria (Driss et al., 2012). Thus, CR3 is important in mycobacterial uptake but is not needed for the induction of the microbicidal machinery and thus favors the survival of intracellular bacteria.

Oxidized low-density lipoprotein receptor-1 (LOX-1)

The LOX-1 receptor is a TM protein that structurally belongs to the C-type lectin family (Zeya et al., 2016). GroEL2, often found associated with the mycobacterial cell wall, has been identified as a potential ligand for the macrophage LOX-1 receptor based on the decreased uptake of GroEL2-coated latex beads by macrophages following treatment with the LOX-1 inhibitor polyinosinic acid [START_REF] Vinod | Interaction mechanism of Mycobacterium tuberculosis GroEL2 1479 protein with macrophage Lectin-like, oxidized low-density lipoprotein receptor-1: An integrated 1480 computational and experimental study[END_REF]. This remains only a putative interaction, but may contribute to the internalization of bacteria in macrophages.

Galectin receptors

Galectins are a large class of proteins serving multiple cellular roles including signaling and adhesion.

They are considered S-type lectins due to the presence of disulfide bonds, which function to provide stability and the binding of carbohydrates, including nitrogen-or oxygen-linked β-galactoside sugars. Found in a variety of species, there are 15 mammal-specific galectins, which are further subdivided into three forms: chimera, tandem, and dimeric. Though most lectins exist as membrane-bound proteins, galectins are unique in their soluble state. Tandem galectins, such as Galectin-9, possess two distinct CRD whereas the chimeric Galectin-3 exists as a monomer or a multivalent form. Galectin-3's multifunctionality lends itself to be found both primarily in the cytoplasm and additionally on the cell surface of immune cells. At the surface, it is known to recognize mycolic acids (MA), the major lipid of the mycobacterial cell envelope, yet the nature of this interaction is still not fully understood (Barboni et al., 2005). More has been discovered concerning the biological role of Galectin-9, particularly with its physical interaction with the essential cell wall polysaccharide, arabinogalactan (AG), during mycobacterial infection (Figure 8). Structural-functional relationship analyses indicate that the high-affinity interaction between AG and Galectin-9's CRD2 causes the latter to associate with transforming growth factor β-activated kinase 1 (TAK1) to trigger the activation of extracellular signal-regulated kinase (ERK) and the induction of matrix metalloproteinases (MMP) expression (Figure 8) (X. Wu et al., 2021). These pathways contribute to AG-induced damage in the lungs and have been shown to aggravate the M. tuberculosis infection in mice by promoting bacilli survival (Figure 8) (X. Wu et al., 2021). The interaction between AG/Galectin-9 interaction may, therefore, serve as a viable target for therapeutic development to reduce the severity of the TB pathology in mice (X. Wu et al., 2021).
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In addition to these important receptors, other receptors and matrixes also recognize mycobacteria and mediate their adhesion, invasion and survival in host cells. These receptors are described in our recent review submitted for publication (Daher et al., 2022, submitted). Further receptors that recognize mycobacteria include NOD, CD43 and scavenger receptors. Additional recognition molecules belong to the extracellular matrix (ECM) platform, such as integrin, collagen, laminin, and fibronectin. In the content of the review, we also described some mycobacterial ligands that are known to be involved in bacilli internalization and subsequent pathogenesis, but whose signaling pathways dependent on particular receptor types remains to be identified.

The multiplicity of receptors involved in mycobacterial recognition and the lack of a major internalization pathway suggests that there are other uncharacterized receptors that contribute partially to the mycobacterial uptake process. Among the best positioned receptors would be those belonging to the tetraspanin family since 4 members (CD9, CD63, CD81, and CD151) are known to be associated with, among others, the plasma membrane of macrophages and have been shown to be involved in the attachment and internalization of many viruses, bacteria, and parasites that infect humans.

In the following chapter, I focused on the description of tetraspanin proteins and their important physiological functions exerted in human cells, followed by our review where we focused on the role of tetraspanins in the attachment, internalization, survival and dissemination of many pathogenic bacteria.
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Chapter 6: Classification, expression and biological functions of tetraspanins

Classification and expression of tetraspanins

The very first tetraspanins were discovered in 1988. The CD63 tetraspanin was associated in first place with a progressive melanoma tumour [START_REF] Hotta | Molecular cloning and characterization of an antigen associated with early stages of melanoma tumor progression[END_REF], and the second is CD37 which was found to be highly expressed in lymphocytes B cells [START_REF] Schwartz-Albiez | The B cell-associated CD37 antigen (gp40-52). Structure and subcellular expression of an extensively glycosylated glycoprotein[END_REF].

Tetraspanins have been studied in various organisms, such as amoebae, fungi, plants and animals, while the number of family members differs in each species (Lang & Hochheimer, 2020). The human genome encodes 33 different tetraspanin members, consistently designated Tspan1 to Tspan 33 [START_REF] Huang | The phylogenetic analysis of tetraspanins projects the evolution of cell-cell interactions from unicellular to multicellular organisms[END_REF]. However, this nomenclature is infrequently used and is replaced by the terminology of cluster of differentiation (CD). Tetraspanins belong to a family of transmembrane proteins, formed by four transmembane helices, two extracellular loops of unequal sizes, and three small intracellular loops. The large extacellular loop (LEL) is the most important and studied domain since it tends to connect with other proteins in order to form a platform, known as Tetraspanin-enriched microdomains or TEMs (Karam et al., 2020;Robert et al., 2021).

The most recent and common classification of tetraspanins is based on the number of cysteine residues present in the LEL region. For this purpose, different groups of tetraspanins are classified (Figure 9) ranging from two to eight cysteine residues, leading to the formation of disulfide bridges between each pair [START_REF] Becic | Tetraspanins as Potential Modulators of Glutamatergic Synaptic Function[END_REF]. Other than the size of the extracellular loops and the presence of CCG motif (Cys-Cys-gly motif), tetraspanins are distinguished by the number of cysteine residues present in the large extracellular loop that can be two to four cysteine pairs forming the disulfide bridges. In this phylogram generated by ClustalW program after alignment of the 33 human tetraspanins, the number of cysteine residues within the extracellular loop is indicated on the right of tetraspanins that do not present six cysteine residues (Charrin et al., 2009).

Tetraspanins can be found in all multicellular organisms and all types of human tissues, with their most prominent domain exposed towards the extracellular environment. At the cellular level, most of the tetraspanins are expressed at the plasma membrane and found almost ubiquitously, such as CD9 and CD81 (Charrin et al., 2009). Others are found in the intracellular environment, such as the lysosomal marker CD63 (Boucheix & Rubinstein, 2001;[START_REF] Metzelaar | CD63 antigen. A novel lysosomal membrane glycoprotein, cloned by a screening procedure for intracellular antigens in eukaryotic cells[END_REF]. These transmembrane proteins are most probably many to be expressed simultaneously (Lang & Hochheimer, 2020). In Table 1 are collected their distribution and various functions in human organism (Charrin et al., 2009).

63 Table 1. List of the 33 human tetraspanins showing their alternative names, tissue distribution and their various functions. Tetraspanins have a standardized nomenclature (Charrin et al., 2009) with a simple numbering system going from Tspan1 to Tspan33, and the term "tetraspanin" was given for the four transmembrane superfamily for classification purposes. This table prepared by [START_REF] Becic | Tetraspanins as Potential Modulators of Glutamatergic Synaptic Function[END_REF] summarizes all human tetraspanins

showing their alternative names, tissue specificity based on their RNA expression level, as well as their various functions and involvement in physiological or pathophysiological processes in the different organs or tissues.

These transmembrane proteins play numerous and important biological roles depending on the type of cells and the neighboring repertoire of molecules present in their environment. They are involved most importantly in adhesion and cell junction, as well as in cell fusion and membrane rearrangement. They are also essential for the function of the nervous system and the immune cells, and have the ability to regulate cancer by either promoting or inhibiting its progression. These functions are briefly described below.

Tetraspanins diverse physiological functions

Adhesion and cell junction

The first protein family to be found interacting with tetraspanins are the integrins formed by αβ heterodimers. While α integrin (most frequently a3, a4 or a6) can bind to one or more tetraspanin, the β contributes also to the interaction. And these complexes are involved in various cell functions, including cell adhesions (Robert et al., 2021).

In mammals, the tetraspanins CD9, CD81 and CD151 are strongly expressed in the epithelium and more particularly at the level of cell junctions. The first two are expressed in most epidermal cells, while CD151 is restricted to basal lamina cells. Mice lacking CD151 present redistribution of the integrin α6β4, a CD151

protein partner, and also cell migration abnormalities. CD151-null mice are defective in certain phenomena such as wound healing, due to alteration in the re-epithelialization process. These data suggest that it may be owing to the deformed basement membrane formation and alteration of cell adhesion and migration of epithelial cells [START_REF] Cowin | Wound healing is defective in mice lacking tetraspanin CD151[END_REF].

These phenotypes can also be observed in the nephrons of CD151-null mice where renal failure is observed, due to reduced adhesion of glomerular cells, the podocytes, facing the high pressure of blood flow. Moreover, podocyte adhesion to the glomerular basement membrane (GBM) is mediated by the integrin α3β1, which is the main podocyte adhesion receptor that interacts with CD151 in situ in humans.

Defective CD151 in mice led to a redistribution of the integrin showing that this tetraspanin play a crucial role in the integrin-mediated adhesion of podocytes to GBM and its alteration can lead to renal failure [START_REF] Sachs | Blood pressure influences end-stage renal disease of Cd151 knockout mice[END_REF].

In addition, the expression of CD151 in epithelial cells strengthen the binding of its partner, integrin α6β1, to its own ligand the laminin-1. This was observed at the molecular and cellular level as well, with a significant increase in cell adhesion when cells express CD151 tetraspanin compared to the knocked-out cells, and that was studied through biophysics experiments to measure the adhesion strength of different integrins attached to magnetic beads. These observations prove that CD151 act as regulator for adhesion strengthening of laminin-binding integrins and that it is important for modulation of cytoskeletal engagements [START_REF] Lammerding | Tetraspanin CD151 regulates α6β1 integrin adhesion strengthening[END_REF].

The same goes for CD81 tetraspanin that increases the strength of adhesion of B lymphocytes VLA-4 integrin to fibronectin and VCAM-1 (Vascular Cell Adhesion Molecule 1) [START_REF] Feigelson | The CD81 Tetraspanin Facilitates Instantaneous Leukocyte VLA-4 Adhesion Strengthening to Vascular Cell Adhesion Molecule 1 (VCAM-1) under Shear Flow*[END_REF][START_REF] Stipp | Transmembrane-4-superfamily proteins CD151 and CD81 associate with alpha 3 beta 1 integrin, and selectively contribute to alpha 3 beta 1-dependent neurite outgrowth[END_REF]. It should also be noted that in these immune cells, despite the absence of direct interaction between them, the tetraspanin CD37 positively regulates the binding of integrin substrates such as ICAM-1 (Intercellular Adhesion Molecule) and AKT signaling. It also promotes the survival of lymphocytes and increases the adhesion of neutrophils, and that is due to the recruitment of the actin cytoskeleton downstream of this signaling pathway mediated by integrins [START_REF] Wee | Tetraspanin CD37 Regulates β2 Integrin-Mediated Adhesion and Migration in Neutrophils[END_REF].

Cell fusion and membrane rearrangement

Many tetraspanins are involved in membrane remodeling processes necessary for cell fusion. The most prominent example is the role of CD9 tetraspanin in the fusion of gametes.

The first data suggesting the involvement of CD9 in the fusogenic properties of the oocytes were provided by experiments carried out in vitro using an anti-CD9 monoclonal antibody [START_REF] Chen | Role of the integrin-associated protein CD9 in binding between sperm ADAM 2 and the egg integrin α6β1: Implications for murine fertilization[END_REF]. This study revealed the expression of CD9 on the surface of oocytes and inhibition of gamete fusion was observed by using this antibody. The essential role of CD9 was then confirmed, a year later, by three different teams which generated mutant mice with defective CD9 gene [START_REF] Kaji | The gamete fusion process is defective in eggs of Cd9-deficient mice[END_REF][START_REF] Le Naour | Severely reduced female fertility in CD9-deficient mice[END_REF][START_REF] Miyado | Requirement of CD9 on the egg plasma membrane for fertilization[END_REF]. And these studies showed that female CD9 -/-mice had a greatly reduced fertility by 95% at least, and the cause is the failure of sperm/egg fusion in the absence of CD9. Moreover, CD81 tetraspanin is also expressed on the surface of mice oocyte and female mice lacking CD81 also have an overall reduction in fertility, however it is about 40% (less than the CD9 mutant cases). The double CD9/CD81 deletion leads to complete sterility of female mice, whereas the males are perfectly fertile (Rubinstein et al., 2006).

It has been also shown that CD9 and CD81 are very important in regeneration and fusion of muscle cells.

Muscle regeneration in CD9 or CD81 defective mice is abnormal and characterized by the formation of giant dystrophic myofibres. These latter are formed more rapidly in the absence of these two tetraspanins [START_REF] Charrin | Normal muscle regeneration requires tight control of muscle cell fusion by tetraspanins CD9 and CD81[END_REF].

Consistent with these data, CD9 has proved to be implicated with invasion of enveloped viruses to cells by promoting membrane fusion. For instance, for the entry and infection of target cells by Middle East

Respiratory Syndrome Coronavirus (MERS-CoV), or for the fusion and exit of influenza A virus (IAV) from the cells, CD9 is a requirement for the process [START_REF] Earnest | The tetraspanin CD9 facilitates MERS-coronavirus entry by scaffolding host cell receptors and proteases[END_REF]Florin & Lang, 2018;Hantak et al., 2019;Robert et al., 2021).

However, it has been proved that the expression of CD9 and/or CD81 exerts an inhibitory effect on the fusion of mononuclear phagocytes, such as monocytes and alveolar macrophages [START_REF] Takeda | Tetraspanins CD9 and CD81 function to prevent the fusion of mononuclear phagocytes[END_REF].

Thus, all these data showing that CD9 and CD81 promote the fusion of gametes, myoblasts and virus infected cells, but inhibit that of mononuclear phagocytes, suggest that tetraspanins are not directly involved in the fusion of cell membranes but rather interfere in the regulation of fusion phenomena and membrane reorganization.

Tetraspanins role in the nervous system

The earliest evidence that tetraspanins play an important role in the central nervous system came from a study on the late bloomer (lbl) tetraspanin in Drosophila. This protein is expressed by motoneurons and seems to be crucial for the proper formation of synaptic connections, more particularly in establishing the neuromuscular synapses [START_REF] Kopczynski | A neural tetraspanin, encoded by late bloomer, that facilitates synapse formation[END_REF].

In mammals, we can cite the example of CD81 which is expressed on microglia [START_REF] Reynolds | Transmigration of Tetraspanin 2 (Tspan2) siRNA Via Microglia Derived Exosomes across the Blood Brain Barrier Modifies the Production of Immune Mediators by Microglia Cells[END_REF] and seems to have a role as a regulator of the organization of neuronal populations. In vitro experiments have shown that this tetraspanin can regulate the growth of astrocytes and block their proliferation at a certain stage [START_REF] Kelić | CD81 regulates neuron-induced astrocyte cell-cycle exit[END_REF]. Interestingly, in vivo experiments on CD81 knockout mice showed similar results, where mice have extremely larger brains, 30% much larger than wild types, and that comes from the increase in the number of microglia and astrocytes population [START_REF] Geisert | Increased brain size and glial cell number in CD81-null mice[END_REF]. Furthermore, in the context of injuries requiring neuronal reconstruction, the use of anti-CD81 allows faster and more efficient tissue sparing, leading to functional recovery of injured spinal cords in rats [START_REF] Dijkstra | Intraspinal administration of an antibody against CD81 enhances functional recovery and tissue sparing after experimental spinal cord injury[END_REF].

Moreover, tetraspanin CD9 is detected in human nervous tissue, it is expressed on microglia [START_REF] Reynolds | Transmigration of Tetraspanin 2 (Tspan2) siRNA Via Microglia Derived Exosomes across the Blood Brain Barrier Modifies the Production of Immune Mediators by Microglia Cells[END_REF] and plays an important role in maintaining the myelin sheath [START_REF] Nakamura | Expression and distribution of CD9 in myelin of the central and peripheral nervous systems[END_REF].

Another tetraspanin involved in nervous system, the CD63, that proved to play a role in neural stem cells adhesion and migration (S. Y. Lee et al., 2014).

Other studies showed the importance of Tetraspanin 5 (Tspan-5) in the maturation process of dendritic spine, which is a small protrusion of a neuron that receives and transmit signals from an axon at the synapse [START_REF] Moretto | TSPAN5 Enriched Microdomains Provide a Platform for Dendritic Spine Maturation through Neuroligin-1 Clustering[END_REF].

Involvement of tetraspanins in cancer and the immune system Cancer

Among the various functions fulfilled by tetraspanins, some of them have proven to play a major role in cancer, with the most prominent ones CD9 and CD151 [START_REF] Wang | Tetraspanin protein contributions to cancer[END_REF].

Regulation of adhesion and migration by tetraspanins affects cancer tumors. Tetraspanins' ability to regulate metastatic progression has been extensively described in vitro by experiments using monoclonal antibodies blocking cell proliferation or altering the expression of tetraspanins. In the case of primary tumors, few effects have been described. However, the tetraspanin CD151 is considered to be the first to promote the metastasis process (Yang et al., 2008, p. 151), since most of the tetraspanins are known to downregulate this process [START_REF] Testa | Eukaryotic expression cloning with an antimetastatic monoclonal antibody identifies a tetraspanin (PETA-3/CD151) as an effector of human tumor cell migration and metastasis[END_REF]. While more recently, targeting CD81 proved also to be a breast cancer and metastases inhibitor, highlighting the role of CD81 in cancer progression [START_REF] Vences-Catalán | Targeting the tetraspanin CD81 reduces cancer invasion and metastasis[END_REF].

Moreover, cell migration and adhesion are particularly important in the metastatic phase and consequently the tetraspanins that regulate them may also play an important role in this process.

Indeed, studies have shown that transfection with CD82 and CD9 decreased cell migration, while transfection with CD151 enhanced migration (L. [START_REF] Liu | Tetraspanin CD151 promotes cell migration by regulating integrin trafficking[END_REF]Sridhar & Miranti, 2006, p. 82;[START_REF] Testa | Eukaryotic expression cloning with an antimetastatic monoclonal antibody identifies a tetraspanin (PETA-3/CD151) as an effector of human tumor cell migration and metastasis[END_REF].

Consequently, CD82 and CD9 showed to be factors that strongly inhibit the formation of metastases. So targeting these two tetraspanins with specific antibodies seems to activate the anti-migration effect (Charrin et al., 2009).

But interestingly, CD9 has been shown to promote progression in prostate cancer, osteosarcoma and breast cancer, even though it was downregulated in most other cancers [START_REF] Detchokul | Tetraspanins as regulators of the tumour microenvironment: Implications for metastasis and therapeutic strategies[END_REF]. The dual anti-oncogenic and pro-metastatic role of tetraspanins is the subject of ongoing research [START_REF] Titu | Tetraspanins: Physiology, Colorectal Cancer Development, and Nanomediated Applications[END_REF].

In addition, a recent study has suggested that CD9 may be a novel biomarker for Leukaemic stem cells responsible for acute myeloid leukaemia (which is the cancer of blood and bone marrow). CD9 (-) cells showed greater susceptibility to chemotherapy drugs and less migration ability, however CD9(+) cells were able to promote leukaemia growth by reconstituting human acute myeloid leukaemia in immunocompromised mice (Y. [START_REF] Liu | CD9, a potential leukemia stem cell marker, regulates drug resistance and leukemia development in acute myeloid leukemia[END_REF].

The immune system

Many molecules are known to interact with tetraspanins, among them membrane proteins like integrins, B-cells and T-cells receptors (BCR and TCR respectively), MHC (major histocompatibility complex) class I and II, and co-receptors such as CD2, CD3, CD4, CD8 and CD19 (Boucheix & Rubinstein, 2001;Charrin et al., 2014). Also included in the microdomains of tetraspanins are signaling molecules like phosphatidylinositol 4-kinase (PI4-k) and isoforms of protein kinase C (PKC) [START_REF] Tarrant | Tetraspanins: Molecular organisers of the leukocyte surface[END_REF].

Antigen-presenting cells lacking tetraspanin microdomains present a lower capacity to activate CD4+ T cells [START_REF] Kropshofer | Tetraspan microdomains distinct from lipid rafts enrich select peptide-MHC class II complexes[END_REF].

Examples of tetraspanins associated with the peptide-presenting molecules of MHC I and II, are CD9, CD37, CD53, CD81 and CD82. Tetraspanin CD63 associates with MHC II molecules in intracellular vesicles, knowing that CD63 is a marker of lysosomes and early endocytic vesicles (Pols & Klumperman, 2009).

Thus, tetraspanins such as CD9, CD63, CD81 and CD82 are known for their ability to stimulate T cells, however CD151-null mice do not show an inhibition in the proliferative capacity of these cells, but in the opposite way, cells were more proliferative than average and knocked-out mice were healthy, normal and fertile [START_REF] Wright | Tetraspanin microdomains in immune cell signalling and malignant disease[END_REF]. In addition, this hyperproliferative T-cell phenotype is also observed in three other tetraspanins knock-outs: CD81 [START_REF] Miyazaki | Normal development but differentially altered proliferative responses of lymphocytes in mice lacking CD81[END_REF]), CD37 (van Spriel et al., 2004, p. 37), and Tssc6 (Tarrant et al., 2002, p. 6).

Additionally, despite CD9 expression on T and B lymphocytes, CD9 deficiency did not lead to important perturbations in the immune system, in T and B cells subpopulations as well as lymphoid organs did not show any abnormality (Boucheix & Rubinstein, 2001).

Interestingly, mice lacking CD37, which is a tetraspanin expressed in mature B cells, showed an inhibited humoral response to T-cell-dependent antigens, suggesting an important role of CD37 in B and T cell interactions [START_REF] Knobeloch | Targeted inactivation of the tetraspanin CD37 impairs T-cell-dependent B-cell response under suboptimal costimulatory conditions[END_REF].
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Chapter 7. The role of tetraspanins in bacterial infections

Tetraspanins are not only involved in physiological functions, but also play a major role in host cell invasion by viruses, parasites and fungi (Florin & Lang, 2018;[START_REF] Monk | Tetraspanins: Gateways for infection[END_REF]Robert et al., 2021;van Spriel & Figdor, 2010) .

The role of these proteins in bacterial invasion inside host cells has been extensively studied recently. In our review presented below, we have described the structure of these human membrane-anchored receptors, their ability to form TEMs, and finally, we have summarized how bacteria exploit the various tetraspanins to reach and reside in host cells.

73 mainly on viruses and parasites, it is now becoming clear that bacteria interact with tetraspanins, using TEM as a "gateway" to infection. In this review, we examine the biological functions of tetraspanins that are relevant to bacterial infective procedures and consider the available data that reveal how different bacteria benefit from host cell tetraspanins in infection and in the pathogenesis of diseases. We will also emphasise the stimulating potentials of targeting tetraspanins for preventing bacterial infectious diseases, using specific neutralising antibodies or anti-adhesion peptide-based therapies. Such innovative therapeutic opportunities may deliver alternatives for fighting difficult-to-manage and drug-resistant bacterial pathogens.
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| INTRODUCTION

Tetraspanins (Tspans) belong to a family of membrane proteins comprising 33 members in humans (Lang & Hochheimer, 2020), which have arisen as bona fide coordinators of microdomains in the plasma membrane (Kummer et al., 2020). Tspans contain four α-helical transmembrane (TM) regions (TM1-TM4), two extracellular loops comprising a small loop (SEL) and a large loop (LEL), and three cytoplasmic (CP) regions, (N-terminus, C-terminus and a short loop that connects TM2 and TM3) [START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]Umeda et al., 2020). These topological domains contribute in a different way to the assembly of Tspans and to their aptitude to undergo intramolecular and intermolecular connections [START_REF] Van Deventer | Molecular interactions shaping the tetraspanin web[END_REF]. The LEL is, for instance, involved in heterophilic interactions with other proteins, orchestrating the specificities underling these interactions and mediating Tspan dimerization (Kitadokoro et al., 2001a;Termini and Gillette, 2017). The assembly of protein complexes to so-called Tspan-Enriched Microdomains (TEM) in the plasma membrane is most likely the principal biological function of Tspans (Kummer et al., 2020).

TEMs inflect numerous miscellaneous biological processes, including signal transduction, cell-cell communication, immunoregulation, tumorigenesis, cell adhesion, migration, growth and differentiation.

Interestingly, Tspans appear also to play an important role in several important infectious diseases. Perhaps the most telling example is CD81, which is essential for the entry of the hepatitis C virus. CD81 serves as the receptor for the viral glycoprotein E2 of HCV, which binds to its LEL [START_REF] Tian | Interaction of hepatitis C virus envelope glycoprotein E2 with the large extracellular loop of tupaia CD81[END_REF]. Plasmodium infection requires also the presence of CD81 to enter hepatocytes (Silvie et al., 2003;[START_REF] Manzoni | Plasmodium P36 determines host cell receptor usage during sporozoite invasion[END_REF]. Besides viruses and apicomplexan parasites, strong evidence is now emerging that some pathogenic bacteria may also utilize Tspans as a means of adhering to and entering host cells.

The involvement of Tspans in viral and parasitic infections is well documented in the literature, has been the subject of many excellent reviews [START_REF] Fast | Tetraspanins in infections by human cytomegalo-and papillomaviruses[END_REF]Florin & Lang, 2018;[START_REF] Gerold | Hepatitis C virus entry: Protein interactions and fusion determinants governing productive hepatocyte invasion[END_REF]Hantak, Qing, Earnest, & Gallagher, 2019;[START_REF] Suárez | Tetraspanins, another piece in the HIV-1 replication puzzle[END_REF] and will not be presented here. However, the importance of Tspans in bacterial infections remains a growing subject and will be the main focus of this review.

| STRUCTURE OF TETRASPANINS

Tspans are small transmembrane proteins harbouring up to 350 amino acids, which slightly protrude from the membrane (3-5 nm), with cytoplasmic ends, and whose four TM domains delimit two extracellular loops of unequal size (SEL and LEL, for Small and Large Extracellular Loop) and three short cytoplasmic segments (Figure 1a) (Boucheix & Rubinstein, 2001;Charrin, Jouannet, Boucheix, & Rubinstein, 2014). Crystallographic analyses of the LEL from CD81 (Kitadokoro, Bordo, et al., 2001;Kitadokoro, Galli, et al., 2001) and of the entire CD81 and CD9 proteins revealed structural characteristics, in particular the cone-like molecular shape they adopt [START_REF] Seigneuret | Complete predicted three-dimensional structure of the facilitator transmembrane protein and hepatitis C virus receptor CD81: Conserved and variable structural domains in the tetraspanin superfamily[END_REF]Umeda et al., 2020;[START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF].

| The large extracellular loop

Located between TM3 and TM4, this large extracellular domain extends over the central cavity formed by the four TM domains (Figure 1a) (Umeda et al., 2020;[START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]. This region is made up of two subdomains, namely a so-called constant domain composed of three helices α (A, B, E), structurally preserved although its sequence varies according to the Tspan; and a domain with a variable structure (Figure 1a). The latter domain contains, despite its high variability, four cysteines conserved in all Tspans (knowing that some may have more), which are the support of two disulfide bridges enabling the tertiary structure of the protein to be maintained [START_REF] Seigneuret | Complete predicted three-dimensional structure of the facilitator transmembrane protein and hepatitis C virus receptor CD81: Conserved and variable structural domains in the tetraspanin superfamily[END_REF].

| The small extracellular loop

This small domain located between TM1 and TM2 is less well described than the LEL because it does not have a structure with a detectable electron density map in crystallisation studies (Figure 1a) [START_REF] Seigneuret | Complete predicted three-dimensional structure of the facilitator transmembrane protein and hepatitis C virus receptor CD81: Conserved and variable structural domains in the tetraspanin superfamily[END_REF][START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]. Recently, the structure of LEL could be modelled (Umeda et al., 2020) 

| Four transmembrane domains

Composed of α helices, these TM domains are distinguished by the presence of preserved polarised residues (asparagine, glutamine and glutamic acid), atypical for this type of environment. It has been proposed that these residues may stabilise TM domains and play a role in interactions between Tspans and their partners [START_REF] Seigneuret | Complete predicted three-dimensional structure of the facilitator transmembrane protein and hepatitis C virus receptor CD81: Conserved and variable structural domains in the tetraspanin superfamily[END_REF]Umeda et al., 2020;[START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]. For greater stability, the cysteines present in the TMs are modified by palmitoylation and serve to stabilise the TMs bundle in the lipid membrane at the intracellular end (Umeda et al., 2020). The solved crystal structures (Umeda et al., 2020;[START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF] reported two pairs of independent TM domains, getting closer on the cytoplasmic side but deviating strongly on the extracellular side, creating a large central cavity inside the intramembranous region occupied by a cholesterol molecule (Figure 1a) (Umeda et al., 2020;[START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]. In CD81, an in-depth amino acid analysis identified 13 hydrophobic residues accepting this cholesterol (preserved in 27 out of the 33 human Tspans) in addition to the amino acid E219 whose mutation is associated with a 50% loss of in the interaction between cholesterol and TM4 [START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]. The position of the LEL domain is variable and can adopt two conformations: a "closed" conformation where the large loop interacts with SEL and each pair of transmembrane domains and an "open" conformation where interactions with TM1 and TM2 no longer take place and where the "cap" is lifted and gains in flexibility. Only the closed conformation appears compatible with the presence of cholesterol in the pocket, presumably playing a stabilising role to maintain the closed conformation of CD81 [START_REF] Zimmerman | Crystal structure of a full-length human tetraspanin reveals a cholesterol-binding pocket[END_REF]. In contrast, in CD9, spontaneous transitions between the open and closed conformations occur even in the absence of cholesterol. Consistently, the critical amino acid for the cholesterol binding (E219 in CD81) is replaced with E210 in CD9 (Umeda et al., 2020).

| Cytoplasmic segments

These cytoplasmic domains can be either palmitoylated (CD9, CD63, CD81, CD82 and CD151) or ubiquitinylated (CD81, CD82 and CD151) (Charrin et al., 2009;Charrin et al., 2014). Of note, these domains may also interact with various protein complexes involved in internalisation, sorting and degradation pathways [START_REF] Latysheva | Syntenin-1 is a new component of tetraspanin-enriched microdomains: Mechanisms and consequences of the interaction of syntenin-1 with CD63[END_REF][START_REF] Tejera | CD81 regulates cell migration through its association with Rac GTPase[END_REF]. To add new insights into the function of Tspans, pull-down and FRET studies were carried out to identify potential partner molecules with which Tspans can associate. These approaches coupled with mass spectrometry led to the identification of several hundreds of protein partners (Boucheix & Rubinstein, 2001;[START_REF] Charrin | The major CD9 and CD81 molecular partner. Identification and characterization of the complexes[END_REF]Charrin et al., , 2009;;[START_REF] Jouannet | TspanC8 tetraspanins differentially regulate the cleavage of ADAM10 substrates, Notch activation and ADAM10 membrane compartmentalization[END_REF][START_REF] Kovalenko | Structural organization and interactions of transmembrane domains in tetraspanin proteins[END_REF][START_REF] Perez-Hernandez | The intracellular interactome of tetraspanin-enriched microdomains reveals their function as sorting machineries toward exosomes[END_REF][START_REF] Serru | Selective tetraspan-integrin complexes (CD81/alpha4beta1, CD151/alpha3beta1, CD151/alpha6beta1) under conditions disrupting tetraspan interactions[END_REF]Termini & Gillette, 2017), allowing speculation that TEMs act as compartmentalising platforms, connecting receptors to signalling cascades and to the cytoskeleton. In this regard, Tspans associate with a large number of interacting partners including cytoskeleton proteins, nucleic acidbinding proteins, ribosomal proteins, Ras-related proteins, cell signalling proteins, membrane receptors, trafficking-and vesicle-related proteins, processing proteins, transmembrane receptors and ion transport channels [START_REF] Perez-Hernandez | The intracellular interactome of tetraspanin-enriched microdomains reveals their function as sorting machineries toward exosomes[END_REF]Termini & Gillette, 2017). Tspans can also interact with each other, but these interactions are relatively weak because they are only maintained in the presence of low-strength detergents [START_REF] Charrin | Multiple levels of interactions within the tetraspanin web[END_REF]. The model that arises from "network of tetraspanin interactions" proposes strong interactions within so-called primary complexes, formed by a single Tspan and a very small number of partner proteins [START_REF] Serru | Selective tetraspan-integrin complexes (CD81/alpha4beta1, CD151/alpha3beta1, CD151/alpha6beta1) under conditions disrupting tetraspan interactions[END_REF][START_REF] Yauch | Highly stoichiometric, stable, and specific association of integrin alpha3beta1 with CD151 provides a major link to phosphatidylinositol 4-kinase, and may regulate cell migration[END_REF], but also interactions between different primary complexes via Tspan-Tspan interactions, thus forming the secondary complexes, organising a broader network of interactions (Boucheix & Rubinstein, 2001;Charrin et al., 2009). In some cases, these interactions within primary complexes are carried by chemical bonds, creating inseparable protein complexes, such as for example the pairing of uroplakins or the interaction between CD151 and integrins α3β1 [START_REF] Levy | Protein-protein interactions in the tetraspanin web[END_REF] (Figure 1b). Tspans can interact with their interactants via several domains [START_REF] Van Deventer | Molecular interactions shaping the tetraspanin web[END_REF]. Apart from proteins, Tspans can also interact with lipids, such as gangliosides or cholesterol (Charrin et al., 2009;[START_REF] Kovalenko | Structural organization and interactions of transmembrane domains in tetraspanin proteins[END_REF]Silvie et al., 2006).

| TETRASPANIN-DEPENDENT INVASION AND COLONISATION OF HOST CELLS BY BACTERIAL PATHOGENS

Apart from their role in many cellular processes, there is now accumulating data pointing to a prominent role of Tspans in the pathogenesis of bacterial infectious diseases. The different mechanisms that underlie Tspan involvement in microbial infection of host cells are described below.

| Aeromonas hydrophila

Aeromonas hydrophila is an ubiquitous aquatic bacterium, most commonly isolated from diseased aquatic organisms [START_REF] Igbinosa | Emerging Aeromonas species infections and their significance in public health[END_REF]. The differentially expressed genes were investigated after an A. hydrophila experimental infection of the Chinese soft-shelled turtle. This led to the discovery that CD9 gene expression was induced in infected tissues, suggesting that CD9 may participate in the anti-bacterial response of turtle against A. hydrophila (X. [START_REF] Zhou | Identification and characterization of the first reptilian CD9, and its expression analysis in response to bacterial infection[END_REF][START_REF] Zhou | Identification of differentially expressed immune-relevant genes in Chinese soft-shelled turtle (Trionyx sinensis) infected with Aeromonas hydrophila[END_REF]. Another recent study reported a significantly increased expression of Tspan8 gene in various tissues of infected prawns. Interestingly, the percentage of cell apoptosis was significantly decreased in prawns injected with Tspan8 LEL peptides pre-incubated-A. hydrophila (with A. hydrophila previously incubated with Tspan8 LEL peptides). These findings suggest that Tspan8 is either involved in the innate immune response of the prawn and/or is required for bacterial invasion into the prawn [START_REF] Zhu | Involvement of tetraspanin 8 in the innate immune response of the giant prawn, Macrobrachium rosenbergii[END_REF].

| Burkholderia species

Burkholderia pseudomallei, a facultative intracellular pathogen, is the causative agent of melioidosis. The bacteria can invade a wide range of tissues leading to pneumonia, septicemia, abscesses, acute pyelonephritis, osteomyelitis, and encephalitis [START_REF] Wiersinga | Melioidosis. Nature Reviews[END_REF]. The bacterium is capable of inducing the formation of multinucleated giant cell (MNGC), a protective structure that contributes to bacterial pathogenicity, facilitates cell-to-cell spread, contributes to immune system evasion and protection against antibiotics [START_REF] Kespichayawattana | Burkholderia pseudomallei induces cell fusion and actin-associated membrane protrusion: A possible mechanism for cell-to-cell spreading[END_REF]. MNGC formation can also be induced similarly in the mildly pathogenic and closely related species, Burkholderia thailandensis [START_REF] Wand | Macrophage and Galleria mellonella infection models reflect the virulence of naturally occurring isolates of B. pseudomallei, B. thailandensis and B. oklahomensis[END_REF]. Given that Tpsans are known to be involved in MNGC formation and in many types of cell-to-cell fusion processes, their role in MNGC formation induced by B. thailandensis was investigated in murine macrophage cell lines. Monoclonal antibodies directed against CD9 or CD81 enhanced MNGC formation induced by B. thailandensis and an increase in the percentage of fused cells as well as in MNGC size for anti-CD81 were observed. In addition, a significant increase in the bacterially induced cell-to-cell fusion enhancing MNGC formation was apparent in CD9 null mouse macrophages, whereas the MNGC formation decreased in cells overexpressing CD9. These findings indicate that CD9 and CD81 act as negative regulators by preventing cell-to-cell fusion process and therefore the formation of MNGC structures (Figure 2A) [START_REF] Elgawidi | A role for tetraspanin proteins in regulating fusion induced by Burkholderia thailandensis[END_REF]. Future studies are now required to understand how 

| Coxiella burnetii

Coxiella burnetii is an obligate intracellular pathogen, infecting a range of host organisms and causing the Q fever that can last for several F I G U R E 2 Legend on next page.

weeks [START_REF] Eldin | From Q fever to Coxiella burnetii infection: A paradigm change[END_REF]. Following C. burnetii internalisation, the bacterium replicates within a large parasitophorous vacuole (PV) resembling the host phagolysosome and this step is crucial for pathogenesis [START_REF] Howe | Coxiella burnetii phase I and II variants replicate with similar kinetics in degradative phagolysosome-like compartments of human macrophages[END_REF]. CD63 (LAMP3) is primarily located in late endosomes and lysosomes and, accordingly, CD63 abundance can be used as a general measure of the size of the endolysosomal system (Pols & Klumperman, 2009). In C. burnetii-infected cells, the quantification of fluorescent transferrin internalised by infected cells indicated that bacterial growth, PV biogenesis, maturation and enlargement are associated with an expansion of the endolysosomal compartments, as evidenced by increased cellular expression of CD63 (Figure 2B). This appears beneficial to modulate endolysosomal flux to potentially benefit PV formation and bacteria growth [START_REF] Larson | High-content imaging reveals expansion of the endosomal compartment during Coxiella burnetii parasitophorous vacuole maturation[END_REF].

| Corynebacterium diphtheria

Corynebacterium diphtheria, the causative agent of diphtheria, secretes the diphtheria toxin (DT) responsible for the lesions seen in the disease, leading to an acute illness [START_REF] Murphy | Corynebacterium Diphtheriae. Medical microbiology[END_REF]. It has been reported

that CD9 associates with DT receptor (DTR) and contributes to increase the interaction of DT with DTR (Figure 2C) [START_REF] Mitamura | The 27-kD diphtheria toxin receptor-associated protein (DRAP27) from vero cells is the monkey homologue of human CD9 antigen: Expression of DRAP27 elevates the number of diphtheria toxin receptors on toxin-sensitive cells[END_REF][START_REF] Ryu | Domain analysis of the tetraspanins: Studies of CD9/CD63 chimeric molecules on subcellular localization and upregulation activity for diphtheria toxin binding[END_REF]. Furthermore, overexpression of CD9 enhanced DT binding to cell surface and the cells were more sensitive to DT [START_REF] Brown | Hypersensitivity to diphtheria toxin by mouse cells expressing both diphtheria toxin receptor and CD9 antigen[END_REF]. These results suggest that CD9, plays an important role as a co-receptor for C. diphtheria infection [START_REF] Cha | Cell surface monkey CD9 antigen is a coreceptor that increases diphtheria toxin sensitivity and diphtheria toxin receptor affinity[END_REF][START_REF] Hasuwa | CD9 amino acids critical for upregulation of diphtheria toxin binding[END_REF].

| Chlamydia

Chlamydia is an obligate intracellular bacterial pathogen responsible of a wide range of diseases, including the sexually transmitted infection caused by Chlamydia trachomatis, also causing the common blinding trachoma [START_REF] Taylor | Trachoma[END_REF]. Chlamydia replicate within a cellular vacuole known as an inclusion body, where they acquire from the host cell the factors necessary for survival [START_REF] Wylie | Host cell phospholipids are trafficked to and then modified by Chlamydia trachomatis[END_REF]. A study identified a trafficking pathway from CD63-positive multivesicular bodies (MVBs) to the inclusion bodies containing Chlamydia. The interaction between CD63-positive MVBs and the Chlamydia-containing inclusion bodies provides lipids, amino acids, nucleotides and other precursors necessary for the maintenance of the bacterial infection (Figure 2D). Disruption of the trafficking from CD63-positive MVBs to inclusion bodies, disturbed the maturation of the chlamydial inclusion bodies (Beatty, 2006). However, a following contradictory study showed that interfering with CD63 function did neither affect chlamydial development nor the interaction between MVBs and the inclusion bodies.

These results suggest that CD63 itself was not required for the interaction, but rather acts as constituent in the transport between MVBs and inclusions [START_REF] Beatty | Late endocytic multivesicular bodies intersect the chlamydial inclusion in the absence of CD63[END_REF].

| Escherichia coli

Uropathogenic Escherichia coli (UPEC) is the primary agent responsible for urinary tract infections (UTIs), and among the few recognised direct interactions between a bacterium and Tspan is that between UPEC and uroplakin 1a [START_REF] Svanborg | Bacterial virulence in urinary tract infection[END_REF][START_REF] Wu | In vitro binding of type 1-fimbriated Escherichia coli to uroplakins Ia and Ib: Relation to urinary tract infections[END_REF]. It has been shown that Uroplakin 1a (Tspan21) and uroplakin 1b (Tspan20), together with uroplakin 2 and 3a form a receptor complex which is assembled into a crystal-like structure covering most of the epithelia of the urinary tract [START_REF] Wu | Uroplakins in urothelial biology, function, and disease[END_REF]. The best characterised bacterial adhesion is the type 1 fimbrial FimH adhesion. FimH is a bacterial adhesion that helps bacteria such as E. coli to bind to host cells receptors (the human proteins CD48 and TLR4, or mannose residues) [START_REF] Kline | Bacterial adhesins in host-microbe interactions[END_REF]. Through the uroplakin-complex structure, FimH, a mannose-specific lectin existing at the tip of type 1 fimbriae of UPEC, binds to the sugar chain of Tspan21 present at the epithelial surface to enable adhesion of UPEC and consequently caused UTI (Figure 2E) [START_REF] Lewis | Invasion of host cells and tissues by uropathogenic bacteria[END_REF][START_REF] Sauer | Catch-bond mechanism of the bacterial adhesin FimH[END_REF][START_REF] Zhou | Uroplakin Ia is the urothelial receptor for uropathogenic Escherichia coli: Evidence from in vitro FimH binding[END_REF].

F I G U R E 2 Schematic
Besides, other Tspans are also involved in E. coli infection. A study confirmed the recruitment of CD82 to phagosomes containing E. coli, implying a role for CD82 in the intracellular trafficking of small pathogen-associated molecules such as lipopolysaccharide (LPS) (Artavanis-Tsakonas et al., 2011). Interestingly, interfering with CD9, CD63 and CD151 functions significantly reduced the adhesion of E. coli to human epithelial cells, highlighting the important function for Tspans in E. coli adherence (Figure 2F) (Green et al., 2011). Another work conducted with Enteropathogenic E. coli (EPEC)

suggests that the bacterial effector EspH recruits CD81 to the infection site where they associate in an early phase of the infection.

EspH then exits the membrane platform in order to suppress phosphorylation of Erk (pErk). This activity is essential to facilitate bacterial survival and dissemination in the gut, by inhibiting the innate immunity or promoting host cytotoxicity, whereby CD81 plays a crucial role in the extracellular-signal-regulated kinase (ERK) signalling pathway (Figure 2G) [START_REF] Ramachandran | EspH suppresses Erk by spatial segregation from CD81 tetraspanin microdomains[END_REF].

| Listeria monocytogenes

Listeria monocytogenes is an intracellular food-borne pathogen responsible for listeriosis, which can lead to gastroenteritis in immunocompromised individuals, abortion, and meningitis in newborns [START_REF] Cossart | Listeria monocytogenes, a unique model in infection biology: An overview[END_REF]. The bacterium invades epithelial cells by association with two host cell receptors: E-cadherin and the hepatocyte growth factor receptor Met [START_REF] Pizarro-Cerdá | Bacterial adhesion and entry into host cells[END_REF]. In addition, type II phosphatidylinositol kinases 4 (PI4KII) isoforms α and β have been shown to play a key role in Listeria invasion [START_REF] Pizarro-Cerdá | Type II phosphatidylinositol 4-kinases promote Listeria monocytogenes entry into target cells[END_REF]. CD9, CD63 and CD81 have been found to act as molecular partners and form complexes with PI4KIIα [START_REF] Yauch | Specific interactions among transmembrane 4 superfamily (TM4SF) proteins and phosphoinositide 4-kinase[END_REF].

Thus, the role of Tspans as molecular adaptors for PI4KIIα in Listeria host cell invasion was investigated. The results indicate that CD9, CD63 and CD81 are recruited to the entry site of Listeria, and that they interact directly with PI4KIIα. However, only the knock-down of CD81 by siRNA disturbs the recruitment of PI4KIIα to the entry site of Listeria and, consequently, prevents bacterial invasion (Figure 2H) (Tham et al., 2010). In addition, a more recent study emphasised the role of CD81 in Listeria infection in vivo whereby CD81 -/-knock-out mice were less susceptible than wild-type mice to infection and were able to control bacterial growth more efficiently (Martínez del Hoyo et al., 2015).

| Mycobacterium tuberculosis

This highly pathogenic organism responsible for tuberculosis (TB) is causing 1.3 million deaths per year worldwide and is able to survive and replicate inside phagosomes of host cells by inhibiting the phagolysosome fusion [START_REF] Clemens | Characterization of the Mycobacterium tuberculosis phagosome and evidence that phagosomal maturation is inhibited[END_REF]. It has been demonstrated that CD63 is recruited to the majority of Mycobacterium tuberculosis-containing phagosomes and that M. tuberculosis phagosomes fuse with CD63-positive lysosomal vesicles in order to escape killing activity while acquiring nutrients (Figure 2I) [START_REF] Seto | Differential recruitment of CD63 and Rab7-interacting-lysosomal-protein to phagosomes containing Mycobacterium tuberculosis in macrophages[END_REF]. Recently, another facet of Tspans in TB has been revealed. Two studies aimed at identifying human genetic factors that promote TB infectivity conducted to the selection of CD53 as a determinant that facilitates M. tuberculosis infection and survival [START_REF] Jin | Association between CD53 genetic polymorphisms and tuberculosis cases[END_REF][START_REF] Omae | Pathogen lineagebased genome-wide association study identified CD53 as susceptible locus in tuberculosis[END_REF]. The first study demonstrated that over-expression of CD53 attenuates the inflammatory response and efficiently protects infected cells against apoptosis and necrosis, thus favouring the transmission of the bacilli from infected cells to non-infected cells [START_REF] Omae | Pathogen lineagebased genome-wide association study identified CD53 as susceptible locus in tuberculosis[END_REF]. Subsequently, the second study showed that single nucleotide polymorphisms (SNPs) affect the expression of CD53 and may abrogate signal transduction by the JNK pathway. As a result, the production of pro-inflammatory cytokines that are involved in protective immune responses against TB and that also protect host cells from apoptosis or inflammation is blocked, thus increasing susceptibility to TB by favouring M. tuberculosis survival [START_REF] Jin | Association between CD53 genetic polymorphisms and tuberculosis cases[END_REF]. Moreover, M. tuberculosis employs another way to survive intracellularly within macrophages by maintaining the expression of CD82. Indeed, virulent strains of M. tuberculosis have the ability to maintain the formation of the CD82/RUNX1 molecular complex to prevent the maturation of phagosomes and their fusion with lysosomes (Figure 2I). This molecular mechanism will block bacterial degradation, inhibit anti-mycobacterial inflammatory responses and promote the persistence and survival of the bacilli in macrophages [START_REF] Koh | CD82 hypomethylation is essential for tuberculosis pathogenesis via regulation of RUNX1-Rab5/22[END_REF]. 2015). Many adhesins on the surface of S. aureus allow the bacteria to adhere tightly to host cell surface receptors, such as fibronectin, scavenger receptors and surface expressed chaperones (Alva-Murillo, López-Meza, & Ochoa-Zarzosa, 2014;[START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF]. Interestingly, anti-tetraspanin antibodies and LEL proteins reduce S. aureus adhesion to host cells, and more recently, it was found that the short peptides derived from the LEL domain of CD9 could reduce S. aureus adhesion to epithelial cell lines, primary keratinocytes and 3D tissue engineered model of the human skin (Figure 2F) (Green et al., 2011;[START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF]. Apart from host cell invasion, Tspan C8 contributes to the spread of S. aureus by promoting the trafficking of ADAM10 from the endoplasmic reticulum to host cell surface [START_REF] Eschenbrenner | TspanC8 tetraspanins differentially regulate ADAM10 endocytosis and half-life[END_REF].

| Neisseria meningitidis

In fact, S. aureus secretes an α-toxin that interacts with and activates the metalloprotease ADAM10, which has been shown to be a receptor for bacteria α-toxin (Figure 2J) [START_REF] Virreira Winter | Genome-wide CRISPR screen reveals novel host factors required for Staphylococcus aureus α-hemolysin-mediated toxicity[END_REF]. Consequently, ADAM10 cleaves cadherins present on epithelial and endothelial cells, thus disrupting the barrier and leading to tissue damage and spread of the bacteria (Figure 2J) [START_REF] Koo | The tetraspanin Tspan15 is an essential subunit of an ADAM10 scissor complex[END_REF].

| Streptococcus pneumoniae

Infection by Streptococcus pneumoniae can present in a number of ways, including pneumonia, meningitis and sepsis and these infections are associated with high levels of both morbidity and mortality [START_REF] Ferreira-Coimbra | Burden of communityacquired pneumonia and unmet clinical needs[END_REF]. Colonisation of target cells by S. pneumoniae begins with an initial association based on bacterial pili that can recognise glycoconjugates on the cell surface [START_REF] Weiser | Streptococcus pneumoniae: Transmission, colonization and invasion[END_REF]. This involves a plethora of bacterial adhesins known to bind to components of the extracellular matrix, such as fibronectin and plasminogen [START_REF] Weiser | Streptococcus pneumoniae: Transmission, colonization and invasion[END_REF]. Once associated, pneumococci recruit host cell factors and create adhesion platforms containing Tspans in their organisation. Consequently, the role of Tspans in S. pneumoniae adherence to epithelial cells was investigated (Green et al., 2011). Pretreatment of epithelial cells by antibodies raised against CD9, CD63 and CD151, or using recombinant LEL proteins significantly reduced bacterial adherence to epithelial cells (Figure 2F). These results support the importance of Tspans in adherence of S. pneumoniae to epithelial cells.

| Salmonella typhimurium

The two essential steps for Salmonella infection are adhesion to cells and invasion [START_REF] Larock | Salmonellae interactions with host processes[END_REF]. Since it has been demonstrated that Tspans are involved in the adhesion of many different microorganisms (Green et al., 2011), their role in the interaction between Salmonella typhimurium and human macrophages has been addressed. Monoclonal antibodies and recombinant proteins corresponding to the LEL region of CD9, CD37, CD63, CD81 and CD151 were used. While recombinant proteins reduced binding of S. typhimurium to macrophages by 50%, monoclonal antibodies showed varying results, with some enhancing (CD37) and others inhibiting (CD63 and CD81) adhesion. Knockdown of CD63 by siRNA treatment or using monoclonal antibodies against CD63 greatly reduced bacterial adhesion to macrophages, emphasising the importance of CD63 in Salmonella pathogenesis (Figure 2F) (Hassuna, Monk, Ali, Read, & Partridge, 2017).

Other studies have unravelled two distinct functions of a protein designated PERP (p53 apoptosis effector related to PMP-22), which represents an atypical Tspan with an amino acid sequence indicative of a Tspan character [START_REF] Franke | Transmembrane protein PERP is a component of tessellate junctions and of other junctional and nonjunctional plasma membrane regions in diverse epithelial and epithelium-derived cells[END_REF]. On one hand, the PERP protein facilitates the entry of Salmonella through the apical surfaces of epithelial cells. Indeed, Salmonella has been shown to invade the apical surface of epithelial cells, where it secretes and translocates the effector proteins SipC and SipA. These effectors trigger the formation of the exocyst complex which serves as a mediator to increase vesicular trafficking from the endosomes to the plasma membrane. The fused vesicles, as well as PERP, are incorporated into the plasma membrane at the apical surface and provide additional membranes that are essential for the formation of membrane ruffles, thus allowing the invasion of Salmonella [START_REF] Hallstrom | The type three secreted effector SipC regulates the trafficking of PERP during Salmonella infection[END_REF]. On the other hand, the PERP protein contributes to the Salmonella-induced inflammatory response in two distinct, albeit related, steps. In the first step, Salmonella induces increased PERP expression by disrupting endosomal trafficking and preventing its degradation, which will consequently increase the cell supplies of activated caspase-3. In the same guideline, Salmonella secretes the effector protein SipA which will be stabilised and cleaved by caspase-3 at the apical surface following a SipA-dependent accumulation of a protein complex composed at least of PERP, SipA and SipC [START_REF] Hallstrom | PERP, a host tetraspanning membrane protein, is required for Salmonella-induced inflammation[END_REF]. Thus, PERP seems to play a pivotal role in the pathogenesis of Salmonella infection.

| ANTI-ADHESION-BASED THERAPY TO FIGHT AGAINST INFECTIOUS DISEASES

There is growing body of evidence indicating that bacteria have devel- Methods that aim to interrupt interactions between bacterial ligands and their receptors (anti-adhesion strategy) have been used to prevent the attachment of pathogenic bacteria. For example, pili bind to glycosylated surfaces of the urinary tract and glycomimetics have been shown to prevent biofilm formation, bacterial adhesion and invasion of bladder cells [START_REF] Wellens | Intervening with urinary tract infections using anti-adhesives based on the crystal structure of the FimH-oligomannose-3 complex[END_REF]. In this context, Nacetylgalactosaminosides (biphenyl N-acetyl-β-galactosaminoside (29β-NAc)) and mannosides (molecule 4Z269), which bind closely to and inhibit the pilus adhesins FmlH and FimH respectively, significantly reduced UPEC loads in the bladder and kidney in a mouse UTI model [START_REF] Kalas | Structure-based discovery of glycomimetic FmlH ligands as inhibitors of bacterial adhesion during urinary tract infection[END_REF]. Thus, these glycosidic antagonists represent a rational anti-virulence strategy for the treatment of UPEC-mediated urinary tract infections.

Like glycomimetics, short peptides that mimic the interaction between a ligand and a receptor can be used as an efficient strategy to thwart bacteria/host attachment, thus blocking host cell invasion by pathogens and, as a consequence, curtailing bacterial infection [START_REF] Asadi | A review on anti-adhesion therapies of bacterial diseases[END_REF]. However, until recently, the only promising study that investigated the role of Tspan-mimicking peptides in preventing bacterial adhesion to host cells was conducted by [START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF], where peptides derived from the LEL of CD9 reduced the interaction between S. aureus and keratinocytes. At very low concentrations, CD9-LEL synthetic peptides inhibited S. aureus adhesion to skin cells and were effective in a tissue engineered model of human skin infection [START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF]. This peptide-based therapeutic approach is particularly appealing for a use in the clinic since it does not trigger an immune response in the treated individuals and are easily eliminated [START_REF] Gokhale | Peptides and peptidomimetics as immunomodulators[END_REF]. Regarding the anti-tetraspanin therapeutic approach, it has been shown that prophylactic treatment with anti-CD81 antibodies completely protected human liver-uPA-SCID mice (a chimeric mouse model that has been developed, making them permissive to HBV and HCV infections) from a subsequent challenge with HCV consensus strains of different genotypes [START_REF] Meuleman | Anti-CD81 antibodies can prevent a hepatitis C virus infection in vivo[END_REF]. Thus, anti-adhesion therapy based on the use of specific peptides or neutralising antibodies could be exploited clinically against Tspans to treat these serious infectious diseases.

| CONCLUDING REMARKS

One of the unique features of the Tspans is their ability to form a network of multimolecular complexes, the "tetraspanin web." Indeed, it has been shown that these transmembrane proteins are physically associated with a wide variety of partner proteins, such as signalling enzymes, several immunoglobulin superfamily proteins, proteoglycans, complement regulatory proteins, integrins, growth factors, growth factor receptors, and even other Tspans. Several studies combining molecular, biochemical and cellular analyses have highlighted the key roles of distinct Tspans in regulating bacterial infections. However, many unanswered questions remain in relation to the Tspan-dependent molecular mechanisms by which bacteria infect the host and the nature of the underlying signalling pathways that result from this host-pathogen interaction and its restrictive or permissive impact on the outcome of infection. It is likely that a more comprehensive knowledge of the molecular organisation of Tspans in interaction with different bacteria, and in particular the identification of their cognate bacterial ligands, will help to resolve some of these questions. Only one physiological bacterial ligand (FimH) has so far been identified for Tspans. Although it was

shown that host cell entry, assembly and release of various viruses are mediated by the Tspans in a dependent or independent manner (through their partners such as integrins), there is currently no evidence, other than the FimH/Tspan21 complex, that bacteria interact with Tspans directly. The major function of Tspans during bacterial infection may rely on connecting bacterial ligands to additional surface proteins belonging to TEMs platforms, such as integrins [START_REF] Rajan | Enteric species F human adenoviruses use laminin-binding integrins as co-receptors for infection of Ht-29 cells[END_REF][START_REF] Storm | Human adenovirus type 37 uses αVβ1 and α3β1 integrins for infection of human corneal cells[END_REF][START_REF] Terbush | A Kaposi's sarcoma-associated herpesvirus infection mechanism is independent of integrins α3β1, αVβ3, and αVβ5[END_REF]. Thus, fur- 

Objectives of my thesis

The contribution of tetraspanins in invasion and pathogenesis of virulent mycobacteria has not been investigated yet, although among the 33 identified Tspans, CD9, CD63, CD81 and CD151 were reported to participate in the entry of important viral, bacterial and parasite pathogens inside human cells.

Our hypothesis is that tetraspanins are biologically relevant receptors for the internalization of pathogenic mycobacteria. Functional characterization of the tetraspanins, together with their cognate mycobacterial ligands, would further enlighten our understanding of host/pathogen interactions and allow appreciating how these ligands are exploited by mycobacteria to manipulate the host response.

Therefore, during my thesis, we carried out an in-depth study to characterize the in vitro and in cellulo roles of CD81 tetraspanin and its specific mycobacterial ligands in the host cell invasion process.

OBJECTIVE 1. Establishing the contribution of CD81 in the invasion of Mab

To attend our first objective, three different strategies were used to demonstrate the contribution of CD81 tetraspanin in the invasion of macrophages or pneumocytes by Mab.

1-By blocking with neutralizing antibodies, the large extracellular loop of CD81 tetraspanin expressed on the surface of macrophages prior infecting them with Mab 2-By saturating its respective bacterial ligands either in the presence of recombinant GST-CD81-LEL protein or in the presence of synthetic peptides that mimic a small portion of the CD81-LEL 3-By suppressing CD81-LEL in lung epithelial cells using CRISPR-Cas9 strategy

OBJECTIVE 2. Identification and functional characterization of the mycobacterial ligands of CD81 and their role in internalization

Very little is known about the ligands interacting, directly or indirectly, with the Tspan platforms.

Therefore, to accomplish the objectives of the second task, we used several strategies.

1-Tag CD81-LEL with GFP and produce it in Mycobacterium abscessus to be able to perform GFP-Trap pull-down experiments essential for the identification of mycobacterial partners of CD81-LEL by a mass spectrometry approach 2-Validate the interaction between CD81-LEL and putative ligands using the reverse coimmunoprecipitation strategy (using the ligand as a bait to trap the receptor)

3-Coat fluorescent beads with the bacterial ligands and show through specific neutralizing antibodies that the internalization of these beads depends on the CD81 receptor 4-Generate conventional or conditional mutants on the bacterial ligands of CD81 tetraspanin and assess their implications in the process of Mab internalization by human macrophages.
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Mycobacterium abscessus alkylhydroperoxide reductase C promotes cell invasion by binding to CD81 tetraspanin

Jona Karam, Fabien P. Blanchet, Éric Vivès, Prisca Boisguérin, Yves-Marie Boudehen, Laurent Kremer # , Wassim Daher # , submitted.

A growing body of evidence suggests that tetraspanins play an an important role in the entry of a a wide range of pathogens into host cells. Tetraspanin receptors, specifically CD81, promote the invasion of a variety of viruses, including influenza A virus (IAV) [START_REF] Earnest | Coronavirus and Influenza Virus Proteolytic Priming Takes Place in Tetraspanin-Enriched Membrane Microdomains[END_REF][START_REF] He | Dual Function of CD81 in Influenza Virus Uncoating and Budding[END_REF], human papillomavirus (HPV) [START_REF] Spoden | Clathrin-and Caveolin-Independent Entry of Human Papillomavirus Type 16-Involvement of Tetraspanin-Enriched Microdomains (TEMs)[END_REF], human immunodeficiency viruses (HIV) (Suárez et al., 2018) and hepatitis C virus (HCV) [START_REF] Bartosch | Cell Entry of Hepatitis C Virus Requires a Set of Co-receptors That Include the CD81 Tetraspanin and the SR-B1 Scavenger Receptor *[END_REF][START_REF] Grigorov | Hepatitis C virus infection propagates through interactions between Syndecan-1 and CD81 and impacts the hepatocyte glycocalyx[END_REF][START_REF] Pileri | Binding of hepatitis C virus to CD81[END_REF].

The primary receptor of HCV is CD81 tetraspanin, which binds directly to its glycoprotein E2 [START_REF] Pileri | Binding of hepatitis C virus to CD81[END_REF] while also recruiting other co-receptors to form a complex required for HCV endocytosis, including syndecan-1, claudin-1 and scavenger receptor B1 [START_REF] Bartosch | Cell Entry of Hepatitis C Virus Requires a Set of Co-receptors That Include the CD81 Tetraspanin and the SR-B1 Scavenger Receptor *[END_REF][START_REF] Grigorov | Hepatitis C virus infection propagates through interactions between Syndecan-1 and CD81 and impacts the hepatocyte glycocalyx[END_REF][START_REF] Krieger | Inhibition of hepatitis C virus infection by anti-claudin-1 antibodies is mediated by neutralization of E2-CD81-Claudin-1 associations[END_REF].The CD81 tetraspanin also demonstrated its ability to aid in the replicative cycle of these viruses within host cells by facilitating its various stages (Hantak et al., 2019).

CD81 has been shown to be involved in infections caused by the malaria agent, Plasmodium parasites, in addition to its role in viral entry. Malaria is the most common parasitic disease in the world, affecting approximately 40% of the global population [START_REF] Greenwood | Malaria[END_REF]. The tetraspanin CD81 is the only known hepatocyte molecule that plays a role in Plasmodium species infection. Silvie and colleagues showed in 2003 that the presence of CD81 on the surface of hepatocytes is required for Plasmodium falciparum infection in humans and Plasmodium yoelii infection in mice. Indeed, both in vivo and in vitro, CD81-deficient murine hepatocytes were no longer infectable by P. yoelii, whereas CD9-deficient hepatocytes had no effect (Silvie et al., 2003). However, no direct interaction between CD81 and the parasite has been demonstrated, implying that CD81 plays an indirect role in infection (Silvie et al., 2003). Although the precise mechanism is unknown, CD81 may be directly or indirectly involved in the formation of the parasitophorous vacuole, which is required for parasite differentiation while being protected from phagolysosome activity in the host (Silvie et al., 2003(Silvie et al., , 2006[START_REF] Silvie | Alternative invasion pathways for Plasmodium berghei sporozoites[END_REF].

As previously described (Karam et al., 2020), CD81 tetraspanin is involved in the invasion of many viruses, parasites, and bacteria. However, the role of CD81 in the invasion of pathogenic mycobacteria inside human cells has not been studied, as such we decided to work on this subject during my thesis and end up writing the paper presented below.

As previously stated, for the last three years I was working on the role of three human tetraspanins, CD9, CD63, and CD81, in the internalization of M. abscessus. However, we went a step further by focusing on the function of CD81 in particular, as well as determining the cognate adhesin involved in the recognition and interaction of Mycobacterium abscessus and human cells.

To determine whether CD81 plays a role in mycobacterial entry, as it does for many pathogens, several approaches were used, which are detailed in the following manuscript. To begin, we found that neutralizing the large loop of CD81, which is expressed on the surface of macrophages, with a monoclonal anti-tetraspanin antibody prior to infecting them with bacilli significantly reduced Mab host cell invasion. The next strategy was to saturate bacilli with either purified recombinant proteins formed by the fusion of CD81 LEL with GST to compete with the host's tetraspanins, or short peptides derived from the large loop of CD81 to determine the precise region of LEL that interacts with mycobacteria.

Mab internalization inside host cells after saturation was significantly inhibited in both cases, confirming the LEL's interaction with mycobacterial ligands. Furthermore, disruption of CD81-LEL in lung epithelial cells had a strong effect on adhesion and intracellular bacterial load, highlighting the importance of the LEL in mycobacterial entry within host cells. Furthermore, we wanted to identify the CD81 tetraspanin interactant ligands in Mab. So, using CD81-LEL as a bait, we were able to identify, among other interacting proteins, an adhesin that interacts specifically with CD81-LEL and, interestingly, is involved in Mab invasion by promoting its entry inside host cells when overproduced in bacilli.

This adhesin belongs to the antioxidant defense system of mycobacteria and is the Alkylhydroperoxidase subunit C or AhpC. Direct interactions between AhpC and CD81 tetraspanin were demonstrated by performing a "reverse" pull-down where the adhesin is the bait, as well as by performing invasion assays of AhpC-coated fluorescent beads inside macrophages. We observed a drastic decrease in AhpC-coated-beads entry into macrophages that had been previously neutralized with anti-CD81 antibodies compared to un-neutralized cells. Finally, knock-down of the AhpC ligand in Mab led to a remarkable inhibition of bacilli entry confirming the importance of this ligand in the internalization process of mycobacteria.

All of these fascinating findings led to the confirmation that Mab uses CD81 tetraspanin to enter host cells, and that CD81 interacts specifically and directly with AhpC mycobacterial ligand, the first example of a bacterial adhesin interacting with CD81 tetraspanin. Finally, the aforementioned paper is the result of our endeavours.

INTRODUCTION

Non-tuberculous mycobacteria (NTM) are widely distributed in water pipes and soil environment 1 .

They are acquired through the environment and can also be transmitted by aerosolization and subsequent inhalation from one person to another, particularly in immunocompromised individuals or in cystic fibrosis patients 2 . NTM lung disease is becoming more common and accounts for the majority of clinical cases of NTM infection 3 . Despite that NTM infection can affect practically every organ, pulmonary infection remains the most common clinical manifestation 4 . NTM are split into two subspecies based on their growth rate: fast-growing and slow-growing 5 . Among these, Mycobacterium abscessus (Mab) represents the most virulent fast-growing species, responsible for pulmonary and extrapulmonary infections, primarily skin infections, and is commonly associated with nosocomial infections 6 . Mab can infect, survive, and replicate in a variety of cell types 7 . Endothelial epithelial cells, fibroblasts, antigen-presenting cells such as macrophages, dendritic cells, and neutrophils have been identified as potential Mab host cells 8-14 . Mab is found in macrophages where it manages to multiply, in contrast to other fast-growing NTM or non-pathogenic species, which are naturally cleared by macrophages 15-17 . The infection process begins when bacterial products, known as pathogenassociated molecular patterns (PAMP), engage ligation with pattern recognition receptor (PRR), such as Toll-like receptors (TLR) or C-type lectins present in the plasma membrane 18 . PAMP binding activates either permissive or restrictive signaling pathways, which is followed by phagocytosis 19 .

Phagocytosis of mycobacteria usually results in the formation of phagosomes, which mature and eventually fuse with lysosomes to form phagolysosomes, where microbial destruction occurs 20 . Mab not only survives, but also replicates within macrophages, limiting phagosome maturation and, as a result, lysosome fusion 15,21 . Thus, understanding the interactions between the host and the pathogen is crucial for the development of host-directed treatments that can prevent bacterial uptake. However, PRR that contribute to the early interaction between Mab and the macrophage are poorly characterized.

Tetraspanins belong to a superfamily of glycoproteins, which span the membrane four times and possess a small (SEL) and a large extracellular loop (LEL) 22 . These proteins display a wide panel of cellular functions (adhesion, motility, and fusion) and are related to infection by a variety of human pathogens, including viruses, parasites and bacteria 22 . Humans possess 33 tetraspanins, with most cells expressing simultaneously multiple members of this family of proteins 23 . The LEL domains show the largest sequence diversity and are involved in member-specific functions 24 . In addition, LEL domains can be recombinantly produced with a conserved biological activity. Tetraspanin actions are based on their capacity to connect with other molecules present in the membrane, generating functional assemblies known as tetraspanin-enriched microdomains (TEM) 25 . There is mounting evidence that viruses, parasites, and bacteria can bind to and infiltrate host cells using various 99 tetraspanins 22 . CD81 is a hepatitis C virus receptor 26 that can also influence HIV-1 membrane fusion and viral clustering at the viral synapse 27 . It is also necessary for the infection of hepatocytes by Plasmodium 28 . Following infection of epithelial cells by Listeria, CD81 is attracted to the site of bacterial entrance 29 . However, a possible CD81-dependent mechanism underlying mycobacterial entrance into macrophages or lung epithelial cells remains yet to be established.

The goal of this study consisted to stimulate the discovery of a hitherto unknown ligand-receptor interaction that mediates Mab infection in macrophages and lung epithelial cells. We evaluated whether CD81 may represent a PRR that favors the internalization of Mab inside human macrophages and lung epithelial cells. The combination of biochemical and mass spectrometry techniques led to the identification of AhpC as a strong mycobacterial candidate acting as a CD81-specific PAMP. Subsequent genetic studies and cellular biology approaches were conducted to confirm and validate the importance of the CD81/AhpC interaction in promoting the recognition and internalization of Mab by macrophages. The consequences of these findings are important as they open the door to new therapeutic approaches aiming at inhibiting this specific interaction, thereby limiting the outcome of the infection process.

RESULTS

CD81 is required for invasion of macrophages by Mab

Tetraspanin CD81 is expressed on the host cell surface and is identified as a receptor for the hepatitis C virus (HCV) E2 envelope glycoprotein 26 . In addition, Plasmodium yoelii and Plasmodium falciparum sporozoites utilize a specific CD81-dependent pathway to enter hepatocytes 28 . We, thus, addressed whether CD81 is involved in M. abscessus (Mab) uptake, subsequently leading to macrophage infection. The requirement of CD81 for the internalization of Mab by macrophages was suggested using neutralizing monoclonal antibodies specifically directed against CD81-LEL (Figure 1A). Results

show that pre-treatment of human THP-1 cells with the antibodies prior to Mab infection effectively inhibited bacilli invasion of macrophages and significantly reduced the intracellular bacterial burden.

As negative controls, IgG1 isotype or monoclonal antibodies raised against tetraspanins CD82 and CD151, had no impact on Mab uptake by (Figure 1A). Unexpectedly, neutralization of CD81 reduced Mab invasion to the same extent than neutralization of CD43, mannose receptor (MR) and complement receptor 3 (CR3) (Figure 1A), known as major PRR participating in the invasion of Mycobacterium tuberculosis 30-34 . Similar results were obtained when assaying primary human monocyte-derived macrophages (Figure 1B). In parallel, quantification of infected macrophages revealed a marked reduction in the percentage of Mab-containing cells when pre-treated with anti-CD43, MR, CR3, and CD81 antibodies (Figure 1C, 1E, and S1). This was not observed in THP-1 cells either pre-incubated with the IgG1 isotype control, anti-CD82 or anti-CD151 antibodies (Figure 1C and 100 1E). To further assess the consequences of this invasion defect, infected macrophages were classified into three categories at 3 hpi (hours post-infection) based on their bacterial content: weakly infected (<5 bacilli/cell), moderately infected (5-10 bacilli/cell), and heavily infected (>10 bacilli/cell) (Figure 1D). The results indicate that blocking CD81, but not CD151, profoundly increased the proportion of the weakly infected category while reducing the percentage of heavily-infected cells (Figure 1D and1E). Together, this suggests that CD81 is involved in Mab uptake by macrophages.

Peptide competition with CD81-LEL reduces mycobacterial entry into macrophages

To assess whether CD81 acts as a macrophage receptor for the bacilli through its LEL domain, soluble GST-tagged CD81-LEL fusion protein (GST-CD81-LEL) produced in Escherichia coli was used in competition assays with Mab in THP-1 cells. CD151-LEL was also produced and included as a control.

Bacteria were pre-incubated with the two GST-LEL proteins (Figure S2A), separately for 3 h at 37 °C prior to infection. In contrast to GST-CD151-LEL, pre-incubation with GST-CD81-LEL significantly reduced both the intracellular bacterial burden (Figure 2A) and the percentage of Mab-infected THP-1 cells (Figure 2B, 2D, and S2B), relative to the GST control. A marked increase in the proportion of the low-infected macrophage category was also observed when bacilli were pre-incubated with GST-CD81-LEL, but not with GST-CD151-LEL or GST alone (Figure 2C, and2D). This inhibitory effect on bacterial entry was also dose-dependent, supporting both a qualitative and quantitative effect of the fusion protein-mediated competition (Figure 2A, and 2B).

Next, two short peptides (810 and 910) exposed and located between the 3 cysteine residues (Cys157, Cys175 and Cys190) found in CD81-LEL (Figure S3A, and S3B) were synthesized in their linear (SH) or cyclic (SS) forms and tested for their activity to influence Mab uptake by THP-1 cells. A scrambled peptide (SCR), consisting of the same amino acids in random order, was included as an internal control. Mab were pre-incubated with different concentrations of peptides, ranging from 50 µM to 100 µM. Significant reductions in bacterial uptake were observed with both the 810 and 910derived peptides (Figure 2E, 2F, andS3C). These results indicate that both the linear and cyclic forms of peptide 910 are equally effective and act at lower concentrations than peptide 810 to block mycobacterial internalization. As anticipated, bacteria pre-treated with the SCR peptide showed no reduction in their ability to invade the macrophages (Figure 2E, and S3C). Collectively, these data establish the importance of the LEL short loops formed between the disulfide bridges in the interaction with the bacterial ligand(s) and required for the internalization process.

Deletion of the CD81-LEL reduces bacterial internalization in lung epithelial cells

To 

Identification of CD81 ligands in M. abscessus

The mycobacterial protein partners possibly interacting with CD81 are not known. To uncover putative ligands in Mab, a GFP-Trap pull-down approach was developed using anti-GFP nanobodies on lysates derived from mycobacteria expressing either GFP or CD81-LEL-GFP (Figure S5A, and S5B) followed by mass spectrometry analyses to identify the immuno-precipitated proteins (Figure S5C). After several washes, one fifth of each eluate was subjected to SDS-PAGE and silver staining (Figure S5D). While a few proteins were bound to GFP-or to CD81-LEL-GFP-coated beads, the samples showed very different profiles (Figure S5D). Mass spectrometry analysis on selected proteins which were not present in the 102 control eluate yielded at least five unique peptides (Figure S5E). Among these, a heat shock protein (Hsp16.7), an anti-oxidant enzyme (AhpC), and two hypothetical proteins (MAB_3498c and MAB_1957) (Figure S5E). This suggests that these potential uncharacterized protein partners may participate in the interaction between Mab and CD81. We then focused on AhpC (encoded by MAB_4408c), detected with the most unique peptides by mass spectrometry (11 versus 5 for the other candidates) and whose orthologue in M. tuberculosis is an alkylhydroperoxide reductase playing a specific role in antioxidant defenses 36 . Subsequent validation was based on a reverse HA-Trap pulldown approach. First, a Mab strain expressing AhpC-HA under the control of the hsp60 promoter was generated and expression was checked by Western blotting using anti-HA antibodies (Figure 4A).

Second, bacterial lysates from the strain expressing AhpC-HA were mixed with lysates from Mab strains expressing either GFP or CD81-LEL-GFP to form two total bacterial lysates, designated TBL-I and TBL-II, respectively, and incubated with beads coupled to anti-HA antibodies (Figure S6). HA-Trap pulldown and subsequent Western blotting using anti-GFP or anti-HA antibodies revealed the presence of CD81-LEL-GFP, GFP or AhpC-HA in the eluted fractions (Figure 4B). Importantly, a single band with the appropriate size of CD81-LEL-GFP was specifically pulled down with AhpC-HA but not with GFP alone or with Fmt-HA (a fatty acid methyltransferase from Mab), both used as negative controls (Figure 4B, and 4C). This confirms the specific interaction between AhpC and CD81-LEL-GFP.

To determine whether AhpC is located in the cell wall fraction where it could exert its role as a surface adhesin to interact with CD81, sequential centrifugation/ultracentrifugation steps of total lysates from the AhpC-HA-overexpressing strain led to several fractions enriched for cell wall (CW), plasma membrane (PM) or cytosol (Cyt) proteins. SDS-PAGE followed by immunoblotting using anti-HA antibodies revealed a strong signal at 25 kDa in all fractions, in agreement with the predicted molecular weight of AhpC-HA (Figure 4D). To exclude the possibility of contaminating cytosolic proteins in the CW and PM fractions, membranes were probed with anti-His antibodies to detect the cytosolic GroEL1 protein (Figure 4D). These results support the view that AhpC is a cell wall-associated protein, thus ideally exposed to interact with CD81 (Figure 4D).

AhpC promotes Mab uptake by macrophages via CD81

Mab AhpC and Hsp16.7, both identified by mass spectrometry (Figure S5E), were produced and purified as recombinant AhpC-6×His and Hsp16.7-6×His proteins from E. coli (Figure S7A, and S7B).

Fluorescent latex beads (1 µm diameter) were coated with either AhpC-6×His, Hsp16.7-6×His or BSA.

The efficacy of coating was confirmed by SDS-PAGE/Western blotting (Figure S7C, and S7D) and by immunofluorescence using anti-His or anti-BSA antibodies (Figure 5A, 5B, andS7E). The effect of protein coating on beads uptake was next assessed by incubating THP-1 macrophages with the different fluorescein-labeled latex beads. Quantification of the percentage of bead-containing cells clearly demonstrated that macrophages internalized significantly more AhpC-coated beads (5-to 10-fold) than Hsp16.7-, or BSA-coated beads (Figure 5C, and5E). Strikingly, the uptake of AhpC-beads was inhibited by pre-treating macrophages with anti-CD81 antibodies but not in the presence of the IgG1 control isotype (Figure 5D, and5E). This validates the physical interaction between AhpC and CD81 to favor the internalization of the beads by macrophages. High-resolution confocal imaging also highlighted the intracellular localization of the counted beads (Figure 5E). Collectively, these findings

show that mycobacterial AhpC acts as a ligand for the host CD81 and that internalization of whole bacteria by host cells is dependent on the AhpC/CD81 pair.

Overexpression of ahpC enhances AhpC-mediated cell entry

Whether overproduction of AhpC interferes with bacterial invasion was tested by overexpressing ahpC (as well as hsp16.7) in Mab. For this purpose, the episomal pMV261 carrying either hsp16. To validate the role of CD81 in interacting with AhpC on whole bacteria, we investigated the ability of Mab_WT and Mab_ahpC_OV strains to invade A549-WT and A549-CD81-LEL-KO cells. CFU determination indicates that while overproduction of AhpC in ahpC-OV enhances Mab internalization by A549 cells (confirming the results obtained in macrophages), the uptake of Mab_ahpC-OV is significantly reduced in A549-CD81-LEL-KO cells as compared to the uptake of Mab_WT in these cells (Figure 6D). This emphasizes the requirement of CD81 for optimal internalization of the AhpCoverproducing strain. Overall, these results indicate that while overproduction of AhpC facilitates Mab internalization, pre-incubation of cells with soluble AhpC inhibits the internalization process, thus indicating that AhpC behaves like a canonical adhesin.

Conditional deletion of ahpC reduces invasion of Mab

Host cell invasion by mycobacteria is dependent on interactions between bacterial adhesins with moonlighting activity and host cell receptors 37 . This may explain why some adhesins are essential for in vitro growth. Despite numerous attempts, we were unable to generate an ahpC deletion mutant using the unmarked deletion strategy, previously validated for the deletion of non-essential genes in Mab 8,38,39 . Consequently, to investigate the contribution of AhpC in bacterial uptake by macrophages,
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we took advantage of the tetracycline repressor system that selectively and ectopically controls gene expression in mycobacteria 40,41 . To generate a conditional ahpC mutant, we introduced the ahpC minigene with a C-terminally positioned HA epitope tag into Mab (Figure 7A). This minigene was placed under the control of the tetracycline regulatory promoter tetO-4C5G and integrated into the bacterial attB locus (designated ahpCi-ha) following selection on hygromycin (Figure 7A, and 7B). The resulting ahpCe/ahpCi-ha strain was used to disrupt the endogenous copy of ahpC (designated ahpCe) by double homologous recombination using the pUX1-katG-ahpC vector containing two flanking regions (1009 bp and 1019 bp) of the ahpC gene (Figure 7A). The resulting clones were analyzed by PCR, confirming the proper genotype of the mutant (Figure 7A, and 7C). In addition, Western blotting was performed to select for clones in which a significant reduction in AhpC-HA expression was observed following treatment with anhydrotetracycline (ATc) (Figure 7D). The knockdown of AhpCi-HA protein in presence of ATc was monitored by Western blotting at days 1, 2, and 3 using an anti-HA antibody (Figure 7D). Expression of AhpCi-HA was strongly downregulated in the presence of 1 μg/ml ATc for 72 h (Figure 7D). Based on these observations, all subsequent invasion experiments were conducted using the ΔahpCe/ahpCi-ha conditional mutant pretreated with 1 µg/ml ATc for 72 h.

Monitoring bacterial growth failed to show any in vitro growth defect upon depletion in AhpCi-HA in planktonic cultures during the first 96 h of incubation in the presence of ATc (Figure 7E).

However, a more fine-grained growth analysis performed by taking 1.5 µl of the ΔahpCe/ahpCi-ha culture treated in the presence of 1 µg/ml of ATc showed a slight growth defect on agar plates as evidenced by a decreased number of colonies at the highest dilutions (Figure 7F). As expected, the parental Mab strain grew similarly in the presence or absence of ATc (Figure 7F) while in the absence of ATc, the ΔahpCe/ahpCi-ha mutant grew similarly to the WT strain. This suggest that AhpC is likely to play a minor role for in vitro growth. Next, bacteria pre-treated for 72 h with or without ATc were used to infect THP-1 macrophages. At 3 hrs post-infection, only ΔahpCe/ahpCi-ha pre-exposed to ATc showed a reduced capacity to invade the cells (Figure 7G). This unambiguously establishes that depletion of AhpC reduces mycobacterial invasion.

DISCUSSION

Mycobacteria express various PAMP, which directly interact with their cognate PRR, including TLR, CLR, and other receptors 42 . The interplay between macrophages and mycobacteria is complex and is not fully understood. Receptors used by several important human pathogens include tetraspanins, which form adhesion platforms and facilitate internalization of these microorganisms 22,43-45 . Tetraspanins are involved in the pathogenesis of infections caused by viruses, parasites, protozoa and bacteria at various levels 46 . Evidence is accumulating that these membrane proteins are involved in the adhesion and uptake of some bacteria, such as Chlamydia, Listeria or Neisseria 22 while their contribution in the 10 recognition of mycobacteria remains unknown. Herein, we demonstrate that tetraspanins participate in the interplay between Mab and host cells, such as macrophages and lung epithelial cells. We showed that tetraspanin CD81 is an abundant protein expressed on the surface of phagocytic and epithelial cells, whereas CD151 is present at the surface of host cells at lower levels 47,48 . We provide compelling evidence that CD81-LEL is crucial for mycobacterial internalization. Interfering with CD81-LEL using neutralizing antibodies caused a significant reduction in Mab uptake by macrophages (THP-1 and primary human macrophages) and pneumocytes. That no inhibition was observed with the LEL of CD151 attests for the specificity of the interaction. Moreover, CD81-LEL-derived peptides considerably reduced the internalization of Mab by macrophages. It is tempting to speculate that these peptides can act similarly to the recombinant CD81-LEL, by preventing the interaction between the bacilli and the macrophage. This is of particular interest given that anti-adherence therapies represent a relatively new area of research to combat infectious diseases 49 . Indeed, most commercially available antimicrobials inhibit the growth of the pathogens but this selective pressure can rapidly lead to the emergence of drug-resistant strains. Unlike traditional drugs, anti-adhesion peptides that target host and bacterial components show a reduced probability of developing resistance 22,50,51 . Small synthetic peptides based on tetraspanin CD9 prevent adhesion of Staphylococcus aureus to human keratinocytes and in a model of human skin 51 . This property, together with their high specificity and low toxicity, make tetraspanin-derived peptides attractive candidates for future antibacterial drug developments.

The requirement of CD81 for optimal internalization of Mab was confirmed by knocking-out CD81-LEL using CRISPR/Cas9 strategy in A549 pneumocytes. Other reports indicate that tetraspanins indirectly contribute to the process of bacterial internalization, either by acting as a co-receptor or by recruiting the receptor to the cell surface via the assembly of tetraspanin-enriched microdomains (TEM) to facilitate bacterial binding 22 . It is very likely that TEM are involved in the adhesion of Salmonella typhimurium to human monocyte-derived macrophage and that this may represent a common mechanism that a variety of bacteria exploit as a mean of attachment before invasion 52 . The inhibitory effect seen on internalization of bacilli when interfering with the CD81-LEL function may be due to the disruption of interactions between cell surface tetraspanins and adhesion receptors, resulting in the disorganization of the adhesion platforms required for optimal bacterial attachment.

However, this hypothesis can be dismissed in our study since we have identified, for the first-time, a bacterial ligand that interacts directly with the LEL of a tetraspanin in a context where TEM are absent.

While mass spectrometry analysis identified several putative ligands of CD81-LEL, we primarily focused here on the alkylhydroperoxidase C (AhpC). M. tuberculosis AhpC belongs to the peroxiredoxin family, acting as a general antioxidant enzyme by reducing alkylhydroperoxides more effectively than H2O2 and protecting bacilli from oxidative stress 53 . In Mab, AhpC was found to be associated to the cell wall and the cytosolic fractions. Reactive oxygen species and reactive nitrogen intermediates 106 released by phagocytic cells play an important role in the defense against intracellular mycobacteria.

It is very likely that AhpC contributes to thwarting the generation of oxidative stress and damage, and consequently protects the bacilli from the oxidative burst, although this needs to be investigated in future studies. In addition, the localization of AhpC on the bacterial surface conceivably facilitates adherence of the bacilli to host cells, where it may act as an adhesin interacting with CD81. Alternately, due to the co-expression of multiple adhesins, blocking one adhesin at a time may not be sufficient to affect the binding of whole bacilli to macrophages. The specificity of the physical interaction between AhpC and CD81 was demonstrated using a combination of in vitro based approaches: 1) Macrophage uptake of AhpC-coated latex beads was higher than that uptake of BSA-or Hsp16.7-coated beads; 2)

The uptake of AhpC-coated beads was reduced when macrophages were pre-treated with anti-CD81-LEL antibodies. Thus, these in vitro and in cellulo observations are in good agreement with each other.

Future studies should be dedicated to understand how Mab regulates expression of AhpC to drive the interaction with CD81 upon infection. Additionally, whether the other CD81-LEL adhesin candidates identified in this study (MAB_3498c and MAB_1957) play a role in the early recognition of Mab by CD81 will deserve further attention.

Tetraspanins are versatile proteins, involved in many important cellular functions. How these cellsurface proteins generate signals that are translated into intracellular processes remains unclear.

Many tetraspanin members have been shown to interact with one another, forming protein complexes that are associated with lipid rafts 54 . These complexes can also recruit integrins as well as other receptors or proteins, which may then transduce signals triggering intracellular events 55,56 . The aggregating property of the tetraspanins suggests that they may function as an organizer of cell-surface proteins 57,58 . In the case of CD81, it remains to be determined whether it can activate directly or indirectly a signal transduction after its interaction with AhpC. Other tetraspanins are widely distributed on the cell surface, and their association with other cell-surface proteins can result in a wide range of cellular responses. As a result, this process is inherently complex and difficult to analyze.

It is unclear at this stage whether the binding of AhpC to CD81 triggers intracellular signaling, and consequently causes biological events such as cytoskeletal changes, membrane ruffling, or release of inflammatory mediators.

Despite the clear involvement of CD81 in Mab uptake, inactivation of CD81-LEL does not abolish Mab internalization in THP-1 and A549 cells. Thus, it is very likely that CD81 plays a redundant role with other receptors. Nevertheless, that CD81 plays a key role in the entry of Mab is of particular interest, taking into account that CD81 has been reported to be required for the infectivity of hepatitis C virus (HCV), HIV, Listeria and Plasmodium species in hepatocytes and in other cell types 26,28,47,59 .

Moreover, cholesterol is critical for replication, secretion, and entry of HCV into target cells 60 , and contributes to the organization of CD81-enriched microdomains required for the infectivity of 107

Plasmodium 61 , and it is critical for the entry of Listeria into target cells by both the InlA and InlB (internalin) entry pathways 62 . Future studies should address whether cholesterol plays a role in the distribution of CD81 at sites of Mab entry and determine which are the events downstream of CD81 signaling.

In conclusion, this work demonstrates that Mab bacilli depend partially on a novel and specific CD81-dependent pathway to infect macrophages and pneumocytes, further substantiating the complexity of the mycobacterial interactions with host cells. It also adds a so far uncharacterized receptor/ligand pair to the growing list of actors involved in the molecular interactions between mycobacteria and macrophages. As such, this study constitutes a major step toward the elucidation of the early events leading to mycobacterial infection. Since AhpC is conserved in many mycobacterial species (~83% of similarity), including M. tuberculosis, it is therefore tempting to speculate that the CD81/AhpC interaction participates also in the uptake of other pathogenic mycobacteria by phagocytic cells, which will be assessed in other studies. Furthermore, because CD81 represents a multi-pathogen receptor (for HCV, HIV, Plasmodium, Mab), targeting this receptor deserves thorough attention, as a large part of the human population is exposed to these infections. From a translational perspective, this study opens the door to the development of new anti-adhesive peptide-based possibilities as adjunct therapies to fight against these important infectious diseases.

METHODS

Mycobacterial strains, growth conditions and reagents

All bacterial strains are listed in key resources table. Smooth (S) variant of Mab CIP104536 T was typically grown in Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80 and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9 T/OADC ) at 37 °C in the presence of antibiotics, when required. Electrocompetent mycobacteria were transformed using a Bio-Rad Gene pulser (25 μF, 2500 V, 800 Ohms). For bacterial selection, media were supplemented either with 1 mg/ml hygromycin for strains carrying pTEC27 (Addgene, plasmid 30182), allowing tdTomato expression, and pMV306-ahpCi or with 250 μg/ml kanamycin when harboring the pMV306 or pMV261 or pVV16 derivatives. On plates, colonies were selected either on Middlebrook 7H10 agar (BD Difco) supplemented with 10% OADC enrichment (7H10 OADC ) or on LB agar.

Preparation of M. abscessus inocula

Briefly, exponentially growing bacteria were collected by centrifugation and resuspended in 1 ml PBS.

Bacterial suspensions were homogenized with a 26-G needle (15 up-and-down sequences) and sonicated three times for 10 s (with 10 s breaks between each sequence) in a water bath sonicator. 50 ml 7H9 were added to the suspended bacteria and filtered through 5 µm filters and bacteria were harvested after centrifugation at 3,000 x g for 5 min and finally resuspended in 200 μl 7H9-OADC.

Before proceeding with the infection experiments, the final bacterial concentration was assessed by plating serial dilutions onto LB agar and CFU counting after 4 days of incubation at 37 °C. Frozen inocula stocks (10 μl aliquots) were stored at -80 °C. For each experiment, CFU were assessed from aliquots frozen at -80 °C, a prerequisite to determine the exact number of viable bacteria to allow for reproducible use of bacteria from one experiment to another.

Construction of an ahpC repressible construct in M. abscessus

To control the expression level of ahpC, we adapted a repressible expression vector based on the tetOFF system 41,63 . Briefly, we introduced the T38 sequences (encoded by tetR38 with the Ptb38 promoter sequence) and the tet operator sequence (tetO-4C5G) in the pMV306. This plasmid was used as a template for PCR amplification (primers 9/10) to insert the ahpC gene fused to a ha-tag.

Subsequently, the ahpC gene (MAB_4408c) was amplified by PCR (primers 11/12), and then the two linear DNA fragments (vector and ahpC) were purified and circularized together using the In-Fusion HD cloning kit. The resulting plasmid pMV306-ahpCi was transformed into Stellar recipient cells, verified by sequencing, and finally introduced by electroporation into the Mab smooth morphotype strain.

Generation of the ahpC conditional knock-out mutant (ΔahpCe/ahpCi-ha)

The suicide vector pUX1-katG was used to generate unmarked single deletion mutant in Mab CIP104536 T (S). Briefly, the left and right arms (LA and RA, respectively) were PCR-amplified using genomic DNA and Q5 polymerase (New England Biolabs) as well as primers 1/2 (LA) and primers 3/4

(RA) (Table S1). The purified LA and RA amplicons were restricted with PacI/MfeI and EcoRI/NheI, respectively, and ligated to the PacI/NheI-linearized pUX1-katG, yielding pUX1-katG-ahpC, designed to delete 555 bp (94%) of the ahpC open reading frame. Electrocompetent ahpCi Mab strain was transformed with pUX1-katG-ahpC to generate the ΔahpCe/ahpCi-ha mutant strain. The selection of bacteria having undergone the first homologous recombination event was done by visual screening of red fluorescent colonies on 7H10 OADC supplemented with 250 μg/ml kanamycin and 1 mg/ml hygromycin. After subculturing the culture overnight in 7H9 T/OADC in the absence of kanamycin, bacterial suspensions were serially diluted and plated onto 7H10 OADC with 50 μg/ml INH and 1 mg/ml hygromycin to select for INH-resistant, Kan-sensitive and non-fluorescent colonies. The DNA junctions were PCR sequenced to confirm the genotype of the appropriate mutant using primers listed in Table S1. A representative ΔahpCe/ahpCi-ha clone was used for phenotypic analysis. Depletion of AhpCi-HA in the absence of ATc was assessed by Western blotting using anti-HA antibodies.
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In vitro growth assays

Growth was inspected by inoculating the mid-log phase cultures into fresh 7H9 at an OD600 of 0.05.

Cultures were incubated at 37 °C ± ATc with shaking and OD600 was monitored for 96 h using a Synergy H1 hybrid reader (BioTek). For spot assays, 10-fold serial dilutions were made from exponentially grown cultures (37 °C with agitation) in the absence of ATc. 1.5 µl of each dilution were spotted onto LB agar supplemented or not with 1 µg/ml ATc and plates incubated for 5 days at 37 °C.

Invasion assay of ΔahpCe/ahpCi-ha in macrophages

Bacteria were pre-treated with 1 µg/ml ATc for 72 h and used to infect THP-1 cells for 3 h before being washed three times with 1x PBS and further incubated for 2 h with RPMI FBS supplemented with 250 µg/ml amikacin to kill extracellular bacteria. Amikacin-containing media was then removed and cells were rinsed three times with 1x PBS. Macrophages were lysed with 100 µl of 1% Triton X100 and lysis was halted by adding 900 µl PBS. Successive dilutions of the suspension were plated on LB agar incubated for 5 days at 37 °C prior to CFU counting.

Overexpression of AhpC and Fmt in M. abscessus

PCR amplification of ahpC or fmt in fusion with an HA tag was performed using genomic DNA and the forward primers (13; HindIII and 15; MscI) and reverse primers (14; HpaI and 16; EcoRI). The amplicons were digested either with HindIII/HpaI or MscI/EcoRI and ligated into the HindIII/HpaI-or MscI/EcoRIrestricted pMV261 to generate pMV261-ahpC-HA or pMV261-fmt-HA, respectively. All constructs were sequenced and introduced in Mab.

Construction of hsp60-Cd81-LEL-gfp-expressing plasmid

The Cd81-LEL was PCR-amplified using the primers sets 17/18 (Table S1), Homo sapiens cDNA as template, and Q5 polymerase. The resulting amplicon was digested with NdeI/BamHI and subsequently ligated to NdeI-BamHI-linearized pVV16-GFP to produce an in-frame C-terminal fusion with GFP in the resulting plasmid, pVV16-hsp60-Cd81-LEL-gfp.

Western blotting

Bacteria were harvested, resuspended in PBS, and disrupted by bead beating using 1 mm diameter glass beads. Protein concentration was assessed using the BCA Protein Assay Reagent kit, according to the manufacturer's instructions. Equal amounts of proteins (50 μg) were separated by SDS-PAGE and transferred to a nitrocellulose membrane. For detection of AhpC-HA, Fmt-HA, and KasA (loading control), membranes were probed for 1 h with rat anti-HA or rat anti-KasA antibodies 64 (dilution 1:2,000). After washing, membranes were incubated for 45 min with goat anti-rat antibody conjugated 110 to HRP (dilution 1:5,000) and bands were revealed using the ChemiDoc MP system (Bio-Rad laboratories). Similarly, for detection of GFP or CD81-LEL-GFP, and HSP16.7-His or AhpC-His or GroEL1, nitrocellulose membranes were probed for 1 h with mouse anti-GFP antibodies (dilution 1:2,000) and mouse anti-His antibodies (dilution 1:1,000). Anti-GFP and anti-His antibodies were diluted in 5% nonfat milk powder in TNT buffer (50 mM Tris pH 8; 150 mM NaCl; and 0.05% Tween 20). After washing, membranes were incubated for 45 min with goat anti-mouse antibodies conjugated to HRP (dilution 1:5,000). The GFP and His signals were revealed using a ChemiDoc MP system for imaging and analyzing gels. Likewise, for detection of BSA, nitrocellulose membranes were probed for 1 h with rabbit anti-BSA (dilution 1:5,000) antibody.

Identification of CD81-LEL-GFP protein partners

Briefly, 400 ml of a mycobacterial culture (for each strain) was grown to mid-exponential phase (OD600~1.0) in 7H9 medium at 37 °C with shaking. Cells were collected by centrifugation for 30 min at 10,000 × g and the pellet was washed once with PBS containing 1 mM benzamidine and then resuspended in 2 ml of PBS containing 1 mM benzamidine. Subsequently, the bacteria were lysed in a bead beater. The supernatants were collected by centrifugation for 10 min at 5,000 × g, and the resulting pellets were incubated in lysis buffer (50 mM Tris HCl pH 7.5, 250 mM NaCl, 5 mM EDTA, 1% NP40, 1% Triton, 1% Bridj96 and protease inhibitor [Benzamidine]) and then incubated on ice for 1 h.

After centrifugation at 14,000 rpm during 45 min at 4 °C, the pooled supernatants were subjected to immunoprecipitation using anti-GFP lama antibodies (GFP-Trap Agarose Beads). Following stringent washing conditions (25 mM Tris HCl pH 7.5, 150 mM NaCl, 0.025% Tween and protease inhibitor

[Benzamidine]), one fifth of the beads for each condition were suspended in loading buffer for SDS-PAGE, and the proteins were then separated on a 4-12% gradient gel and detected by silver staining.

The remaining beads were directly submitted to trypsin treatment for mass spectrometry analysis.

Mass spectrometry

After denaturation at 100°C in 5% SDS, 5% β-mercaptoethanol, 1-mM EDTA, 10% glycerol, and 10-mM

Tris pH 8 buffer for 3 min, protein samples were fractionated on a 10% acrylamide SDS-PAGE gel. The electrophoretic migration was stopped as soon as the protein sample entered 6 mm into the separating gel. The gel was briefly labeled with Coomassie Blue, and three bands, containing the whole sample, were cut. In gel, digestion of gel slices was performed as previously described 65 . An UltiMate 3000 RSLCnano System (Thermo Fisher Scientific) was used for separation of the protein digests.

Peptides were processed and identified, as previously described 66 .
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Proteomic data analysis

MS/MS data were analyzed using search engine Mascot (version 2.4.0, Matrix Science, London, UK).

Searches were performed with a tolerance on mass measurement of 10 ppm for precursor and 0.02 Da for-fragment ions, against a composite target-decoy database (181,602*2 total entries) built with a Mycobacterium abscessus Uniprot database (taxonomy 561007, march 2020, 4,940 entries). For each sample, peptides were filtered out according to the cut-off set for protein hits with one or more peptides taller than 9 residues, and a 1% false positive rate.

Subcellular fractionation of M. abscessus

Briefly, 400 ml of a mycobacterial culture were grown to middle exponential phase (OD600~1.0) in 7H9 medium (containing glycerol, glucose and tyloxapol as described above) at 37 °C with shaking. Cells were collected by a 30 min centrifugation at 10, 000 × g, and the pellet was washed once with PBS containing 1 mM benzamidine, and then re-suspended in 4 ml PBS containing 1 mM benzamidine.

Subsequently, the bacteria were lysed in a bead beater and the resulting lysates transferred to 15 ml tubes and then subjected to two rounds of sonication for 30 s on ice. Lysates were centrifuged twice at 4, 000 × g for 10 min to remove unbroken cells. A 400 µl aliquot of each supernatant (serving as total lysate sample) was immediately removed and stored. The remaining supernatants were centrifuged at 16, 000 × g for 30 min at 4 °C to pellet cell wall fraction. The supernatants were collected and ultra-centrifuged at 200, 000 × g for 2 h at 4 °C to separate plasma membranes (pellet) from the cytoplasmic fraction. Cell wall and plasma membrane fractions were washed twice with PBS supplemented with 1 mM benzamidine and resuspended in 500 μl of PBS containing protease inhibitors. Cytoplasmic fractions were ultra-centrifuged one more time to discard all residual membranes.

Cloning of hsp16.7 and ahpC genes in pET30 hsp16.7 and ahpC genes were PCR-amplified from Mab CIP104536 T purified genomic DNA using the primers 23/24 and 25/26 (Table S1) and Q5 polymerase. Amplicons were cloned into pET30 restricted with EcoRI and KpnI, enabling the introduction of both genes in frame with the poly-histidine tag.

Expression and purification of His-tagged Hsp16.7 and AhpC recombinant proteins pET30 constructs containing the hsp16.7 or ahpC genes were used to transform E. coli strain BL21 Rosetta 2 (DE3) (Novagen). Cultures were grown in Luria-Bertani (LB) medium containing 200 μg/ml ampicillin and 30 μg/ml chloramphenicol until an optical density at 600 nm (OD600) of 0.8 was achieved.

Liquid cultures were then placed on ice water for 30 min before addition of 1 mM isopropyl β-D- 

Macrophage and A549 infection assays

THP-1 macrophages were grown in RPMI medium supplemented with 10% fetal bovine serum (FBS;

Sigma-Aldrich) and incubated at 37 °C with 5% CO2. THP-1 monocytes were differentiated in macrophages in the presence of 20 ng/ml phorbol myristate acetate in 24-well flat-bottom tissue culture microplates (10 5 cells/well) and incubated for 48 h at 37 °C with 5% CO2. A549-WT and A549-CD81-LEL-KO were grown in DMEM supplemented with 10% FBS and incubated at 37 °C with 5% CO2.

Infection with Mab carrying pTEC27 (MOI 2:1) was performed for 3 h at 37 °C in 5% CO2. Cells were carefully washed three times with 1× PBS and then incubated for 2 h with RPMI FBS supplemented with 250 μg/ml amikacin to kill extracellular bacteria. The medium containing amikacin was then discarded and cells were washed three times with 1× PBS. To assess CFU, macrophages were lysed with 100 μl of 1% Triton X100. Lysis was stopped by adding 900 μl PBS and serial dilutions were plated to monitor the intracellular bacterial counts. CFU were counted after 5 days of incubation at 37 °C.

Infection of primary human monocyte-derived macrophages and intracellular CFU determination

Buffy coats from anonymous donors were obtained from the Etablissement Français du Sang (EFS), Montpellier, France. Peripheral blood mononuclear cells (PBMCs) were purified by Ficoll density gradient separation. Monocytes were isolated from PBMCs using a magnetic cell separation system with anti-CD14 mAb-coated microbeads and then cultured in complete IMDM supplemented with 50 ng/mL GM-CSF (every 2 days) at 37 °C under a humidified 5% CO2 atmosphere for 6 days. Cells were 113 washed and detached with 20 mM EDTA in PBS and plated in a 24-well plate at a concentration of 10 5 cells/well with complete IMDM. Monocyte-derived macrophages were infected with Mab for 3 h at a MOI of 2:1, washed, treated with 250 µg/mL amikacin for 2 h and replenished with fresh medium. To determine the number of internalized bacilli at 3 hpi, cells were lysed with 100 μl of 1% Triton X100 and lysates plated on LB agar plates prior to CFU counting.

Immunofluorescence staining of Mab-infected cells

For microscopy-based infectivity assays, THP-1 and A549 cells were cultured on coverslips in 24-well plates at a density of 10 5 cells/well. Cells were infected with tdTomato-expressing Mab (MOI 2:1) for 3 h, washed, treated with amikacin, fixed at 3 hpi with 4% paraformaldehyde in PBS for 20 min and then permeabilized using 0.2% Triton X-100 for 20 min. After blocking with 2% BSA in PBS supplemented with 0.2% Triton X-100 for 20 min, cells were incubated with anti-CD43 antibody (dilution 1:1,000) for 1 h and with an Alexa Fluor 488-or 594-conjugated anti-mouse secondary antibody. Cells were then stained with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) for 5 min, washed with PBS, mounted onto microscope slides using Immumount (Calbiochem) and examined with either an epifluorescence microscope using a 63x lens objective or with a confocal microscope (Zeiss LSM880) using a 40× objective. Quantification of the percentage of host cells containing bacilli was done using an epifluorescence microscope. The average proportion of macrophages containing fewer than <5, 5-10, or >10 bacteria was quan fied using Zeiss Axiovision so ware. Images were acquired by focusing on combined signals (CD43 in green and red fluorescent Mab) and captured on a Zeiss Axioimager confocal microscope equipped with a 40x or 63x oil objective and processed using the Zeiss Axiovision software. Scoring the number of bacilli present within macrophages was performed using ImageJ.

Equal parameters for the capture and scoring of images were consistently applied to all samples.

HA-trap pull-down experiments

Mab expressing GFP, GFP-tagged CD81-LEL, or HA-tagged AhpC were harvested in 400 ml of liquid medium (7H9 OADC and 0.025% tyloxapol). Pellets from mid-log phase cultures were collected and resuspended in 2 ml of PBS with benzamidine (1 mM protease inhibitor). Bacterial pellets were broken using a bead beater twice for 3 min (30 beats/s) and incubated on ice after each cycle. After centrifugation, supernatants containing bacterial cytosolic proteins were collected. The remaining pellets were then suspended with 500 µl of lysis buffer containing 3 detergents (50 mM Tris-HCl pH= 7.5, 250 mM NaCl, 5 mM EDTA, 1% NP-40, 1% Triton, 1% Bridge, 1 mM Benzamidine). Samples were then incubated on a rotary mixer at 4 °C for 2 h and centrifugated at 13, 500 rpm for 5 min at 4 °C. The supernatants were collected and contained the membrane-associated proteins. Subsequently, the two supernatants were mixed and then incubated with 40 µl of anti-HA agarose beads. The samples were incubated on rotary mixer at 4 °C overnight. The next day, the samples were centrifuged and the supernatant was discarded. Anti-HA beads were collected in the pellet and washed twice with TBS-T pH 7.2 (25 mM Tris-HCl, 0.15 M NaCl, 0.025% Tween). The beads were boiled with Laemmli sample buffer to extract bounded proteins and then loaded on 12% SDS-page for Western blotting.

Coating of latex beads with recombinant proteins

Fifty µl of 1 μm diameter carboxylated fluorescein-labeled latex beads (Sigma-Aldrich) were washed with PBS and incubated with 1 mg/ml purified proteins (AhpC-His, Hsp16.7-His or BSA) at room temperature on a rotary mixer overnight. The beads were then washed to remove unbound proteins, followed by saturation with 10 mg/ml BSA for 1 h at room temperature. Finally, the latex beads were suspended with 1ml RPMI containing 10% FBS to be used for internalization assays. The beads were boiled with Laemmli sample buffer to extract bound proteins, which were separated on a 12% SDS-PAGE. Additional analyses of the proteins attached to the latex beads were performed by immunofluorescence microscopy. Beads were first incubated with mouse anti-His or rabbit anti-BSA primary antibodies, washed and incubated with Alexa Fluor 594-conjugated goat anti-mouse or goat anti-rabbit antibodies, respectively. Fluorescence images were generated using a confocal microscope.

Bead phagocytosis assay

Protein-coated beads were added to the macrophages at a concentration of 10 beads/cell. After 4 h of incubation at 37 °C, macrophages were washed five times with PBS before labeling using anti-CD43

antibodies and Alexa Fluor 594-coupled anti-mouse secondary antibodies. Quantification of the percentage of macrophages containing beads was done using an epifluorescence microscope.

Antibody inhibition assays in macrophages

Antibody inhibition experiments were performed after pre-incubating the THP-1 or HMDM cells with the specific antibodies in RPMI or DMEM containing FBS for 3 h at a concentration of 50 µg/mL before determining the intracellular bacterial loads (CFUs) and the percentage of bead-containing macrophages.

Peptides synthesis

All peptides (100 micromoles) were synthesized by solid phase at the SynBio3 platform (Institute of Biomolecule Max Mousseron (IBMM), Montpellier, France) using the conventional Fmoc chemistry performed on a Liberty Blue microwave peptide synthesizer (CEM, Matthews, NC, USA). The used resin (AmphiSphereTM, Agilent, Les Ullis, France) provides an amide C-terminal end for the peptides. Before deprotection and cleavage of the peptides from the resin, the N-terminal amine function of each 115 peptide was acetylated by a treatment with anhydride acetic acid as commonly performed in solid phase peptide synthesis (SPPS). These N-and C-terminal modifications induce the neutralization of the cationic and anionic charges normally present at these peptide extremities. Therefore, potential interactions of these peptides with any protein are not impaired by ionic repulsions. Following cleavage and deprotection of the N-acetylated peptides, crude peptides were purified by reversed-phase highperformance liquid chromatography (HPLC) on a semi-preparative system with an increased acetonitrile gradient. Homogeneous fractions for each peptide were pooled and freeze-dried. A qualitative analysis of each peptide was assessed by analytical HPLC and electrospray ionization mass spectrometry. All peptides were purified with a good purity (>90%) and mass spectrometry values corresponded to the expected mass values.

For peptide oxidation, the dried peptides were resuspended in a volume of water containing 0.1% trifluoroacetic acid (TFA) at the concentration of 1 mM. This level of TFA allows to maintain the peptide in an acidic environment and to avoid the oxidation of the peptide. In general, half of the peptide volume was then aliquoted, frozen and freeze-dried until further use. The other half was submitted to the oxidation of the cysteine as follows: first, the pH was brought to a slight alkaline pH (pH 8) upon the addition of 10% volume/volume of Tris-HCl 500 mM, pH 8. Oxidation was then initiated by the addition of 5% vol/vol of hydrogen peroxide in the peptide solution. At this concentration (1 mM and below), the intramolecular oxidation of the peptide is favored. At a higher concentration, cysteine oxidation could occur intermolecularly, leading thus to the polymerization of the peptide through the formation of disulfide bridge between several molecules of peptide. The cyclisation step could be easily monitored by analytical HPLC and generally occurred within a couple of hours. Finally, peptide solutions were submitted to LC-MS analysis and the molecular masses were in agreements with the oxidation process with a lower mass detected for the oxidized form compared to the reduced one.

Both reduced and oxidized peptides were then aliquoted, frozen and freeze-dried until further use. Mab was first saturated for 3 h with either the soluble GST-LEL fusion proteins or with CD81-LELderived peptides at different concentrations before infecting human macrophages for an additional 3 h. Alternatively, to saturate the endogenous CD81 expressed by the host cells, macrophages were preincubated with the recombinant AhpC-His before adding the whole bacilli. Microscopic images were then acquired and CFUs were quantified as described above.

Characteristics of the peptides used in this study

Flow cytometry

Cells were harvested in PBS/50 mM EDTA, washed in PBS and fixed with 2% paraformaldehyde. For cell surface expression analysis, cells were stained in PBS/1% BSA with indicated primary antibodies at 4 °C for 30 min followed by three washes and incubation for 25 min with diluted secondary antibodies.

For intracellular staining, cells were permeabilized in a PBS/1% BSA/0.025% saponin solution for 15 min prior to staining with corresponding primary antibodies diluted in the permeabilization solution (E) BSA protein on the surface of fluorescein-tagged latex beads was detected using rabbit anti-BSA antibodies and Alexa Fluor 594 conjugated goat anti-rabbit secondary antibodies.
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In recent years, tetraspanins have proven their active role and importance in different cellular activities and have attracted the attention of researchers due to their major role in infections (N. [START_REF] Hassuna | Strategies for targeting tetraspanin proteins: Potential therapeutic applications in microbial infections[END_REF]Karam et al., 2020;van Spriel & Figdor, 2010). Nevertheless, research on the association between tetraspanins and different bacterial infection processes is still ongoing and much remains to be discovered and understood.

Until now, the involvement of tetraspanins in the infection process of mycobacterial species was not studied. During my thesis, we uncovered a new role for the tetraspanin CD81 in the invasion of mycobacteria inside host cells. The use of anti-tetraspanin monoclonal antibodies to neutralize the large extracellular loops of CD81 that are exposed on the surface of THP-1 macrophages prior to infection, led to a significant decrease in mycobacterial entry into the cells. This observation was assessed by counting the intracellular bacterial load (by CFU), counting the percentage of infected macrophages, as well as the number of bacilli within each infected macrophage. Interestingly, we observed the same trend when neutralizing monocyte-derived human primary macrophages with anti-CD81, confirming our previous results. However, the blockage of entry via CD81 was not absolute, meaning that other receptors already identified or yet to be discovered participate in the phagocytosis process of mycobacteria. Nevertheless, our results showed us doubtlessly that the anti-CD81 antibody has the ability to partially block the internalization of mycobacteria inside macrophages. This led us to a first confirmation that the CD81 receptor plays a role in the entry of Mab and Mtb as well (data not shown for Mtb), which had never been demonstrated before for any of the mycobacterial species, and this outcome prompted us to further understand and study this pathway.

As it is well known that the large loop of CD81 tetraspanin is the one that interacts with other partners to form platforms (Kitadokoro et al., 2001;[START_REF] Rajesh | Structural basis of ligand interactions of the large extracellular domain of tetraspanin CD81[END_REF], we investigated whether this part of CD81 is indeed involved in Mab phagocytosis by macrophages. For that, we induced and purified recombinant proteins containing the LEL of CD81 fused to GST. Following saturation of Mab with these recombinant proteins at different concentrations, we observed an inhibition of bacterial invasion inside macrophages, showing that in fact the recombinant CD81LEL-GST protein competed with the native CD81 expressed on the surface of host cells for the interaction with mycobacterial ligands required for the invasion process. This same phenomenon, which is the inhibition of invasion with recombinant proteins, has been observed for other bacterial species such as Neisseria meningitidis, Streptococcus pneumoniae (Green et al., 2011), and Salmonella typhimurium as well (N. A. Hassuna et al., 2017). These observations support our finding that CD81LEL is indeed involved in the interaction with pathogen ligands.

We next sought to further our understanding of the CD81-Mab interaction by determining the specific region of the LEL that interacts with mycobacterial ligands. The large loops of tetraspanins normally contain between 4 and 8 cysteine residues (Charrin et al., 2009). CD81 contains 4 cysteine residues forming 2 disulfide bridges between them. Previous studies and bioinformatics analyses have proven that the LEL regions of tetraspanins are accessible and have the ability to interact with host partners [START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF]. Thus, in order to determine the exact segment of CD81LEL interacting with mycobacteria, we used peptides that are derived from CD81LEL, specifically from the regions located between the two disulfide bridges of the loop, to saturate mycobacteria prior macrophages infection. Interestingly, whether using the peptides in their native circular form or in their linear form, mycobacterial load inside macrophages was partially inhibited compared to the invasion assay with unsaturated mycobacteria or bacilli saturated with the scrambled version of the peptides used as a control. This result showed us that CD81LEL-derived peptides have the ability to interact with mycobacterial ligands and partially block bacterial interaction with host cells, which is the first and most important step in establishing mycobacterial infection (Johansen et al., 2020). In another study, similar CD9LEL-derived peptides were able to block Staphylococcus aureus adhesion to primary keratinocytes as well as to a 3D tissue engineered model mimicking human skin infection. Since adhesion to host cells is also an essential step in S. aureus infection, inhibition of its entry by these peptides provided an effective anti-adhesion therapy for the future to reduce bacterial invasion into host tissues, as these peptides were also shown not to affect keratinocytes viability, proliferation, or migration [START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF].

Moreover, our study revealed that interference with CD81 expression by knocking-out the LEL of this tetraspanin in A549 lung epithelial cells using CRISPR-Cas9 technology led to partial inhibition of mycobacterial invasion within host cells for both Mab and Mtb infections (unpublished data for Mtb).

These results once again highlight the importance of CD81LEL in the uptake of mycobacteria inside lung epithelial cells. It would also be interesting to test whether the small extracellular loop (SEL) is involved and/or promotes Mab adhesion and invasion inside host cells in any way, since it is also exposed on the host cell surface. It is questionable whether it itself participates in the interaction with Mab ligands or whether it provides the LEL with the proper conformation to interact with the protein partners. So, if we target the SEL, will the function of the LEL be altered? We could potentially answer this question by suppressing SEL expression in lung epithelial cells, and observe the effect on LEL expression and mycobacterial adhesion and invasion within these cells. An interesting previous study proved the importance of CD81-SEL on the optimal expression of the large loop on the host cell surface. By suppressing CD81-SEL in transfected cells, the authors observed a low surface expression of full-length CD81 and an accumulation of truncated CD81 inside the cells, resulting in less interaction with the HCV-E2 protein however CD81/HCV-E2 binding still occurs. Thus, this work showed that SEL does not interact directly with the virus, but contributes to the translocation of the whole CD81 molecule to the cell surface, hence engaging in optimal LEL exposure [START_REF] Masciopinto | The small extracellular loop of CD81 is necessary for optimal surface expression of the large loop, a putative HCV receptor[END_REF].

Moreover, as we observed that mycobacterial uptake into CD81LEL-KO epithelial cells was not completely abrogated by the deletion of CD81 alone, this confirms the role of other host receptors or tetraspaninsyet to be discovered -in participating in the internalization process of mycobacteria by forming a platform leading to the subsequent signaling cascade and phagocytosis of the pathogen. Previous studies have demonstrated a direct role of CD81 in pathogen entry into host cells, as in the case of HCV [START_REF] Fénéant | CD81 and hepatitis C virus (HCV) infection[END_REF][START_REF] Kumar | Structural insights into hepatitis C virus receptor binding and entry[END_REF][START_REF] Pileri | Binding of hepatitis C virus to CD81[END_REF] ; or indirectly by associating with or recruiting other tetraspanins or protein partners to the site of pathogen entry to facilitate their internalization. For example, following association of Listeria monocytogenes with epithelial cells, CD81 is recruited to the entry site along with other protein partners such as PI4KIIα. Thus, interference with the expression level of CD81 in epithelial cells using siRNA or infection of CD81 -/-mice, affected listerial invasion by disrupting the recruitment of PI4KIIα, thereby reducing infection (Martínez del Hoyo et al., 2015;Tham et al., 2010).

It is not yet clear whether CD81 requires other protein partners for subsequent signaling pathways that follow the interaction with Mab until internalization.

All these results described above allowed us to assert, for the first time, that CD81 tetraspanin is indeed involved in Mab internalization. We were interested in identifying the mycobacterial adhesins that interact with CD81 and play a role in the internalization process, as these are still unknown and have not yet been studied. This strategy allows us to determine whether the interaction between CD81LEL and bacterial ligands is specific or not. For this, we proceeded in several steps.

By performing a GFP-trap pull down using CD81LEL-GFP as bait, we were able to identify few putative mycobacterial ligands following mass spectrometry analysis. During my thesis I confirmed the mass spectrometry results and focused on the functional characterization of one of four putative ligands that interacted specifically and only with CD81LEL-GFP and not with GFP alone used as a control. These putative ligands are:

1) Heat shock protein 16.7 or HSP16.7 (Mab_3467c) 2) Alkylhydroperoxidase C or AhpC (Mab_4408c)

3) Hypothetical protein 1 or HP1 (Mab_1957) and 4) Transmembrane protein or TM (Mab_3498c).

The orthologs of these 4 proteins are found in the cell wall of Mtb and are basically non-essential for the bacterial survival according to the available data.

To confirm our results obtained by the GFP-trap, we performed a reverse HA-trap where the putative HAtagged ligands are the bait this time (unpublished data for HP1 and TM proteins). Western blot analysis confirmed an interaction between CD81LEL-GFP and the 4 putative ligands detected previously. The objective after this step was to verify if these putative ligands play a role in mycobacterial internalization into host cells. Interestingly, overexpression of AhpC (Mab_4408c), HP1 (Mab_1957) and TM (Mab_3498c) in Mab led to a significant increase in mycobacterial entry into macrophages; this was not the case for the transgenic strain overexpressing HSP16.7 (Mab_3467c). Unexpectedly, three out of four transgenic strains overexpressing the putative ligands showed over-invasion compared to the wild-type strain, suggesting their potential involvement in bacterial entry. Moreover, by a series of ultracentrifugations following lysis of these transgenic strains, we were able to detect these proteins in the mycobacterial cell wall. This was of great importance in order to confirm their localization and especially, their accessibility to host receptors by being exposed on the surface of the mycobacterial membrane.

Next, we wanted to verify whether these putative soluble ligands have the ability to inhibit or block bacterial internalization within macrophages following host cell receptor saturation. To do this, I produced and purified the recombinant proteins in E. coli. This was done for Hsp16.7, AhpC and HP1. However, for fear of facing technical challenges, we did not attempt to produce the protein with 7 transmembrane domains which certainly requires more suitable conditions. Invasion assay of macrophages saturated with recombinant AhpC or HP1 proteins led to a decrease in the entry of mycobacteria into macrophages, showing that these soluble proteins interfere in the interaction between host receptors and bacilli. As expected, saturation of macrophages with the soluble protein HSP16.7 had no effect on the entry of mycobacteria into macrophages compared to unsaturated cells. Thus, these results showed us that AhpC and HP1 appear to be promising candidates that behave as canonical adhesins since their overexpression enhanced bacterial uptake into macrophages, however blocking their receptors in the presence of soluble recombinant proteins reduced uptake.

To further confirm the active role of AhpC and HP1 proteins in promoting phagocytosis by macrophages via physical interaction with CD81 tetraspanin, we first performed an invasion assay using AhpC and HP1coupled fluorescent beads, as well as HSP16.7 and BSA-coupled beads as controls, as described in a recent study [START_REF] Vinod | Interaction mechanism of Mycobacterium tuberculosis GroEL2 1479 protein with macrophage Lectin-like, oxidized low-density lipoprotein receptor-1: An integrated 1480 computational and experimental study[END_REF]. Interestingly, the results showed a significant increase in the uptake of AhpC and HP1-beads compared to controls, confirming their promotive effect on macrophage invasion. However, after blocking the LEL of CD81 expressed on the surface of THP-1 macrophages, the entry of AhpC-coupled beads was completely inhibited and returned to the entry level of control beads. This result reflects and confirms the newly discovered fundamental role of CD81 in Mab AhpC ligand recognition and subsequent uptake by macrophages. However, HP1-bead invasion was partially inhibited after blocking host CD81 tetraspanin, indicating that HP1 interaction with host cells is partly dependent on CD81 tetraspanin along with other receptors that remain to be explored.

To wrap up the story, it was of great importance to study whether the absence or knockdown of these ligands affected the ability of mycobacteria to invade macrophages. Unexpectedly and after several attempts, we were unable to generate a standard knock-out mutant using the unmarked deletion strategy, which has been used successfully previously in our lab to generate mutants of non-essential genes in Mab (Daher et al., 2020(Daher et al., , 2022;;Richard et al., 2019;Viljoen et al., 2018). For this, we instead generated a tetracycline-mediated regulatory knock-down of the ahpC gene using the Tet-OFF system. Protein knockdown using ATc at 1µg/ml was monitored by western blot, and AhpC expression was strongly reduced after 72h of treatment. Consequently, invasion assays showed a clear reduction of intracellular mycobacterial load. This result further demonstrated the role of AhpC in promoting mycobacterial internalization. However, the subsequent cellular events leading to bacterial phagocytosis following AhpC-CD81 interaction are still unclear and require extensive investigation.

The same knock-down technique was used for the hypothetical HP1 protein in Mab. However, the effect of HP1-induced knock-down on mycobacterial entry into macrophages is still under investigation and requires some fine-tuning. As the name implies, the function of the hypothetical protein is still unknown (https://mycobrowser.epfl.ch/genes/MAB_1957). However, according to Uniprot (Uniprot reference B1MNY8), the HP1 protein may belong to the iron-sulfur cluster assembly. This protein assembly is known to be involved in a panel of cellular functions in Mtb, including cell division, oxidative stress (redox homeostasis), antibiotic resistance, fatty acid metabolism, and pathogenesis, rendering these proteins interesting candidates for further studies [START_REF] Saini | Iron sulfur cluster proteins and microbial regulation: Implications for understanding tuberculosis[END_REF].

Thus, it would be of great importance to define the function of HP1 and determine the other interacting protein partners and host receptors with which it establishes a connection network leading to the subsequent phagocytosis event. In addition, by performing a fractionation assay of the Mab transgenic strain overexpressing this protein, we detected its presence only in the cell wall fraction indicating that it is likely accessible for physical interaction with host receptors. Therefore, it would also be important to investigate whether this protein has a role in the membrane integrity of mycobacteria and this could be assessed by a flow cytometry assay using a specific staining kit that reveals whether the membrane is damaged or intact [START_REF] Lehtinen | Green fluorescent protein-propidium iodide (GFP-PI) based assay for flow cytometric measurement of bacterial viability[END_REF][START_REF] Sao Emani | Ergothioneine Is a Secreted Antioxidant in Mycobacterium smegmatis[END_REF], 2018). In addition to this, we observed that HP1-knocked-down Mab revealed slower growth in liquid media and also on solid agar compared to the wild type, giving a clue that this protein might be important for bacterial growth. Therefore, it would be interesting to also test its impact on biofilm formation and sliding motility as described previously (Daher et al., 2022;[START_REF] Gutiérrez | Glycopeptidolipids, a Double-Edged Sword of the Mycobacterium abscessus Complex[END_REF].

According to the mass spectrometry analysis, another hypothetical protein that interacted with CD81LEL is TM, a protein with 7 transmembrane domains found in Mab's cell wall. TM is 70% identical to its ortholog in Mtb (Rv3193c), which is also encountered in the cell wall. To better understand its role in invasion, we need to determine the best conditions for producing this recombinant protein, and generating thereafter TM-coated fluorescent beads for invasion assays inside macrophages, with or without prior blocking of CD81 on the cell's surface. The goal is to find out whether this protein is partially or completely dependent on CD81 for Mab internalization, and whether this interaction is direct or indirect, because it acts as a potential adhesin, and overexpression of this protein in Mab increased bacterial entry in macrophages, according to our data. The gene was knocked-out using the previously described unmarked deletion strategy in our lab (Daher et al., 2022;Richard et al., 2019). As a result, testing the absence of this protein on bacterial behavior in invasion, survival, growth, and the integrity of the mycobacterial membrane is critical.

During my thesis, I had the opportunity to test the impact of other tetraspanins on mycobacterial uptake by macrophages, namely CD9 and CD63. LEL blockade of each of these two tetraspanins led to a decrease in mycobacterial invasion in THP-1 as well as in primary macrophages. In contrast, LEL blockade of CD151LEL, however, did not affect bacterial entry showing a specificity of interaction between mycobacteria and host tetraspanins. Furthermore, saturation of Mab with recombinant CD9LEL-GST or CD63LEL-GST proteins prior to THP-1 macrophage infection also resulted in reduced bacilli internalization.

And as expected, saturation with CD151LEL-GST had the same effect on internalization as saturation with GST alone used as a negative control. This was analyzed by counting intracellular CFU, the percentage of infected macrophages and the number of bacilli inside each infected macrophage as well. These promising results showed us that besides CD81, other tetraspanins like CD9 and CD63, also participate in the entry of pathogenic Mab into host cells as is the case for other pathogenic bacteria (Karam et al., 2020). And that the interaction of mycobacteria with host receptors is quite specific and does not include all types of tetraspanins such as CD151 for example, which is the case for Escherichia coli, Neisseria meningitides and Streptococcus pneumonia that exploit CD151 for entry into host cells (Green et al., 2011).

Following our GFP-trap pull down assay on other tetraspanins, mass spectrometry analyses detected two interesting candidates that are enriched in CD63LEL and did not show interaction with GFP alone (unpublished data). These two candidates are Fatty-acid-coA ligase or FadD (Mab_1915) and another hypothetical protein (Mab_3972c). FadD has an ortholog of Mtb identified in the cell wall (Rv1925) with 60% amino-acid identity and is probably involved in mycobacterial lipid metabolism (UniProt reference I6Y7V6). However, the hypothetical protein (Mab_3972c) shares 75% identity with its ortholog in Mtb (Rv0530) also identified in the cell wall but whose function is still unknown (UniProt reference O06396).

We were unable to identify any ligands interacting with CD9LEL. In summary, the GFP-Trap-pull-down strategy revealed different Mab ligands interacting with either CD63LEL or CD81LEL that are conserved in the Mtb membrane.

To identify ligands that interact with CD9LEL, one of the most frequently used approaches to screen protein-protein interactions could be employed, namely the yeast two-hybrid (Y2H) screen. This technique consists of a genetic system that allows the detection of interacting proteins in living yeast cells [START_REF] Fields | A novel genetic system to detect protein-protein interactions[END_REF]. Hence, interactions between proteins occur in vivo in their native environment and are detected for example in the cytosol or bound to a membrane. The classical Y2H system detects the interaction between two proteins, a bait protein (CD9LEL in our case) and a prey protein, and once the interaction occurs, transcription of a reporter gene takes place. The reporter gene normally encodes either a colorimetric substrate or an auxotrophic marker that allows growth on minimal media [START_REF] Serebriiskii | Detection of peptides, proteins, and drugs that selectively interact with protein targets[END_REF]. This screening can be performed through a library approach where the protein-protein interaction occurs between the defined bait protein of interest and its interacting prey protein present in a cDNAlibrary [START_REF] Auerbach | TLR9 regulates Th1 responses and cooperates with TLR2 in mediating optimal resistance to Mycobacterium tuberculosis[END_REF][START_REF] Brückner | Yeast Two-Hybrid, a Powerful Tool for Systems Biology[END_REF].

Therefore, for instance, the specific screening of the tetraspanin of our interest could be assessed through the Mtb cDNA library to identify specific interacting ligands. However, this technique has some limitations, including restricted sensitivity and possible bias when dealing with high affinity interactions, which requires further confirmation by mass spectrometry analysis [START_REF] Brückner | Yeast Two-Hybrid, a Powerful Tool for Systems Biology[END_REF].

Another technique can be used to reveal the interacting ligands of CD9LEL, as well as the protein partners of the previously detected ligands of CD81 and CD63, and this technique is the APEX strategy which is considered a powerful tool for labeling proteins in close proximity to our selected target protein.

This method was first introduced by Roux and colleagues [START_REF] Roux | A promiscuous biotin ligase fusion protein identifies proximal and interacting proteins in mammalian cells[END_REF] and it consists of fusing the protein of interest with a biotin ligase that is able to biotinylate in living cells the interacting proteins in the presence of hydrogen peroxide. Following the labeling process, the cells are then lysed and the biotinylated proteins are captured by streptavidin beads and then analyzed by mass spectrometry to detect in our case, the mycobacterial proteins that interact with CD9LEL or with our ligands of interest.

The advantages of this technique are its speed, ease of use, and high specificity for labeling neighboring proteins allowing proteomic mapping within living cells [START_REF] Rhee | Proteomic mapping of mitochondria in living cells via spatially restricted enzymatic tagging[END_REF]. And since we have preliminary data showing that CD9 is involved in the entry of mycobacteria into macrophages, it is of great importance to reveal its interacting ligands in Mab participating in the phagocytosis event. Moreover, CD9 is known to be co-enriched with CD81 and are both colocalized on the cell surface [START_REF] Homsi | The Extracellular δ-Domain is Essential for the Formation of CD81 Tetraspanin Webs[END_REF], hence developing a large TEM involved in the organization of tetraspanins dynamics that includes bacterial phagocytosis among other cellular activities (Karam et al., 2020). Thus, the more we know about CD9 and CD81 interaction ligands, the better we understand the network of connections between mycobacteria and host cells that leads to pathogen entry, providing us with additional ways to interfere with this interaction to limit infection.

Another critical approach to further investigate the importance of tetraspanins in mycobacterial invasion is to infect tetraspanin-deficient mice (CD9 -/-, CD63-/-and CD81-/-mice) with Mab and Mtb, and compare the pathogenesis with that of the wild-type mouse strain. The in vivo approach would enable us to study the ability of mycobacteria to infect organs and disseminate throughout the body in the absence of the tetraspanin of interest, as well as to investigate the immune response following systemic infection with mycobacteria. It would also be interesting to infect wild-type mice with Mab strains lacking CD81 ligands (or other tetraspanin ligands in the future) to observe if this affects bacilli internalization as observed in our in cellulo studies. This approach could be extrapolated to Mtb and other mycobacterial species. A similar study confirmed an increased susceptibility of CD81 knocked-out mice to infection with Listeria monocytogenes compared to controls, reflecting and supporting previous results obtained from in vitro studies (Martínez del Hoyo et al., 2015). Moreover, it is well known that structural biology has made important steps in understanding the mechanisms of ligand biding to its specific receptor, and the consequent conformational changes of the receptor upon ligand binding. Therefore, once we have identified the tetraspanin receptors and their corresponding adhesins involved in the invasion process, it would be very useful to study the ligand/receptor co-crystal structures. The ultimate goal would be to reveal specific interacting residues between the ligand and the receptor, which could constitute a therapeutic target to breakdown or limit the interaction in question. For instance, CD81 is one of the few tetraspanins whose structure has already been revealed (Kitadokoro et al., 2001), and Mtb's AhpC protein (sharing 83% identity with that of Mab) is also structured [START_REF] Guimarães | Structure and mechanism of the alkyl hydroperoxidase AhpC, a key element of the Mycobacterium tuberculosis defense system against oxidative stress[END_REF], facilitating progress toward the co-structuring process.

Interestingly, the structure of CD9 tetraspanin has also been reported recently (Umeda et al., 2020).

Finally, there is strong evidence showing that CD81 and CD9 interact with each other and form a platform by connecting to other tetraspanins and protein partners [START_REF] Frolikova | CD9 and CD81 Interactions and Their Structural Modelling in Sperm Prior to Fertilization[END_REF][START_REF] Stipp | FPRP, a major, highly stoichiometric, highly specific CD81and CD9-associated protein[END_REF]. Coimmunoprecipitation of CD9 and CD81 could help detect possible interactions between tetraspanins, integrins, protein partners, and putative mycobacterial receptors/proteins. Importantly, knock-down of CD9 or CD81 in certain human cells has been shown to lead to higher expression of the other tetraspanin, showing that they may play a compensatory role and that one may partially take over the function of the other [START_REF] Iwasaki | Deletion of tetraspanin CD9 diminishes lymphangiogenesis in vivo and in vitro[END_REF]. In our study, we observed a similar effect in inactivated CD81LEL lung epithelial cells, with a slight but detectable increase in the cellular localization of CD9 detected under microscopy compared to wild-type cells, proving that they can also form a platform on the surface of lung epithelial cells. Interestingly, a study proved that the specific δ-domain of CD81LEL (composed of only 11 aminoacids) is essential for forming TEMs and for colocalization with CD9 and other protein partners as well [START_REF] Homsi | The Extracellular δ-Domain is Essential for the Formation of CD81 Tetraspanin Webs[END_REF]. This finding suggests that interference with this tiny binding interface would be sufficient to block the interaction between CD81 and pathogens, instead of using longer peptides, hence effectively inhibiting the formation of platforms required for the establishment of infection.

Collectively, our results strongly suggest that CD81 represents a novel receptor exploited by pathogenic mycobacteria to enter host cells. Our recent data also highlight that CD81 requires AhpC to interact with and adhere to the bacterial surface. Thus, interfering with this interaction to reduce mycobacterial adhesion and invasion could be highly effective using specifically designed peptides, or using chemical substrates with the assistance of combinatorial chemistry, leading to reduction of bacterial adhesion, as described in a recent study [START_REF] Dey | Natural flavonoids effectively block the CD81 receptor of hepatocytes and inhibit HCV infection: A computational drug development approach[END_REF], knowing that tetraspanin-derived peptides are also being extensively studied as a potential target for cancer treatments [START_REF] Lorico | CD9, a tetraspanin target for cancer therapy[END_REF][START_REF] Suwatthanarak | Inhibition of cancer-cell migration by tetraspanin CD9-binding peptide[END_REF]. This step would provide a starting point for alternative medicinal options, which are sorely needed in an era of ever-increasing antibiotic resistance and where alternative anti-adhesion therapy would help decrease antibiotic consumption and limit severe and difficult-to-treat mycobacterial infections. Mycobacterium abscessus has become an emerging pathogen and an important cause of human infection, especially in cystic fibrosis patients. This bacterium has two morphotypes and is capable of forming smooth or rough colonies. This difference in morphotype is essentially based on the presence (S) or absence (R) of surface-associated glycopeptidolipids (GPL). Although the structure of GPL is well established, the contribution of the structural parts of this complex molecule in biological functions and early interactions with host cells remains poorly defined. We recently investigated the roles of the putative genes fmt (encoding a methyltransferase) and gtfs (encoding glycosyltransferases) in M. abscessus. With respect to the Fmt protein, extensive structural analyses of a M. abscessus mutant lacking fmt clearly demonstrated a role for Fmt in the O-methylation of the lipid portion of GPL. Importantly, this small chemical modification made the surface of M. abscessus more hydrophilic than the wild-type strain. In addition, the fmt mutant lacking methylation of the GPL fatty acid chain showed reduced invasive abilities in human macrophages. Collectively, our results demonstrated that Fmt is an O-methyltransferase involved in the surface properties and internalization of M. abscessus (Daher et al., 2020).

Furthermore, the importance attributed to glycosyltransferases (gtfs) in pathogenicity and host interaction remains largely unexplored. Biochemical analyses have shown that Gtf2 first catalyzes the binding of the first rhamnose to alaninol, and then the addition of the second rhamnose to the first rhamnose, or of dTalose to the threonine residue is accomplished by Gtf1 or Gtf3. We also recently demonstrated that Gtf3, by producing triglycosylated GPL, dictates the rate of host infectivity in a mannose receptor-dependent manner, depending on whether it is suppressed (less entry into host cells) or overexpressed (increased host colonization). Although the role of Gtf1 and Gtf2 in bacilli internalization remains comparable to gtf1-KO strain, they unambiguously decrease bacilli susceptibility to rifabutin and dampen bacilli virulence by preventing the formation of cords and abscesses that lead to zebrafish death.

Our results demonstrate that Gtfs are important key players that contribute to the increase in intracellular bacterial load and also attenuate bacterial virulence (Daher et al., 2022).

Further details are described in the papers presented below. For these two studies, I focused primarily on macrophage infection assays for mutants and complemented strains. ABSTRACT: Mycobacterium abscessus, an emerging pathogen responsible for severe lung infections in cystic fibrosis patients, displays either smooth (S) or rough (R) morphotypes. The S-to-R transition is associated with reduced levels of glycopeptidolipid (GPL) production and is correlated with increased pathogenicity in animal and human hosts. While the structure of GPL is well established, its biosynthetic pathway is incomplete. In addition, the biological functions of the distinct structural parts of this complex lipid remain elusive. Herein, the fmt gene encoding a putative Omethyltransferase was deleted in the M. abscessus S variant. Subsequent biochemical and structural analyses demonstrated that methoxylation of the fatty acyl chain of GPL was abrogated in the Δfmt mutant, and this defect was rescued upon complementation with a functional fmt gene. In contrast, the introduction of fmt derivatives mutated at residues essential for methyltransferase activity failed to complement GPL defects, indicating that fmt encodes an O-methyltransferase. Unexpectedly, phenotypic analyses showed that Δfmt was more hydrophilic than its parental progenitor, as demonstrated by hexadecane-aqueous buffer partitioning and atomic force microscopy experiments with hydrophobic probes. Importantly, the invasion rate of THP-1 macrophages by Δfmt was reduced by 50% when compared to the wild-type strain. Together, these results indicate that Fmt O-methylates the lipid moiety of GPL and plays a substantial role in conditioning the surface hydrophobicity of M. abscessus as well as in the early steps of the interaction between the bacilli and macrophages. KEYWORDS: Mycobacterium abscessus, glycopeptidolipid, O-methyltransferase, hydrophobicity, phagocytosis, atomic force microscopy I nfections caused by nontuberculous mycobacteria (NTM) are increasing globally and are usually difficult to treat due to their inherent resistance to many common antibiotics. 1 Among NTM, Mycobacterium abscessus is a fast-growing species and an emerging human pathogen that causes nosocomial skin and soft tissue infections 2 but also pulmonary infections, especially in patients with cystic fibrosis (CF) and other lung disorders. 3,4 Like other NTM, M. abscessus exhibits either smooth (S) or rough (R) colony morphotypes, which are associated with distinguishable in vitro and in vivo phenotypes. This colony-based distinction relies on the production of high (in S) or low (in R) levels of surface-associated glycopeptidolipids (GPLs). 5-7 Comparative genomic and transcriptomic studies have been conducted to better understand the molecular mechanisms responsible for the S-to-R transition in M. abscessus, revealing multiple insertions or deletions occurring in the R variants, mainly in the mps1, mps2, gap, and mmpL4b genes that are involved in either the synthesis or transport of GPLs. 8 Epidemiological surveys showcased the prominence of the M. abscessus R strain in patients with severe pulmonary infections 9,10 and with chronic colonization of the airways in CF patients, 10 underlining that the distinction between S and R morphotypes is of paramount importance and clinically relevant. Indeed, numerous studies have emphasized that the presence or loss of GPL conditions important physiological and physiopathological aspects of infection, among which changes in sliding motility, biofilm formation, and susceptibility to antibiotics have been reported. 5,7,11-13 Other properties related to the GPL content have been disclosed, such as bacterial surface hydrophobicity, 14,15 aggregation leading to cord formation, 5,13,14,16 interaction with and intracellular trafficking in macro-phages, 17,18 and induction of a pro-inflammatory response, 19 all influencing the clinical outcome of the disease. This has also been raised by recent studies using various cellular and animal models, confirming the increased pathogenesis of the R over the S form. 13,16,20,21 In particular, the zebrafish model of infection has been proposed as a relevant and genetically tractable host-pathogen conjugate for dissecting M. abscessus interactions with host cells, 22 which clearly showed that the Sto-R transition is associated with exacerbation of the bacterial burden, the formation of massive serpentine cords, abscess formation, and increased larval killing. 16 The mycobacterial cell envelope comprises, from the inside to the outside, a plasma membrane surrounded by the peptidoglycan layer, covalently connected to an arabinogalactan layer, which itself is attached to the outermost membrane bilayer, designated the mycomembrane. 23,24 The inner leaflet of this outer membrane is predominantly composed of mycolic acids, while the outer leaflet contains a mixture of free lipids, such as triacylglycerol (TAG) and diacylglycerol (DAG), and a series of complex lipids, including trehalose mono-and dimycolate as well as GPLs. From a structural point of view, GPLs are composed of a lipopeptide ornamented with a flexible arrangement of glycosylation that is built from O-methylated and O-acetylated deoxy hexoses 18,25,26 (Figure 1A). The peptidic core consists of a D-phenylalanine-D-allothreonine-D-alanine (D-Phe-D-alloThr-D-Ala) tripeptide linked to an L-alaninol. This D-Phe-D-alloThr-D-Ala-L-alaninol sequence is assembled by two nonribosomal peptide synthetases, Mps1 and Mps2, and acylated with a 3hydroxy/methoxy C 24 -C 33 fatty acid by an unidentified acyltransferase. 26-28 The lipopeptide core is glycosylated with the allo-Thr linked to a 6-deoxy-α-L-talose (6-dTal), while the alaninol is linked to an α-L-rhamnose (Rha), producing the less-polar diglycosylated GPL species. In addition to the diglycosylated GPLs that contain a 3,4-di-Oacetylated 6-dTal and a 3,4-di-O-methylated or 2,3,4-tri-Omethylated Rha, 18,26,29 M. smegmatis and M. abscessus also produce more polar GPLs by the addition of a 2,3,4trihydroxylated Rha to the alaninol-linked 3,4-di-O-methyl Rha. 26,30 Although structurally identical, triglycosylated GPLs are more abundant in M. abscessus than in M. smegmatis. 26 GPLs are heterogeneous in structure and vary according to the fatty acyl chain length and the degree of hydroxylation or Omethylation of the glycosidic moieties through the action of various O-glycosyltransferases, O-methyltransferases, and Oacetyltransferases 31 (Figure 1A). Interestingly, a recent study revealed unexpected structural features of the GPL content in M. abscessus grown on CF sputum or synthetic CF medium, consisting of an increase in the amount of triglycosylated forms and possible replacement of the classical carboxy terminal alaninol by other branched-chain aminol alcohols, valinol or leucinol. 32 Despite the relevance of GPLs in NTM of clinical significance, the GPL biosynthetic pathway, which has been well delineated in M. smegmatis and M. avium, 25,33-36 is only partly described in M. abscessus. The individual role of several genes compulsory for GPL production, particularly modifications of the lipid part of the GPL, remains to be experimentally investigated. In addition, whether changes in the acyl chain influence the surface properties of M. abscessus and eventually its early interaction with host cells remains undetermined. In this study, we questioned as to whether fmt, a gene located within the GPL biosynthetic locus of M. abscessus (Figure 1B), participates in GPL biogenesis.

Construction of a genetically deficient fmt mutant was used to demonstrate that fmt encodes an O-methyltransferase. Importantly, deletion of fmt abrogated O-methylation of the fatty acyl chain of the GPL, which strongly impacted the bacterial surface properties and phagocytosis of M. abscessus by human macrophages. Overall, this study advances our understanding of the genetic requirements for the biosynthesis and biological functions of the high-GPL producing variant of this understudied human pathogen.

■ RESULTS

Loss of fmt Affects Neither Growth nor Colony Morphology of M. abscessus In Vitro. To get insights into the function of the Fmt protein, conventional gene inactivation was performed in the high-GPL producing M. abscessus S variant using an unmarked deletion system. 37 The strategy involves double homologous recombination leading to the removal of the fmt open reading frame from the GPL locus (Figure 2A) using the pUX1-katG suicide construct, which carries a kanamycin resistance (kan R ) cassette, a tdTomato red fluorescence marker, and a katG cassette that confers sensitivity to isoniazid, an antitubercular drug to which M. abscessus is naturally resistant. 37 Two DNA sequences flanking fmt were cloned adjacently to each other into pUX1-katG effectively leading to an fmt-deleted allele in the resulting pUX1-katG-f mt vector. After transformation, clones that integrated pUX1-katG-f mt into their chromosome via a first homologous recombination were isolated by their resistance to kanamycin and their red fluorescence. A subsequent second homologous recombination step resulting in the loss of pUX1-katG-f mt allowed isolation of potential Δfmt clones by their resistance to isoniazid, loss of red fluorescence, and kanamycin sensitivity. PCR and sequencing screens on genomic DNA using primers listed in Table S1 confirmed the genotype of a Δfmt mutant (Figure 2B). To confirm that fmt alone was responsible for any phenotypic defects observed in Δfmt, the mutant was complemented by site-specific integration at the L5 mycobacteriophage chromosomal attachment site 38 of a Cterminally HA-tagged f mt copy under control of its endogenous promoter (Figure 2C). Western blotting was carried out by loading an equal amount of total protein extracts (confirmed by the KasA protein internal loading control). A band with the approximate molecular weight expected for the Fmt-HA protein was detected in the complemented strain, designated Δf mtC.

Since it is well established that the absence or the presence of GPL conditions the morphotype of M. abscessus colonies on agar medium, we next assessed whether the disruption of fmt influences the morphology of the strain. Serial dilutions of cultures were plated on Middlebrook 7H10 or on LB agar, and single colonies were observed after 4-5 days of incubation. No visual differences in the morphology were noticed between the WT (S morphotype), Δfmt, and Δf mtC colonies, regardless of the medium used; these strains did not show the typical serpentine cords typifying the R variant (Figure 2D). Moreover, Δfmt failed to aggregate in liquid culture but produced homogeneous suspensions similar to M. abscessus S cultures (Figure 2E). The in vitro growth curves in 7H9 broth at 37 °C were also similar for the S, Δfmt, and Δf mtC strains, indicating that the deletion of fmt does not have an impact on the replication rate of M. abscessus in planktonic culture (Figure 2F). Along the same lines, like the S progenitor, Δfmt produced fragile pellicles at the air-liquid interface (Figure 2G).

Disruption of fmt Alters the Overall GPL Profile in M. abscessus. GPLs are a heterogeneous family of polar glycolipids whose structures have been well established in several NTM, including M. abscessus. 18,25,26 Individual GPLs comprise three structural parts, a Phe-alloThr-Ala-alaninol peptidic core, a lipid chain, and a glycan moiety. In M. abscessus, a C 24 -C 33 3-methoxylated fatty-acyl chain esterifies the amino group of the Phe, while the alloThr and alaninol are substituted by a 6-dTal and by one or two Rha residues, respectively (Figure 1A). The presence of one or two Rha residues differentiates diglycosylated (GPL-2) from triglycosylated (GPL-3) GPL species. The impact of fmt deletion on the overall GPL profile was first analyzed by lipid extraction and separation by thin-layer chromatography (TLC). As anticipated, GPL production was abrogated in the M. abscessus R morphotype, whereas the S variant produced large amounts of highly heterogeneous di-and triglycosylated GPL (Figure 3A). 26 Major differences were noticed in the migration profile between the S variant and Δfmt, presumably resulting from small chemical changes in individual molecules. Two rounds of migration showed that the modified GPL pattern in Δfmt comprises GPL species that were either produced in lower amounts or accumulated. Importantly, the wild-type (WT) GPL profile was restored in Δf mtC, indicating that the altered GPL profile cannot be attributed to a polar effect caused by the gene deletion in Δfmt.

To qualitatively analyze GPL-2 or GPL-3 from WT S and Δfmt strains, an in-depth analysis was carried out. Partial purification of the GPL-2 and GPL-3 fractions was accomplished by liquid flash chromatography on a silica gel column and monitored by TLC analysis (Figure 3B). Starting from the lower part of the TLC to the solvent front, two intense and sharp bands, tentatively identified as trehalosecontaining lipids with unsaturated C 16 and C 18 fatty acids (data not shown), were observed along with multiple bands with higher R f values, corresponding to GPL-3 and GPL-2, on the basis of their respective mobilities. These fractions were next subjected to thorough structural analyses.

The Glycan Moiety of GPL Is Not Altered in the Δfmt Strain. The monosaccharide composition determined by GC/ MS of WT GPL-2 showed the presence of 3,4-di-O-methyl Rha and 6-dTal in an approximate 1:1 ratio. Very similar results were obtained with the Δfmt GPL-2 fraction (Figure S1). Both WT GPL-3 and Δfmt GPL-3 showed the presence of 3,4-di-O-methyl Rha, 6-dTal, and Rha in an approximate 1:1:1 ratio (Figure S2). In addition, 3-O-methyl Rha was observed in much lower quantities on all chromatograms, suggesting the presence of minor glycoforms. These results not only confirm that GPL-3 lipids correspond to extended GPL-2 lipids with an additional Rha residue but also imply that loss of fmt does not influence the monosaccharide composition of GPL. Mass spectrometry analysis of GPL-2 and GPL-3 from WT and Δfmt showed complex patterns of signals dominated by two major signals with 28 m.u. increments, tentatively attributed to two CH 2 groups (Figure 3C). The 146 Da increment between WT GPL-2 and WT GPL-3 major signals at m/z 1258/1286 and m/z 1404/1432 was tentatively attributed to a deoxyhexose, confirming that WT GPL-3 corresponds to WT GPL-2 with an extra Rha residue, in agreement with GC/MS analysis and previous reports. 26,31 The fine sequence of individual WT GPL was further delineated by MS 2 fragmentation of the intense ions at m/z 1258 (Figure 4A) and 1404 (Figure S3A). The presence of terminal Me 2 Rha and Ac 2 dTal residues in WT GPL-2 was established owing to primary fragment ions at m/z 1084 and 1010, respectively, and confirmed by secondary ion products at m/z 836 and 454 (Figure 4A). In contrast, WT GPL-3 was characterized by a terminal Rha and Ac 2 dTal residues owing to primary fragment ions at m/z 1258 and 1156 and to a number of secondary ion products (Figure S3A), confirming that WT GPL-3 was further elongated by a single Rha residue on the Me 2 Rha as compared to WT GPL-2. Similar results were obtained on 28 m.u. higher parent ions for GPL-2 and GPL-3 at m/z 1286 and 1432, corresponding to a longer lipid chain (data not shown). The presence of the two acetyl groups on dTal residues to form Ac 2 dTal was confirmed by MS and MS/MS analyses of mild alkali treated GPL that led to an 84 m.u. decrease for the molecular ion as well as for all fragments containing the dTal residue. This is exemplified by the MS analysis of saponified WT GPL-3 that shows two signals at m/z 1319 and 1347 (Figure S4A), as compared to ions at m/z 1404 and 1432 for the nontreated fraction (Figure 3C) and confirmed by the corresponding MS/MS fragmentation patterns (Figure S4B).

As for WT, the MS spectra from Δfmt GPL-2 and Δfmt GPL-3 showed complex patterns dominated by major ions with 146 m.u. increments at m/z 1244/1272 and m/z 1390/ 1418, respectively, exhibiting a 14 m.u. decrease compared to WT GPL-2 and WT GPL-3 (Figure 3C), tentatively assigned to the loss of a methyl group on Δf mt GPL. MS 2 fragmentation patterns of the major GPL species (Figures 4B andS3B) and of their alkali-treated equivalents (data not shown) established that the glycan moieties of Δfmt GPL-2 and Δfmt GPL-3 were identical to those of WT GPL-2 and WT GPL-3. These results clearly indicate that the deletion of fmt does not alter the glycan moiety of GPL.

The Fatty Acyl Chain of GPL Lacks a 3-Methoxy Function in Δf mt. NMR was subsequently used to unambiguously identify the origin of the 14 m.u. decrease in Δfmt samples. In particular, 1 H/ 13 C HSQC heteronuclear experiments confirmed that one signal in the region of O-CH 3 chemical shifts at δ 3.27/57.4 ppm ( 1 H/ 13 C) detected for WT GPL-2 and GPL-3 was absent in the corresponding Δfmt fractions (Figure 3D). This signal was clearly identified as a methoxy group associated with the fatty acid chain, according to its chemical shifts reported in M. smegmatis. 39,40 In contrast, the two less shielded signals, which were similarly observed in all samples, were assigned to the O-Me of Me 2 Rha, in agreement with previous work. 41 This confirmed that fmt has no influence on the methylation of Rha residues. To further certify the loss of methoxylated fatty acids in Δfmt, the fatty acid composition of WT GPL and Δfmt GPL was investigated by GC/MS. As expected, a mixture of methoxylated fatty acids dominated by a C 28 octacosanoyl form was identified in WT GPL. 40 Electronic-impact mass spectrometry (EI-MS) fragmentation (Figure 4C) of the fatty acid methyl esters (FAMEs) highlighted the presence of a methoxy group in the 3-position owing to the presence of a specific fragment ion at m/z 117. Similar experiments on Δfmt GPL did not permit the identification of similar methoxylated fatty acids. To identify potential nonmethoxylated fatty acids, the free hydroxyl groups of FAMEs extracted from Δfmt GPL were labeled by trimethylsilylation prior to GC/MS analysis. EI/MS of the reaction products from Δfmt GPL showed the presence of C 28 octacosanoyl FAME hydroxylated in the 3-position owing to the intense fragment ion at m/z 175 (Figure 4D). Finally, exhaustive analysis of MS data of Δfmt GPL-3 revealed that MS 2 spectra of ions at m/z 1390 and 1418 generated a specific fragment ion at m/z 1038, resulting from the cleavage of the fatty acid C3-C4 bond next to the hydroxyl group that could be further fragmented by MS 3 (Figure S5A). This specific fragment ion was not detected in WT GPLs, although an isobaric fragment ion resulting from the cleavage of glycosidic bonds was found by MS 3 analysis (Figure S5B). These data support the view that WT GPLs are substituted by 3-methoxylated fatty acids while Δfmt GPLs are substituted by their hydroxylated equivalents.

The GXG Motif Is Essential for the Methyltransferase Activity of Fmt. To investigate whether fmt encodes a methyltransferase, the amino acid sequence of Fmt was aligned with other validated methyltransferases using CLUSTALW (https://www.genome.jp/tools-bin/clustalw). The aligned sequences include MT0146/CbiT from Methanobacterium thermoautotrophicum, 42 the corynebacterial MtrP protein (NCg12764) assisting the transport of trehalose mycolates, 43 the methyltransferase catalyzing the transfer of a methyl group onto the lipid moiety of phthiotriol and glycosylated phenolphthiotriol dimycocerosates in M. tuberculosis (Rv2952), 44 and the Fmt orthologue in M. smegmatis Mtf2, 45 for which active site residues have been identified. In particular, two glycine residues are conserved in S-adenosyl methionine (SAM)-dependent methyltransferase and known to be involved in binding to the methyl donor. These correspond to Gly86 and Gly88 in Fmt, which are also conserved in MT0146/CbiT, NCg12764, and Mtf2 (Figure 5A). However, only the second glycine residue is conserved in Rv2952 (Figure 5A). We reasoned that, if replacement of these crucial residues by Ala would result in loss of methoxylation, trans-complementation of Δfmt with the Ala mutated fmt alleles would fail to restore the WT GPL pattern. Thus, Δfmt was transformed with constructs allowing expression of Fmt variants (HA-tagged) in which Gly86 and Gly88 were either individually or simultaneously substituted by Ala. The introduction of pMV306-fmt-G86A, pMV306-fmt-G88A, or pMV306-f mt-G86A/G88A into Δfmt resulted in similar expression levels of the different Fmt variants, as judged by probing the proteins with anti-HA antibodies (Figure 5B). The TLC profile of the extracted lipids clearly indicates that the introduction of the single or double mutations in fmt failed at functionally complementing the GPL profile (Figure 5C).

To support these results, GPL-2 and GPL-3 were purified from Δf mt harboring pMV306-f mt-G86A, pMV306-f mt-G88A, or pMV306-fmt-G86A/G88A and analyzed by MS. As depicted in Figure S6 and in agreement with the TLC pattern, the MS profiles in these three strains remain identical with the one in Δfmt. In each of the three Δfmt strains expressing a catalytically inactivated Fmt variant, GPL-3 fractions displayed a set of intense bands with lower R f due to a more polar behavior (Figure S6A) and identical MS spectra to Δfmt, with two main ions at m/z 1390 and 1418 (Figure S6C). MS 3 analysis of the fragment ion 1418 → 1038 generated very similar fragmentation pattern to those observed for Δfmt GPL-3 (Figure S5A), strongly suggesting the presence of a β-hydroxyl group on the fatty acid (Figure S7). In addition, the two major ions at m/z 1244 and 1272 were found in the GPL-2 fractions of all three strains (Figure S6B). These results establish the absence of methoxylated GPL in Δfmt producing the catalytically inactivated Fmt proteins. Collectively, this indicates that both Gly86 and Gly88 are required for restoring the GPL profile to the WT level and confirm that Fmt is a canonical methyltransferase.

Hydrophobicity of M. abscessus S Is Dependent on GPL Methylation. Partitioning of mycobacterial cultures between hexadecane and an aqueous buffer has been used as a quantitative marker of hydrophobicity in M. tuberculosis evolution and pathogenicity, ranging from the hydrophilic environmental low-pathogenicity ancestors Mycobacterium kansasii and Mycobacterium canettii to highly hydrophobic virulent tubercle bacilli. 46 To address whether the methylation of GPL affects the surface hydrophobicity of M. abscessus, hexadecane-aqueous buffer partitioning was applied to the S, R, Δfmt, and Δf mtC strains. M. kansasii Hauduroy (ATCC 12478) was included as a highly hydrophilic control strain. 46 Consistent with previous findings, the S variant is more hydrophilic than the R variant, while M. smegmatis mc 2 155 exhibited an intermediate phenotype. 14 Unexpectedly, Δfmt, while producing normal levels of GPL but lacking the methoxy on the fatty acid core, was significantly more hydrophilic than the S variant, almost reaching levels of M. kansasii, while complementation restored the wild-type hydrophobic properties of the S strain (Figure 6A). This suggests that lack of Omethylation is responsible for the increased hydrophilicity of Δfmt.

Hydrophobic Forces Are Weaker within Hydrophobic Nanodomains on Single Δf mt Cells. Atomic force microscopy (AFM) with chemically modified (hydrophobic) AFM tips was employed to assay at high spatial resolution the magnitudes, frequencies, and surface distributions of hydrophobic adhesive forces on the surface of Δfmt. 15,47 Low resolution topographic images (5 μm × 5 μm) were first recorded, and then, high-resolution adhesion maps were obtained (250 nm × 250 nm, Figure 6B, blue squares) on top of the bacteria to avoid edge artifacts. In line with previous work, 15 heterogeneous distributions of hydrophobic adhesive forces were observed, i.e., hydrophobic nanodomains surrounded by hydrophilic areas on the surface of M. abscessus S cells (Figure S8A) as well as on Δfmt (Figure S8B) and Δf mtC cells (Figure S8C). The frequencies of detectable hydrophobic forces on Δfmt (24 ± 3%, n = 19 cells) did not differ significantly from those on WT bacteria ( 16 To test whether changes in the methylation pattern of GPL affect hydrophobic adhesion within nanodomains, we assessed the average magnitudes of adhesion forces within these domains only (i.e., excluding nonadhesive events). The average adhesion force within hydrophobic nanodomains on Δfmt was 281 ± 28 pN (mean ± SEM, n = 17, 481 curves from 18 cells), while in WT cells, it was 375 ± 37 pN (mean ± SEM, n = 11, 476 curves from 17 cells), a moderate (∼25%) but significant difference (p = 0.016). In Δf mtC, adhesive forces with hydrophobic nanodomains were restored to WT levels (371 ± 20 pN, mean ± SEM, n = 10, 495 curves from 11 cells). These results shown as boxplots in Figure 6C indicate that the alteration of the GPL methoxylation pattern correlates with changes in the surface hydrophobic properties of M. abscessus S cells. It also supports the view that more hydrophobic classes of GPL define the hydrophobic nanodomains exhibited on the surfaces of S variant cells (at least in contribution with other apolar lipid classes). However, the ratio of hydrophobic to hydrophilic area did not change in Δfmt, indicating that methoxylation is not the only determinant of GPL hydrophobicity and that other chemical differences between the class of GPL that define the hydrophilic nanodomains and those that define the hydrophobic ones likely exist.

Reduced Invasion of THP-1 Macrophages by Δfmt. Because cell surface hydrophobicity plays important roles such as favoring cell-surface interactions with host tissues, 48 the first step leading to infection, we next evaluated the possible impact of GPL methylation on adhesion and invasion of M. abscessus by human THP-1 macrophages. Cells were infected with the tdTomato-expressing M. abscessus S, Δfmt, or Δf mtC strains for 3 h at a multiplicity of infection (MOI) of 2:1, prior to assessing phagocytosis and rate of replication over time. Following infection, macrophages were treated with 250 μg/mL amikacin for 2 h and then amikacin was maintained at 50 μg/mL to prevent extracellular bacterial growth. At 0, 1, 3, and 5 days postinfection (dpi), macrophages were lysed and plated to determine the intracellular bacterial burden. At day 0 (3 h postinfection), the invasion rate of Δfmt was reduced by almost 50% as compared with the control strain, and this effect was rescued with Δf mtC (Figure 7A). This defect was maintained at 1, 3, and 5 dpi (Figure 7A). In parallel, at 0, 1, 3, and 5 dpi, macrophages were stained with DAPI and observed under an epifluorescence microscope. Microscopic observations and quantification of the infected cells revealed a pronounced reduction in the number of infected THP-1 cells infected with Δfmt just after phagocytosis. Again, this effect was maintained over time as compared to the macrophages infected with either the WT progenitor or Δf mtC strains (Figure 7B,C). In contrast, no major effect on bacilli multiplication was observed within the cells, suggesting that fmt is important for bacterial invasion rather than for intracellular survival.

■ DISCUSSION

This work provides a first glimpse into the structure-function relationship of GPL fatty acid methoxylation. It unambiguously demonstrates that fmt encodes a O-methyltransferase that catalyzes the transfer of a methyl to the 3-hydroxyl group of the C 24 -C 33 fatty acyl chain, with which the amino group of the peptidic core is esterified: (i) unmarked deletion of fmt leads to the production of GPL carrying a fatty acyl chain lacking a 3-methoxy group while the glycan moiety remains unaltered; (ii) substitution of the Gly86 and/or Gly88 residues of the conserved GXG motif, known to bind to the methyl donor in other O-methyltransferases, 43 resulted in the loss of O-methylation of the lipid domain of GPL; (iii) Fmt is the orthologue of Mtf2 that methylates the GPL in M. smegmatis. 45 However, because M. smegmatis is a nonpathogenic species, the impact of lipid O-methylation in the physiopathology of infection cannot be investigated. In addition, we procure strong evidence that O-methylation of the GPL fatty acid increases cell surface hydrophobicity of M. abscessus and increases internalization of the bacilli by macrophages. By substituting the endogenous promoter of the mmpS4 mmpL4a-mmpL4b locus involved in the transport of the GPL with a leaky acetamidase promoter from M. smegmatis in M. abscessus S, we previously reported a strain producing low GPL levels with a rough appearance, similar to R strains. 14 This rough low GPL producing mutant was less hydrophilic than the S variant but more hydrophilic than the R variant, indicating that lowering the production of GPL leads to increased hydrophobicity. Herein, we show that O-methylation of the lipid core of GPL represents another way for M. abscessus to regulate its surface hydrophobicity properties. However, these alterations in the GPL profile were not associated with changes in the susceptibility to cefoxitin, imipenem, bedaquiline, amikacin, or rifabutin (data not shown), indicating that methoxylation of the fatty acyl chain does not contribute to the envelope permeability and drug sensitivity of M. abscessus.

Earlier comparative studies between the S and R morphotypes of M. abscessus underscored the positive correlation between low GPL production and increased hydrophobicity and virulence in animal models. 14 These features are reminiscent of the role that hydrophobicity has played in M. tuberculosis evolution toward greater pathogenicity, where more modern pathogenic strains exhibit a higher proportion of less polar lipids in the outer membrane, which corresponds with greater surface hydrophobicity. 46 Importantly, increased hydrophobicity may enhance the capability for aerosol transmission, affecting virulence and pathogenicity. 46,49 Conversely, M. kansasii, which is much less pathogenic than M. tuberculosis and less virulent than M. abscessus in the zebrafish model of infection, 50 produces large quantities of hydrophilic lipids and is characterized by mycomembrane lipids that are less apolar than those found in M. tuberculosis. 46 Our results indicate that M. abscessus S is less hydrophilic than M. kansasii but more than the R morphotype. Remarkably, Δfmt is more hydrophilic than the S parental strain, indicating that a simple change in the methoxylation pattern of GPL can lead to pronounced phenotypic changes in surface hydrophobicity. However, considering the wide heterogeneity of the microbial population in planktonic cultures, comprising a mixture of bacteria with various degrees of hydrophilicity, we aimed at imaging and quantifying surface hydrophobicity at the single cell level using AFM. As noticed previously, the M. abscessus S cell surface is characterized by hydrophilic nanodomains, the latter being completely absent in R variant cells that express homogeneous surface hydrophobicity, 15 like in other GPL-defective mycobacteria. 47,51,52 While the homogeneous hydrophobicity on the R variant cell surface is easily explained by the exposure of more hydrophobic lipid classes, like mycolic acids, in the absence of GPL, two explanations for the presence of both hydrophobic and hydrophilic nanodomains on S variant cells were posited: (i) mycolic acids that are hydrophobic (most likely along with other hydrophobic lipids) define the hydrophobic nanodomains, while GPLs, which expose relatively hydrophilic head groups, define the hydrophilic nanodomains; (ii) more hydrophobic GPL classes define the hydrophobic nanodomains, while hydrophilic nanodomains are defined by more hydrophilic classes. 15 The average adhesion force within hydrophobic nanodomains on Δfmt was lower than in the parental and Δf mtC strains, which supports the latter hypothesis. It is possible that more apolar GPL-2 define the hydrophobic nanodomains and that a loss of fatty acid methoxylation leads to decreased hydrophobic adhesive forces measured specifically within hydrophobic nanodomains of Δfmt. Ensuing studies may explore the contribution of the GPL glycosylation profile on surface hydrophobicity.

The fatty acid core of GPL is thought to interact with other lipids present within the outer leaflet of the outer membrane, implying that the methoxy substituent is likely to be buried within the membrane and, presumably, not exposed on the bacterial surface. One cannot, however, exclude that the overall reduced hydrophobicity of Δfmt GPL relies simply on the direct consequence of the lack of the methoxy group. It is possible that this methoxy group is important for the GPL to interact with other membrane lipids. The loss of the methyl group in Δfmt may, therefore, result in "abnormal" interactions with lipids, favoring the exposition of other polar lipids at the bacterial surface, thus influencing the overall cell surface chemical composition and hydrophobic properties. Interestingly, methoxylation has been ascribed to the phenolglycolipids (PGL) and phthiocerol dimycocerosate (PDIM) in M. tuberculosis, two other well-described, complex, virulence lipids. 53 In these lipids, the transfer of a methyl group onto the free hydroxyl group of the lipid domain of PDIM and PGL is catalyzed by the methyltransferase Rv2952, 44 whose gene is found within the PDIM/PGL locus, similarly to how fmt is located within the GPL locus. Multisequence alignments indicated an overall conservation between Fmt and Rv2952, albeit the GXG motif is not fully conserved in Rv2952 as the first Gly residue is substituted by a Ser. On the basis of our findings with GPL, it would be interesting to investigate whether the lack of lipid methoxylation in PDIM and PGL translates into altered biological properties and influences the pathogenesis of M. tuberculosis.

The outermost layer of M. abscessus characterizes the interface between bacilli and their host macrophages. It is now clear that the hydrophobic effect is a factor in adhesion of numerous pathogens. 48 Mycobacterial exposed adhesins are recognized by specific cell surface receptors that allow bacteria to reach and invade their cellular targets. A few adhesins have been shown to play a role in the interaction between mycobacteria and host cells, but their surface position and their approachability to their cognate receptors remain poorly ACS Infectious Diseases understood. This work shows that the decreased cell surface hydrophobicity of Δfmt correlates with reduced invasion of macrophages by M. abscessus, while the intracellular growth rate of the mutant was not altered as compared to the one of the WT progenitor. These findings are consistent with previous studies demonstrating that internalization of M. smegmatis by human macrophages is more efficient in a mutant lacking GPL (mps-inactivated) than in a control strain producing GPL. 29,54 However, whether the reduced adhesion and internalization of Δfmt in macrophages is a direct or indirect effect of the lack of GPL methoxylation deserves future investigations. One possibility could be that GPL are direct ligands of macrophage receptors and that the methoxy of the GPL fatty acid chain participates in the ligand-receptor recognition. Improved adherence to target cells is directly correlated with increased bacterial surface hydrophobicity in Neisseria and Streptococci. 55,56 Methylation has also been found to increase hydrophobicity of the outer surface of the flagellar filament in Salmonella and, consequently, enhance bacterial adhesion and host cell invasion. 57 Additional work is required to understand how bacterial surface hydrophobicity can alter the adhesion strength between bacteria and host cells.

■ CONCLUSION

This study underscores the contribution of GPL methoxylation in the biological functions of this important class of lipids. Because GPLs are present in numerous NTM, these results suggest that the activity of Fmt participates in the surface properties and internalization of other NTM, highlighting possible therapeutic interventions against these opportunistic mycobacterial pathogens. Future studies should enlighten the contribution of the other parts of this complex lipid molecule with respect to their biological functions.

■ METHODS

Mycobacterial Strains, Growth Conditions, and Reagents. All bacterial strains are listed in Table S2. Rough (R) and smooth (S) variants of M. abscessus CIP104536 T were usually grown in Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80 and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9 T/OADC ) at 37 °C in the presence of antibiotics, when required. Electro-competent mycobacteria were transformed using a Bio-Rad Gene pulser (25 μF, 2500 V, 800 Ohms). For bacterial selection, media were supplemented either with 1 mg/mL hygromycin for strains carrying pTEC27 (Addgene, plasmid 30182), allowing tdTomato expression, or with 250 μg/mL kanamycin when harboring the pMV306 derivatives. On plates, colonies were selected either on Middlebrook 7H10 agar (BD Difco) supplemented with 10% OADC enrichment (7H10 OADC ) or on LB agar. Antibiotics were purchased from Sigma-Aldrich.

In Vitro Growth, Colony Morphology Assays, and Sedimentation. Growth was examined by inoculating the mid-log phase cultures into fresh 7H9 at an OD 600 of 0.05. Cultures were incubated at 37 °C with shaking, and OD 600 was monitored for 150 h using a Synergy H1 hybrid reader (BioTek). To evaluate colony morphology, bacteria from a log phase bacterial culture (OD 600 = 1) were resuspended in phosphate buffered saline (PBS) and 2 μL of the cell suspension was spotted onto 7H10 OADC or LB agar. Plates were then incubated for 4-5 days at 37 °C, and colonies were imaged using a Zeiss microscope equipped with a Zeiss Plan Neo Fluor Z 1×/0.25 FWD objective. Images were acquired with an Axiocam503 monochrome (Zeiss) camera and processed using ZEN 2 (blue edition). For sedimentation experiments, cultures were diluted to an OD 600 of 1 and 2 mL of culture were transferred to a glass tube. Images were taken after 5 min.

Pellicle Assays. Pellicle formation was assessed by inoculating 10 μL of mid-log phase mycobacterial cells (OD 600 , 0.8-1.0) onto medium consisting of M63 supplemented with 10% glucose, 1 mM CaCl 2 , and 1 mM MgSO 4 , and the samples were incubated without agitation at 30 °C for 5 days.

Hexadecane Partitioning. Exponentially growing bacteria were washed twice in PUM buffer (100 mM K 2 HPO 4 , 54 mM KH 2 PO 4 , 30 mM urea, 0.8 mM MgCl 2 ) and suspended to an OD 600 of 0.7. Aliquots (3 mL) were transferred to glass tubes, and hexadecane (2.4 mL) was added. After a brief mixing, samples were incubated for 8 min at 37 °C, and phase separation was allowed to occur at 22 °C for 15 min. The hydrophobicity index was defined as aqueous phase OD 600 , expressed as a percentage of that of the bacterial suspension in PUM buffer alone. 46 Construction of Δfmt. The suicide vector pUX1-katG 37 was used to generate pUX1-katG-fmt (Table S3), which was subsequently used to generate an unmarked deletion mutant in the S variant of M. abscessus. Briefly, the left and right arms (LA and RA, respectively) were PCR-amplified using genomic DNA and Q5 polymerase (New England Biolabs) as well as primers 1 and 2 (LA) and primers 3 and 4 (RA) (Table S1). The purified LA and RA amplicons were restricted with PacI/ MfeI and MfeI/NheI, respectively, and ligated to the PacI-NheI-linearized pUX1-katG, yielding pUX1-katG-fmt, designed to delete 696 bp (87%) of the fmt gene. Electrocompetent M. abscessus was transformed with pUX1-katG-fmt. The selection of bacteria having undergone the first homologous recombination event was done by visual screening of red fluorescent colonies on 7H10 OADC supplemented with 250 μg/mL kanamycin. After subculturing the culture overnight in 7H9 T/OADC in the absence of kanamycin, bacterial suspensions were serially diluted and plated onto 7H10 OADC with 50 μg/mL isoniazid (INH) to select for INH-resistant, Kan-sensitive, and nonfluorescent colonies. The DNA junctions were subsequently PCR sequenced to confirm the proper Δfmt genotype.

Complementation Constructs. Plasmids for complementation were generated by PCR amplification of fmt in fusion with an HA tag sequence under the control of its endogenous promoter region (175 bp) using genomic DNA and the forward primer 9 (containing a KpnI site) and reverse primer 10 (containing an NcoI site as well as the HA-coding sequence) and subsequent ligation into the integrative vector pMV306 cut with KpnI and NcoI, resulting in pMV306-fmt. The mutation of the Gly86 or/and Gly88 present in the GXG motif in Fmt in pMV306-fmt was achieved by site-directed mutagenesis using the primers listed in Table S1 and the QuikChangeV Site-Directed Mutagenesis Kit (Agilent), according to the manufacturer's instructions, yielding pMV306-fmt-G86A, pMV306-fmt-G88A, and pMV306-fmt-G86A/G88A. All constructs were verified by DNA sequencing and introduced into Δfmt.

Western Blotting. Bacteria were harvested, resuspended in PBS, and disrupted by bead beating using 1 mm diameter glass ACS Infectious Diseases beads. Protein concentration was assessed using the BCA Protein Assay Reagent kit (Pierce), according to the manufacturer's instructions. Equal amounts of proteins (50 μg) were separated by SDS/PAGE and transferred to a nitrocellulose membrane. For detection of Fmt-HA, Fmt-G86A-HA, Fmt-G88A-HA, and Fmt-G86A/G88A-HA, membranes were probed for 1 h with rat anti-HA antibodies (dilution 1:2000; Sigma). The KasA protein, used as an internal loading control, was revealed using rat anti-KasA antibodies (dilution 1:2000). 58 After washing, membranes were incubated for 45 min with goat anti-rat antibody conjugated to HRP (dilution 1:5000; Abcam). The signal was revealed using the ChemiDoc MP system for imaging and analyzing gels (Bio-Rad laboratories).

AFM Tip Functionalization, Sample Preparation, Parameters, and Analysis. Gold OMCL-TR400PB-1 AFM probes (Olympus) were functionalized by immersing them in a 1 mM ethanolic solution of 1-dodecanothiol overnight and used fresh. Bacteria were first cultured in 7H9 broth supplemented with 0.2% (w/v) glucose, 0.2% glycerol, and 0.025% tyloxapol. At the middle exponential phase (OD 600 ∼ 1.0), bacteria were pelleted by centrifugation, resuspended in medium lacking tyloxapol, and deaggregated via passing them 10× through a 26 GA syringe needle and finally passing them through a 5 μm PVDF syringe filter (Merck), resulting in a suspension of single bacterial cells. This suspension was seeded into a 35 mm hydrophobic (untreated) microscopy dish (iBidi), and bacteria were left to adhere to the hydrophobic surface overnight at 30 °C. Just prior to AFM measurements, the bacteria were washed several times with deionized water, and all AFM experiments were performed in ultrapure deionized water. Topographic images were recorded in quantitative imaging (QI) mode using a JPK NanoWizard 4 AFM, bare MSCT probes (k = 0.02), and the following parameters: an applied force of 250 pN, 25 μm/s approach and retraction speeds, a z-length of 500 nm, a map size of 5 × 5 μm, and a resolution of 128 × 128 pixels. Adhesion maps were also recorded in QI mode but using hydrophobic probes (k = 0.02) and the following parameters: 25 μm/s approach and retraction speeds, an applied force of 500 pN, a z-length of 500 nm, a map size of 250 nm × 250 nm, and a resolution of 64 × 64 pixels. Owing to tip-geometry induced artifacts that occur on the steep edges of the cells, care was taken to record adhesion maps right on top of the bacteria (250 nm × 250 nm areas). The spring constants of AFM probes were determined empirically using the method of Hutter and Bechhoefer. 59 At least two different tips were used to collect data for each sample, and the AFM experiment was repeated on one occasion. Force-distance curves obtained in QI mode were treated using the JPK Data Processing software (V. 6.1.125).

Macrophage Infection Assays. THP-1 macrophages were grown, infected with the M. abscessus S, Δfmt, and Δf mtC strains, and processed as reported earlier. 60 At various time points (0, 1, 3, and 5 days postinfection), macrophages were washed three times with PBS and lysed with 100 μL of 1% Triton X100. Cell lysis was stopped by adding 900 μL of PBS, and serial dilutions were plated to monitor the intracellular bacterial counts. Colonies were counted after 5 days of incubation at 37 °C. Microscopy-based infectivity assays were performed as reported previously. 60 Briefly, THP-1 cells were cultivated on coverslips in 24-well plates at a density of 10 5 cells/well. The following day, cells were infected with tdTomato expressing M. abscessus (MOI = 2). At various time points after infection, cells were fixed with 4% paraformaldehyde in PBS for 20 min, stained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) for 5 min, washed, mounted onto microscope slides using Immu-Mount (Calbiochem), and examined using a confocal microscope (63× objective) (Zeiss LSM880). Images were acquired and captured on a Zeiss Axioimager confocal microscope equipped with a 63× oil objective and a camera and processed using Zeiss Axiovision software. Quantification and scoring of the numbers of bacilli present within macrophages were performed within focus using ImageJ. Equal parameters for the capture and scoring of images were consistently applied to all samples. For each condition, ∼1000 infected macrophages were analyzed.

GPL Extraction. Bacteria grown on 7H10 OADC agar plates without detergent were collected, and GPLs were extracted from the polar lipid fraction, first with chloroform/methanol/ 0.3% NaCl (9:10:3, v/v/v) and then by chloroform/methanol/ 0.3% NaCl (5:10:4, v/v/v). The combined solvent extracts were then mixed for 5 min with chloroform and 0.3% NaCl (1:1, v/v) and centrifuged at 3000g for 5 min to separate the lower-organic phase from the aqueous phase. The upper aqueous layer was discarded, and the lower-organic phase was evaporated under a stream of nitrogen and resuspended in chloroform/methanol (2:1, v/v). Polar lipids were then subjected to TLC analysis using Silica gel 60 F 254 plates (Merck). GPLs were separated using either chloroform/ methanol/water (90:10:1, v/v/v) or chloroform/methanol (9:1 or 95:5, v/v) and sprayed with orcinol/sulfuric acid vapor prior to revelation by charring.

Glycolipid Purification. 1-TLC. For preparative TLC, 150 μL of glycolipid sample was spotted on a 150 mm band on a 60 μm silica gel plate with a glass back (20 cm × 20 cm) and migrated in a solution of chloroform/methanol/water (90:10:1, v/v/v). Plate sides were sprayed with orcinol in 20% sulfuric acid and charred to reveal glycolipids while the plate center was reversibly colored with iodide vapor.

2-Flash Chromatography. Glycolipid extracts were impregnated with silica gel overnight. After an equilibration step, impregnated silica was added on top of a low-pressure silica gel column (15 μm, 4 g; Interchim, France) and a linear gradient started on Puriflash (Interchim, France) from 100% chloroform to reach 85% chloroform/15% methanol at 20 min. This ratio was maintained for 10 min. Six milliliter fractions were collected during the gradient phase, and the presence of glycolipids was checked by TLC. Fractions containing GPL were pooled, dried, and dissolved in chloroform/methanol (2:1, v/v).

GPL Saponification and Methanolysis. Ten microliters of purified GPL was dried under nitrogen; 200 μL of sodium hydroxide (0.1 M) in chloroform/methanol (2:1, v/v) was added and heated for 2 h at 37 °C. After the reaction, 1 mL of chloroform and 1 mL of water were added. The mixture was vortexed for 1 min and then centrifuged for 30 s. The lower chloroform phase was dried under nitrogen and dissolved in 150 μL of chloroform/methanol (2:1, v/v). For methanolysis, 10 μL of purified GPL was dried under nitrogen and desiccated overnight; then, 200 μL of methanol/HCl 0.5 N was added and heated overnight at 100 °C. After the reaction, 1 mL of chloroform and 1 mL of water were added. The mixture was vortexed for 1 min and centrifuged for 30 s, and the lower chloroform phase was dried under nitrogen and dissolved in 250 μL of heptane.

Itol-acetate Derivatives. For the hydrolysis step, 1 μg of mesoinositol, 20 μL of GPL fraction, and 1 mL of TFA (3 M) were mixed, then heated for 4 h at 80 °C, dried, and desiccated overnight. The reduction step was conducted for 4 h at room temperature in 500 μL of NaBH 4 (10 mg/mL) in 2 M NH 4 . The reaction was stopped with concentrated glacial acetic acid. Samples were dried at 55 °C under a nitrogen stream by codistillation with methanol/acetic acid three times, desiccated overnight, and incubated in 500 μL of acetic anhydride for 4 h at 80 °C. The reaction products were extracted several times with chloroform/water. The chloroform-rich phase was then filtered, dried, and dissolved in 100 μL of chloroform. Similar experiments were conducted using Rha or 6-dTal standards (Carbosynth, UK).

MALDI-TOF Mass Spectrometry. Before 5 μL was spotted on the MALDI plate with a glass capillary tube, 5 μL of 10 mg/mL dihydroxybenzoi ̈c acid (DHB) in chloroform/methanol (1:2, v/v) was mixed with 5 μL of the sample extract in chloroform/methanol (2:1, v/v). MS and MS n spectra were acquired on an Axima Resonance (Shimadzu Kyoto, Japan) in reflectron mode. For MS 2 experiments, collision energy was tuned from 300 to 600 eV. For MS 3 , ion selection occurred with standard resolution with the same collision energy.

GC-MS Analysis. 1-Itol-acetates. One microliter of itolacetate derivatives was injected in splitless mode on a Solgel 1 MS, 30 m × 0.25 mm × 0.25 μm capillary column with the following gradient temperature: 120 to 230 °C at 3 °C/min and then to 270 °C at 10 °C/min. Compounds were detected after electronic impact at 70 eV on a HP-7820 gas chromatograph coupled to a 5976 single quad (Agilent Technologies, Santa Clara, US) in full scan mode from 50 to 500 Da.

2-FAMEs and TMS Derivatives. After methanolysis, released FAMEs were extracted in heptane and analyzed on a TRACE 1300 gas chromatograph coupled to an ISQ single quad (Thermo Fisher Scientific, San Jose, US). One microliter was injected in splitless mode on a SLB-5 MS, 30 m × 0.25 mm × 0.25 μm capillary column with the following gradient temperature: 50 to 140 °C at 10 °C/min and then to 310 °C at 15 °C/min. After electronic impact at 70 eV, spectra were acquired simultaneously in selected ion monitoring at 74 and 87 Da and in full scan mode from 50 to 700 Da. Trimethylsilyl derivatives of FAMEs were produced by adding 100 μL of BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide)and 100 μL of pyridine. After 2 h at room temperature, 300 μL of heptane was added and processed using the same conditions as for FAMEs. A methyl 3-hydroxy octadecanoate (Matreya, US) was also submitted to TMS derivation to check the fragmentation model.

Nuclear Magnetic Resonance. Flash purified GPL were dried and dissolved in a mixture of CDCl 3 /CD 3 OD (2:1, v/v) with 0.03% trimethylsilane (Eurisotop, France) three times and then dissolved in a final volume of 200 μL. The sample was then introduced into a 3 mm glass tube (Shigemi, Allison Park, PA, US). A TBI probe was used to observe 1 H and 13 C nuclei at 293 K on an AVANCE II system (Bruker Biospin GmbH, Germany). Impulsion sequences used for homonuclear and heteronuclear experiments were from the manufacturer. After acquisition, phase correction and calibration on trimethylsilane signals were performed for δ 1 H and δ 13 C. For HSQC, calibration was adjusted on the methanol signal.

Statistical Analyses. Statistical analyses were performed on Prism 5.0 (Graphpad) or in R studio (for AFM experiments) and detailed for each figure legend: *p < 0.05; **p < 0.01; ***p < 0.001.
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Glycopeptidolipids (GPLs) are major surface-associated lipids characterizing smooth M. abscessus. In this study, Daher et al. establish the importance and contribution of the various monosaccharide-decorating GPLs in internalization of the bacilli by macrophages and in controlling pathogenicity in zebrafish embryos.

INTRODUCTION

Mycobacterium abscessus (Mab) is a non-tuberculous mycobacteria (NTM), resistant to many antibiotics, which poses a major threat to individuals with underlying lung disease (Floto et al., 2016;Johansen et al., 2020a). Infection with Mab leads to accelerated inflammatory lung damage (Esther et al., 2010), which may require surgical intervention (Ryan and Byrd, 2018). Mab lung disease is difficult to treat despite prolonged multi-drug chemotherapy [START_REF] Jarand | Clinical and microbiologic outcomes in patients receiving treatment for Mycobacterium abscessus pulmonary disease[END_REF]Johansen et al., 2020a;[START_REF] Kwak | Mycobacterium abscessus pulmonary disease: individual patient data meta-analysis[END_REF]. Of note, the majority of individuals are infected with one of several dominant circulating clones, indicating the presence of global human-to-human transmission networks of Mab (Bryant et al., 2016). Distinguishable properties have been attributed to smooth (S) or rough (R) variants of Mab and include changes in sliding motility, biofilm formation, drug susceptibility (Bernut et al., 2016;[START_REF] Gutie ´rrez | Glycopeptidolipids, a double-edged sword of the Mycobacterium abscessus complex[END_REF]Howard et al., 2006;Johansen et al., 2020b;Madani et al., 2019;Ryan and Byrd, 2018), bacterial surface hydrophobicity (Daher et al., 2020;Viljoen et al., 2018Viljoen et al., , 2020)), aggregation, and cord formation (Bernut et al., 2014a(Bernut et al., , 2016;;Howard et al., 2006;Viljoen et al., 2018). Other distinctive phenotypes are related to intracellular interactions and trafficking in macrophages (Roux et al., 2016;Whang et al., 2017) or to the induction of potent pro-inflammatory responses (Roux et al., 2011). In patients, the S variant is thought to represent the environmental form, which infects the host and colonizes the lungs, while the R variant emerges from the S variant within the infected host upon genetic modifications. The presence of R variants has been associated with more aggressive infections and decline in lung function (Bernut et al., 2014a(Bernut et al., , 2016(Bernut et al., , 2017;;Catherinot et al., 2007Catherinot et al., , 2009;;[START_REF] Li | Glycopeptidolipid genotype correlates with the severity of Mycobacterium abscessus lung disease[END_REF]. The zebrafish infection model is particularly susceptible to Mab R infection, as evidenced by hyperinflammatory responses, increased bacterial burden, and formation of massive serpentine cords and abscesses, ultimately resulting in enhanced larval mortality (Bernut et al., 2014a(Bernut et al., , 2015)). These observations are consistent with epidemiological surveys, which showcase the prominence of the R variant in patients with severe lung infections and chronic airway colonization in Cystic Fibrosis patients (Catherinot et al., 2009;[START_REF] Jo ¨nsson | Molecular epidemiology of Mycobacterium abscessus, with focus on cystic fibrosis[END_REF]. They also underscore the clinical relevance of morphological distinctions between S and R morphotypes and the need to identify the molecular mechanisms responsible for S-to-R transition.

Produced by many NTMs, but not by Mycobacterium tuberculosis, surface-associated glycopeptidolipids (GPLs) are the key drivers of Mab morphotypes, primarily based on the production of high (in S) or low/absent (in R) levels of GPL, respectively (Bernut et al., 2016;[START_REF] Gutie ´rrez | Glycopeptidolipids, a double-edged sword of the Mycobacterium abscessus complex[END_REF]Howard et al., 2006;Medjahed et al., 2010). Whole genome sequencing identified multiple indels in the gpl locus of the Mab R strain [START_REF] Pawlik | Identification and Characterization of the Genetic Changes Responsible for the Characteristic Smooth-to-Rough Morphotype Alterations of Clinically Persistent Mycobacterium abscessus[END_REF]. The S-to-R transition relies on indels, mainly in mps1 and mps2 and in mmpL4a and mmpL4b (Bernut et al., 2016;[START_REF] Dedrick | Mycobacterium abscessus strain morphotype determines phage susceptibility, the repertoire of therapeutically useful phages, and phage resistance[END_REF][START_REF] Park | Identification and characterization of the genetic changes responsible for the characteristic smooth-to-rough morphotype alterations of clinically persistent Mycobacterium abscessus[END_REF][START_REF] Pawlik | Identification and Characterization of the Genetic Changes Responsible for the Characteristic Smooth-to-Rough Morphotype Alterations of Clinically Persistent Mycobacterium abscessus[END_REF]. Thus, these genetic changes result in the irreversible loss of the GPL and are directly responsible for the R colony morphology [START_REF] Pawlik | Identification and Characterization of the Genetic Changes Responsible for the Characteristic Smooth-to-Rough Morphotype Alterations of Clinically Persistent Mycobacterium abscessus[END_REF]. Structurally, Mab GPL comprises a peptide core consisting of an L-alaninol-linked D-phenylalanine-D-allothreonine-D-alanine tripeptide assembled by Mps1 and Mps2, which is acylated with a C 24 -C 33 3-hydroxylated or methoxylated fatty acid. This lipopeptide is further decorated by a glycosylation arrangement that is built from O-methylated and O-acetylated deoxy hexoses (Daher et al., 2020;Ripoll et al., 2007;Whang et al., 2017). The lipopeptide is glycosylated with a 3,4-di-O-acetylated 6-deoxy-a-Ltalose (6-dTal) residue transferred to allo-Thr, while the terminal alaninol is substituted by a 3,4-di-O-methylated a-L-rhamnose (Rha) residue, producing the diglycosylated GPL species (GPL-2a). In addition to GPL-2a, Mab synthesizes GPL-3 via the extension of a GPL-2a by an additional Rha onto the 3,4-di-O-methylated Rha in C2 position (Daher et al., 2020;Ripoll et al., 2007;Whang et al., 2017). GPLs are heterogeneous in structure and vary in length of the fatty acyl chain and the degree of hydroxylation or O-methylation of the glycosidic moieties through the action of multiple O-methyltransferases, O-acetyltransferases, and glycosyltransferases. However, the exact functions of these enzymes and their contribution to pathogenesis have not been addressed experimentally.

Early events between bacterial pathogens and their host cells are dictated by highly specific receptor interactions that involve carbohydrates [START_REF] Poole | Glycointeractions in bacterial pathogenesis[END_REF]. Glyco-interactions can mediate adhesion, invasion, and immune evasion and be used by the pathogen to establish a successful infection. However, previous studies suggested that GPLs take part in the internalization of mycobacteria by the host cells. Indeed, neutralization of complement receptor 3 (CR3) or mannose receptor (MR) partially abrogated the uptake of GPL-coated beads as well as phagocytosis of the various types of GPL produced by Mycobacterium smegmatis and Mycobacterium avium (Villeneuve et al., 2003(Villeneuve et al., , 2005)). However, the individual or collective contribution of GPL monosaccharides involved in CR3 and MR recognition remains unknown, particularly in the context of Mab pathogenesis.

Herein, we investigated the glyco-interactions of GPL with host cells by combining genetic, structural, and biological studies. A stepwise dissection of the three gtf genes encoding putative GPL glycosyltransferases was performed in Mab. The resulting panel of mutants was exploited to address the contri-bution of each monosaccharide in bacterial morphotypes, surface properties, internalization by human macrophages and pathogenicity in zebrafish. Synthesis of GPL lacking either 6-dTal or the internal Rha in gtf1 and gtf2 mutants, respectively, was associated with an S-to-R transition, cording and enhanced virulence and pathogenicity in zebrafish. In contrast, the terminal Rha in GPL-3 enhances Mab internalization by macrophages in an MR-dependent manner. Overall, this in-depth dissection of the GPL glycome provides insights into the biological function of the different monosaccharides in the establishment of infection and disease pathology in this emerging human pathogen.

RESULTS

gtf1, gtf2, and gtf3 encode specific glycosyltransferases decorating GPL in Mab The gpl locus encompasses three genes encoding putative glycosyltransferases, designated gtf1-gtf3 (Figure S1A). To decipher their functions, gtf1-gtf3 were deleted in the GPL-producing S variant of Mab (Richard et al., 2019) (Figure S1A). PCR/ sequencing performed using the primers in Table S1 confirmed the proper genotype of the gtf mutants (Figure S1B). Genetic complementation of D1, D2, and D3 was done through specific integration at the attB chromosomal site [START_REF] Stover | New use of BCG for recombinant vaccines[END_REF] of a copy of gtf1, gtf2, or gtf3 with an HA tag at the 3 0 -end (Figure S1C). Probing the crude lysates using anti-HA antibodies confirmed the production of each tagged protein (Figure S1D).

Mab S synthesizes both diglycosylated (GPL-2a) and triglycosylated (GPL-3) GPL, containing O-methylated Rha residues, in addition to the di-O-acetyl-6-dTal residue (Figure 1A) (Daher et al., 2020). Thin-layer chromatography (TLC) analysis revealed a complex pattern of polar glycolipids, tentatively assigned to GPL-2a and GPL-3, all absent in Mab R (Daher et al., 2020;Ripoll et al., 2007) (Figure 1B). Monosaccharide compositional analysis confirmed the presence of the deoxyhexoses 6-dTal, Rha, and 3,4-di-O-methyl Rha in Mab with a low proportion of 3-O-methyl Rha, suggesting the presence of minor isomers of GPL-2a and GPL-3, in which 3,4-di-O-methyl Rha is replaced by 3-O-methyl Rha (Figure 1C). Mass spectrometry (MS) analysis showed two major signal patterns dominated by ion pairs at m/z 1258/1286 and 1404/1432, corresponding to GPL-2a and GPL-3, respectively (Figure 1D) (Daher et al., 2020). The presence of both acetyl groups on 6-dTal was confirmed by MS and tandem MS (MS/ MS) of polar glycolipids treated with mild alkali, resulting in a decrease of 84 mass unit at m/z 1174-1202 for GPL-2a and at m/z 1320-1348 for GPL-3 on the MS spectrum (Figure S2A). Comparison of the MS/MS fragmentation patterns of native and alkali-treated glycolipids confirmed the structure of GPL-3 and GPL-2a and the localization of acetyl groups on 1F,S2B,and S2C). Finally, MS analysis of individual bands confirmed the migration pattern of GPL on a TLC plate (Figure 1B).

Deletion of gtf3 leads to accumulation of GPL-2a, whereas deletion of gtf1 is associated with atypical GPL-1b and GPL-2b glycoforms TLC analysis showed that D3 accumulates a set of glycolipids, tentatively related to GPL-2a (Figure 1B). MS analysis showed a pattern dominated by ion pairs at m/z 1258/1286 in the native fraction (Figure 1D) and m/z 1174-1202 on a saponified fraction (Figure S2A) that were identified as GPL-2a based on the MS/MS fragmentation pattern (data not shown). The absence of Rha in the polar glycolipid fraction confirmed that D3 fails to synthesize GPL-3 (Figure 1C). D1 and D1,3 synthesize a set of glycolipids different from the wild-type (WT) strain, characterized by the absence of GPL-2a and GPL-3 (Figures 1B, 1C, and1D). MS analysis of D1 revealed two clusters of signals with a difference of 146 mass unit centered around m/z 1188/1202 and 1014/1042 (Figure 1D). MS/MS analysis of the characteristic parent ion at m/z 1188 established the presence of a terminal Rha-(Me) 2 Rha-disaccharide through the observation of fragment ions M-146 at m/z 1042 and secondary ions at m/z 517/371, 574/428, and 763/617 without loss of (Ac) 2 dTal (Figure S3A). MS/MS analysis of the characteristic parent ion at m/z 1042 established the presence of a terminal (Me) 2 Rha residue owing to the observation of the fragment ion M-174 at m/z 867 and the absence of Rha and (Ac) 2 dTal (Figure S3B). MS analysis of saponified GPL did not show 84 mass unit decrease, further demonstrating the absence of (Ac) 2 dTal (Figure S2A). Altogether, these analyses indicate that D1 synthesizes two GPL isomers devoid of (Ac) 2 dTal, designated GPL-2b and GPL-1b, respectively substituted or not by a terminal Rha on the (Me) 2 Rha. MS analysis of D1,3 showed a single cluster of signals with similar m/z values to GPL-1b (Figure 1D). The MS/MS fragmentation pattern of the signal at m/z 1042 confirmed the identification of GPL-1b (Figure S3C). The presence of a single Rha was confirmed by homo-and heteronuclear nuclear magnetic resonance (NMR) spectroscopy, as exemplified by the assignment of glycan and peptide moieties on the 1 H- 13 C HSQC spectrum (Figure S3D). In agreement with the compositional analysis (Figure 1C), two isomers of mono-glycosylated GPL-1b substituted with Rha or MeRha instead of (Me) 2 Rha were also identified by MS/MS in the lipid polar fraction isolated from D1,3 (Figure 1C).

Non-glycosylated lipopeptide intermediates accumulate in the gtf2 mutant

The absence of orcinol-sensitive bands on the TLC plate and the lack of GPL signal on the MS spectra implies that deletion of gft2 abrogates GPL synthesis (Figures 1B and1C). However, staining with phospho-molybdic acid showed the accumulation of two compounds in D2 and D1,2, tentatively assigned to non-glycosylated biosynthetic intermediates (Figure S3E). The MALDI-TOF MS spectrum of the lower R f polar lipid in D1,2 showed two intense ions at m/z 838 and 866, possibly corresponding to the unmethoxylated C 28 and C 30 tripeptide bound to an alaninol residue (Figures 1D andS3F). The 1 H-1 H COSY NMR spectrum confirmed the presence of three amino acids, Ala, Thr, and Phe, as well as alaninol (Figure S3G). Similar analyses of the polar lipid with a higher R f in D1,2 indicated the presence of the unmethoxylated C 28 and C 30 tripeptide linked to a valinol residue.

Overall, structural analyses of the gtf mutants identified at least five distinct GPL glycoforms (Figure 2A). Consistently with previous studies (Howard et al., 2006;Lee et al., 2017;Ripoll et al., 2007), we show that GPL-3 and GPL-2a are predominantly synthesized in the S variant. While only GPL-2a is identified in D3, the described GPL-1b and GPL-2b accumulated in D1. Mutants D2 and D1,2 only synthesized the non-glycosylated lipopeptide intermediates, not detected in D2,3 and D1,2,3. Importantly, only GPL-1b was detected in D1,3, implying that Gtf1 could not transfer 6-dTal onto the unglycosylated lipopeptide and that the transfer of the first Rha by Gtf2 precedes Gtf1 activity, similarly to M. avium [START_REF] Eckstein | Proposed pathway for the biosynthesis of serovar-specific glycopeptidolipids in Mycobacterium avium serovar 2[END_REF] (Figure 2B). In these two species, Gtf2 in Mab and its ortholog in M. avium first catalyze the linkage between Rha and the branched-chain aminoalcohol, alaninol. Next, the addition of 6-dTal to the threonine residue and the second Rha to the first Rha are accomplished by Gtf1 and Gtf3, respectively.

Deletion of gtf1 or gtf2 affects morphological and physiological properties of Mab in vitro

Although mutations affecting either peptide core production or GPL transport are responsible for the morphological S-to-R transition, the role of the monosaccharides decorating the GPL backbone in this process remains unknown. We thus appraised whether gtf deletions impacted colony morphology. We observed that mutants lacking either gtf1 or gtf2 (D1, D2, D1,2, D1,3, D2,3, and D1,2,3) form R, corded colonies (Figure 3A). While functional complementation of D1 restored an S morpho-A B Figure 2. Proposed pathway for Mab GPL glycosylation (A) The presence of different GPL glycoforms in WT and gtf mutants was evaluated by TLC and confirmed by MS. The presence of GPL-1b, GPL-2a, GPL-2b, and GPL-3 was confirmed in the different strains (marked by X) owing to MS analysis and their structures established by MS/MS and NMR analyses. GPL-1a could not be detected (n.d.). (+) is indicated when saponification leads to 84 Da shift of the detected ions. (B) The glycosylation biosynthetic pathway of GPL in Mab was modeled based on the distribution of individual GPL in gtf mutants. First, Gtf2 adds the first Rha to the branched-chain amino-alcohol of the peptidolipid core, resulting in GPL-1b. The absence of GPL-1a suggests that Gtf1 cannot use lipopeptide as an acceptor substrate. Second, Gtf1 and Gtf3 add the 6-dTal and second Rha to form GPL-2a and GPL-2b, respectively. The combined action of all three enzymes generates GPL-3. type (D1_C), this was not the case for D2_C (Figure 3A). In contrast, colonies remained S following deletion of gtf3 (Figure 3A). To determine whether GPL glycan moieties affect surface hydrophobicity, aqueous hexadecane-buffer partitioning was applied to S, R, D1, D1_C, D2, D2_C, D3, D3_C, D1,2, D1,3, D2,3 and D1,2,3 strains (Jankute et al., 2017). The Dfmt mutant was included as a highly hydrophilic control strain (Daher et al., 2020). Consistent with their colony morphotype, S, D3_C and Dfmt_C were more hydrophilic than R, D1, D2, D1,2, D1,3, D2,3 and D1,2,3 strains, whereas D1_C and D2_C showed partial phenotype restoration (Figure 3B). Only D3 and Dfmt were significantly more hydrophilic than the parental S strain (Figure 3B), suggesting that removal of 6-dTal (in D1) and/or the internal Rha (in D2) increases the surface hydrophobicity of Mab. This did not affect in vitro growth of the strains (Figure S4A). These results indicate that deletion of the gtf genes does not impact the replication rate of Mab in planktonic culture (Figure S4A). As expected, the ability of R strains to form aggregates in liquid medium clearly affects growth curves (Figure S4B). Consistently, all R strains produced large bacterial aggregates at the bottom of the tubes, while S cultures remained homogeneous and turbid (Figure S4C).

Previous studies showed that S mycobacterial strains display a higher capacity to slide on agar (Deshayes et al., 2005;[START_REF] Martı ´nez | Sliding motility in mycobacteria[END_REF]. The sliding distances of gtf mutants showed that all R strains (except D2_C) showed significantly reduced motility compared with S strains (Figures 3C and3D). To assess their ability to form biofilms, we measured crystal violet absorbance, which was $2-fold higher for rough strains (except for D2_C) compared with smooth strains (Figures 3E andS4D). In contrast, the colony-forming unit (CFU) counts of the biomass formed were much higher in the S strains (Figures 3F andS4D). These results suggest that D1 and D2 were associated with low sliding and high aggregation capacities.

We next investigated whether the glycan moieties affect drug susceptibility of Mab toward a panel of antibiotics. Although S and R strains shared comparable minimal inhibitory concentrations (MIC) to cefoxitin, imipenem, bedaquiline, and amikacin, all R strains exhibited a 4-fold lower MIC (12.5 mg/mL) than S strains (50 mg/mL) to rifabutin (Figure S4E). This highlights that GPL glycosylation may play a role in susceptibility to rifabutin.

Deletion of gft1 and gtf2 leads to extracellular cords and abscesses in zebrafish embryos

The zebrafish embryo is recognized as an excellent model to study the pathophysiology of Mab (Bernut et al., 2014a(Bernut et al., , 2014b;;Johansen and Kremer, 2020;[START_REF] Johansen | Mycobacteriophage-antibiotic therapy promotes enhanced clearance of drug-resistant Mycobacterium abscessus[END_REF]. Embryos also allow visualization of host-pathogen interactions in real time using fluorescent bacterial reporters [START_REF] Cronan | Fit for consumption: zebrafish as a model for tuberculosis[END_REF]. Furthermore, exploitation of this model showed that the R variant forms large serpentine cords resulting in abscess formation and tissue destruction, while the infection with the S variant leads to a chronic and comparatively avirulent disease phenotype (Bernut et al., 2014a). Thus, we sought to investigate the virulence of D1 and D2 in an in vivo setting. Infection of embryos with $250 to 300 CFU of Mab resulted in significant embryonic mortality in the WT R-infected, D1 or D2 groups compared with all other groups (Figure 4A). Importantly, embryos infected with D1_C or D2_C exhibited similar virulence to WT S strain, reinforcing observations that colony morphology is correlated with in vivo phenotypes.

To further dissect the pathophysiological traits of gtf mutants, we examined the kinetics of extracellular cord and abscess formation in real time using fluorescence microscopy. There was a significantly greater proportion of embryos with cords in WT R, D1, or D2 compared with the parental WT S and corresponding complemented strains. This phenotype was apparent as early as 2 days post-infection (dpi) and amplified at 4 dpi (Figure 4B). We observed significantly lower proportions of embryos with cords in D1_C or D2_C compared with their corresponding parental mutants. When examining the average number of cords per embryo in each group, similar numbers of cords per embryo were found in the WT R, D1 or D2 groups, which differed significantly from the WT S and the complemented strains (Figures 4C andS5B). Abscess formation is strongly correlated with cording, most likely arising from intra-and/or extracellular cords, resulting in substantial tissue destruction at infection sites (Bernut et al., 2014a). As such, we further examined whether abscess formation differed in D1 or D2 compared with WT strains. Significantly increased proportions of embryos with abscesses were observed in the D2 group compared with the parental WT S and the complemented D2 groups as early as 2 dpi, highlighting a plausible mechanism for the increased virulence of this strain compared with the WT R (Figure 4D). At 4 and 6 dpi, significantly greater proportions of embryos with abscesses in the WT R, D1, or D2 groups were found compared with the parental WT S and corresponding complemented strains. When we further stratified abscess formation in embryos, we identified that WT R, D1 or D2 groups displayed an increased number of abscesses per embryo compared with WT S and complemented strains (Figures 4E andS5B). This confirms that abscess formation strongly correlates with the presence of extracellular cord formation in the zebrafish embryo. To determine whether gtf mutants harbored enhanced in vivo replication due to increased virulence in the zebrafish model, fluorescent pixel counts (FPC) were assessed. WT R, D1, D2, and D2_C strains had significantly higher bacterial burdens at 4 dpi as compared with WT S; however, at 6 dpi, D2_C had comparable bacterial burdens as compared with WT S (Figures 4F,4G,and 4H). This implies that S-to-R conversion caused by gtf1 and gtf2 deletion was associated with significantly increased bacterial burdens in zebrafish, and that functional complementation restored burden to levels similar to WT S. We conclude that deletion of gtf1 or gtf2 leads to a stable R phenotype that is preserved in an in vivo setting and displays the pathophysiological hallmarks of WT R infection, such as the large extracellular cord, abscess formation, and enhanced bacterial growth.

Strains lacking GPL production form cords, known as markers for acute infection and disease severity (Bernut et al., 2014a;[START_REF] Gutie ´rrez | Glycopeptidolipids, a double-edged sword of the Mycobacterium abscessus complex[END_REF]Howard et al., 2006). The question of whether localized modifications, such as the extension of the glycan moiety in the GPL structure, regulate cord formation, both within and outside the macrophage, remains unanswered (Johansen et al., 2020b). Thus, human THP-1 macrophages were individually infected with all Mab strains and the fate of the bacilli examined at 3 dpi. All strains lacking gtf1 and/or gtf2 showed intracellular and extracellular giant cords (Figure S6). Complementation of D1 proscribed cord formation, whereas complementation of D2 allows these bacterial structures to be made (Figure S6). These observations suggest a direct link between the absence of 6-dTal or the internal Rha in cord formation.

6-dTal and di-Rha are required for Mab uptake by macrophages Surface-exposed glycans of microbial pathogens promote early interactions with host cells, facilitating the subsequent steps of infection. We investigated the impact of GPL glycosylation on adhesion and phagocytosis of Mab by human THP-1 macrophages. Cells were exposed to Mab S, R, D1, D1_C, D2, D2_C, D3, D3_C, D1,2, D1,3, D2,3 or D1,2,3 prior to assessing phagocytosis and intracellular growth. Bacterial aggregates were first dissociated to infect with homogeneous preparations (Figure S5A). After invasion, macrophages were lysed at 3, 24 and 72 h post-infection (hpi) and plated to determine intracellular bacterial burden. At day 0 (3 hpi), the invasion rate of single, double, and triple mutants was reduced by z 0.5 log compared with the parental WT S, and this effect was rescued in D1_C, D2_C, and D3_C (Figure 5A). This decrease in bacterial burden was maintained at 24 and 72 hpi (Figure 5A). In parallel, quantification of infected macrophages revealed a marked reduction in the number of cells infected with single, double, and triple mutants immediately after phagocytosis. This effect was also maintained over time compared with cells containing the WT or complemented strains (Figures 5B and5C). To assess the consequences of this invasion defect on intracellular bacterial loads, infected macrophages were classified into three categories at 3 hpi, based on their bacterial content: weakly infected (<5 bacilli), moderately infected (5-10 bacilli), and heavily infected (>10 bacilli) (Figure 5D). Results indicate that deletion of the gtf genes in mutants profoundly increased the proportion of the weakly infected category (Figures 5C and5D). Together, this suggests that intact GPL structures are involved in Mab uptake by macrophages and that 6-dTal and both Rha residues are required for optimal internalization.

Di-rhamnosylation of GPL enhances the uptake of Mab by macrophages

To assess the contribution of GPL-3 in Mab uptake, we tipped the GPL-2a/GPL-3 balance in favor of GPL-3 production. To do so, we generated the Gtf3_ov strain, which overexpresses gtf3. Unlike KasA, in Gtf3_ov, the level of Gtf3 production was greatly increased compared with the level in D3_C (Figure 6A). To test whether Gtf3 overexpression increased the proportion of the GPL-3/GPL-2a ratio, whole polar lipids were analyzed by TLC. The GPL profile of Gtf3_ov was shifted to bands migrating closer to the origin, as would be expected for the accumulation of GPL-3 subspecies with a concomitant reduction in GPL-2a subspecies (Figure 6B). This indicates that in Gtf3_ov, most GPL-2a forms were converted to the corresponding GPL-3 forms, making this strain particularly useful to further investigate the role of the extra Rha in functional assays.

Gtf3_ov remained S (Figure 3A), grew similarly to the parental S strain in planktonic cultures (Figure S4A), was more hydrophobic than the parental S strain (Figures 3B andS4C) while exhibiting reduced sliding motility (Figures 3C and3D), and produced a high bacterial biomass (Figure 3F). Next, we interrogated whether increasing the GPL-3/GPL-2a ratio influences the early interactions between Mab and macrophages. The uptake of Gtf3_ov was significantly increased compared with parental strain (Figure 6C). Similar results were obtained using primary human monocyte-derived macrophages at 3 hpi (Figure 6D). Moreover, the percentage of infected macrophages was increased 2-fold with Gtf3_ov compared with Mab S (Figures 6E and6F). Furthermore, the category of infected macrophages containing >10 bacilli increased significantly at 3,24,and 72 hpi (Figures 6E and 6G). Importantly, internalization of Gtf3_ov by macrophages pre-treated with mannan (MR lectin), laminarin (Dectin-1 lectin), or methyl-a-D-glucopyranoside (CR3 lectin) was inhibited by 35%, 45%, and 50%, respectively (Figure 6H), suggesting that MR, Dectin-1 and/or CR3 may be involved in the recognition of GPL-3. Collectively, these results suggest that early interactions of Gtf3_ov with and phagocytosis by macrophages are conditioned by the extent of GPL rhamnosylation and are dependent on lectin receptors.

Phagocytosis of Mab is mediated by MR

To identify the putative receptor(s) involved in Mab entry into macrophages, receptor neutralization assays were performed.

Since GPL monosaccharides are involved in the uptake of Mab by macrophages and because M. smegmatis GPLs have been reported to interact with MR and the lectin domain of CR3 (Villeneuve et al., 2005), we investigated the possible involvement of MR, CR3, and Dectin-1 [START_REF] Brown | A new receptor for b-glucans[END_REF]. Intracellular CFU determination highlights the significant contribution of MR in the internalization of both strains (Figure 6I). CR3 appears modestly involved in the internalization of the GPL3-overproducing strain with a seeming impact on the WT S strain (Figure 6I). To further confirm the role of MR in interacting with whole bacteria, we investigated the ability of WT S and Gtf3_ov strains to adhere to the Rat6 cell line overexpressing the human MR. Our results indicate that (1) the overproduction of GPL-3 in Gtf3_ov significantly enhances the attachment of the strain to Rat6-hMR cells; and (2) attachment to Rat6-hMR is significantly reduced when pre-treating the cells with neutralizing anti-hMR antibodies (Figure 6J). This demonstrates that GPL-dependent attachment of whole bacteria to host cells is enhanced in the presence of both Rha residues via binding to MR.

Phagocytosis of GPL-2a-and GPL-3-coated beads is dependent on MR and CR3

The importance of GPL-3 and, to a lesser extent GPL-2a, in the early interaction of Mab with host cells prompted us to conduct an in-depth analysis to evaluate the contribution of each GPL monosaccharide in phagocytosis using GPL-coated beads. GPL-1b carrying a single Rha, GPL-2a with 6-dTal and a single Rha, GPL-2b with a di-Rha, and GPL-3 with 6-dTal and di-Rha were purified and coupled to green fluorescent beads. Quantification of the proportion of bead-containing cells clearly demonstrated that macrophages internalized significantly more GPL-2a-coated beads (z2-fold), GPL-3-coated beads (z5-fold) than GPL-1b-or GPL-2b-coated beads or control beads (Figures 7A and7B). Furthermore, THP-1 macrophages that phagocytosed GPL-3-coated beads contained an average of four beads/cell, whereas the average remains around two beads/cell for all other lipid-coated and uncoated beads (Figures 7A and 7C Interestingly, uptake of GPL-2a-and GPL-3-beads was partially inhibited by mannan, laminarin, or methyl-a-D glucopyranoside (Figure 7D). Pre-incubation of cells with these soluble ligands also significantly reduced the average number of GPL-3 beads/macrophages (Figure S7B). To determine more accurately which lectin receptor(s) participate in binding of GPLcoated beads, blocking experiments were undertaken using specific antibodies against MR, CR3, or Dectin-1. Phagocytosis of GPL2a-and GPL3-coupled beads was primarily dependent on MR (Figures 7E,7F,and S7C). Phagocytosis of GPL3-coated beads was also dependent on CR3, albeit to a weaker extent (Figures 7E and7F). No differences were observed for the uptake of GPL-1b or GPL-2b beads with any of the antibodies used (Figure 7F). Quantitative measurements showed that the number of GPL-2a-or GPL-3-beads per macrophage is significantly reduced in the presence of MR or CR3 blocking antibodies (Figure 7G). This supports a primary role of MR in the recognition of GPL carbohydrates.

DISCUSSION

Most studies have reported the effects of near-total GPL loss, portraying an incomplete picture of the functions of these lipids in the pathogenesis of Mab while the structural elements related to these functions remain elusive. This study describes the structure-function relationship of GPL glycosylation and glycointeractions with host receptors. Gtf1 transfers a 6-dTal to the threonine of the peptide core, while Gtf2 transfers Rha to alaninol and Gtf3 adds an additional Rha to the alaninol-bound Rha, similar to M. smegmatis [START_REF] Miyamoto | Identification and characterization of the genes involved in glycosylation pathways of mycobacterial glycopeptidolipid biosynthesis[END_REF]. Using a set of genetically defined gtf mutants, significant and unexpected in vitro and in vivo phenotypes were uncovered. GPL glycosylation (1) influences the hydrophilicity of the mycobacterial cell surface; (2) sustains the S colony morphotype; (3) promotes higher bacterial loads in macrophages; and (4) attenuates Mab virulence in zebrafish.

Low GPL production causes R and hydrophobic phenotypes in Mab, which promote bacterial aggregation (Daher et al., 2020;Viljoen et al., 2018). The hydrophilicity of Mab is increased by the lack of O-methylation of the GPL fatty acid chain produced by loss of fmt (Daher et al., 2020). Here, we show that removal of the 6-dTal or the internal Rha results in hydrophobic variants that are phenotypically similar to the WT R strain. S bacilli display both hydrophobic and hydrophilic cell surface nanodomains (Viljoen et al., 2020). Therefore, it can be speculated that GPL glycosylation present in hydrophilic nanodomains masks important components required for S-to-R transition, whereas specific loss of the 6-dTal or the total glycan moiety may expose these components, affecting the cell surface composition and hydrophilic properties characterizing the S variant. Thus, in addition to the chemical changes affected in the lipid portion of the GPL (Daher et al., 2020), these data highlight the essential role of GPL glycosylation in bacterial surface properties.

Comparative studies between S and R variants highlighted the positive correlation between increased hydrophobicity with low GPL production and virulence in animal models [START_REF] Gutie ´rrez | Glycopeptidolipids, a double-edged sword of the Mycobacterium abscessus complex[END_REF]Johansen et al., 2020a). These features indicate an important role played by surface hydrophobicity in increased hydrophobicity enhances aerosol transmission capacity and pathogenicity (Jankute et al., 2017). That the hydrophobic mutants D1 and D2 exhibit increased virulence in zebrafish supports this hypothesis. Strikingly, infection with both mutants was associated with large extracellular cord formation at comparable levels with the WT R, consistent with the cording being a hallmark of disease severity in this animal model (Bernut et al., 2014a). Mab cords cannot be ingested by professional phagocytes due to their large size, resulting in uncontrolled extracellular growth and abscess formation, that rapidly leads to larval death, as seen with D1 and D2. This indicates that, in the presence of the sole innate immune system, the deletion of the 6-dTal and/or the internal Rha conveys a virulent phenotype and deadly infection in zebrafish.

The outermost carbohydrate-rich bacterial layer serves as an interface between bacteria and host cells and participates in adhesion and immune response modulation [START_REF] Poole | Glycointeractions in bacterial pathogenesis[END_REF]. Our results emphasize the importance of GPL-associated Rha residues in controlling virulence and infectivity. L-Rha (6deoxy-L-mannose) is a monosaccharide found in bacteria and plants that belongs to the deoxy-hexose family [START_REF] Wagstaff | NDP-rhamnose biosynthesis and rhamnosyltransferases: building diverse glycoconjugates in nature[END_REF]. Rha is a major constituent of the surface carbohydrates of pathogenic bacteria, such as Shigella flexneri, Pseudomonas (legend continued on next page) aeruginosa, or Streptococcus pyogenes [START_REF] Wagstaff | NDP-rhamnose biosynthesis and rhamnosyltransferases: building diverse glycoconjugates in nature[END_REF]. Other studies reported the importance of Rha-containing Lancefield antigens from group A and B Streptococcus in bacterial growth and pathogenesis [START_REF] Caliot | Role of the Group B antigen of Streptococcus agalactiae: a peptidoglycan-anchored polysaccharide involved in cell wall biogenesis[END_REF]. Therefore, in addition to their role in bacterial virulence and growth, our results indicate that di-Rha is directly involved in macrophage uptake of Mab. Since the internal Rha is mono-or di-methylated, additional investigations are needed to address if methylation affects Mab internalization by host cells. Similarly, P. aeruginosa mutants lacking the capacity to produce large D-Rha-rich polysaccharide antigens adhere less efficiently to human bronchial epithelial cells [START_REF] Wagstaff | NDP-rhamnose biosynthesis and rhamnosyltransferases: building diverse glycoconjugates in nature[END_REF]. 6-dTal, the C2 epimer of 6-dGal, exerts important antimicrobial and anti-inflammatory properties [START_REF] Van Overtveldt | Converting galactose into the rare sugar talose with cellobiose 2-epimerase as biocatalyst[END_REF]. Our results incriminate 6-dTal, associated with attenuated virulence in fish, as a determinant promoting bacterial cell entry. However, as 6-dTal is di-O-acetylated, it is unclear whether the phenotypes associated with D1 are caused by the loss of the monosaccharide and/or the absence of the two acetyl groups. Indeed, the Mab gpl locus encompasses two genes, atf1 and atf2, whose translation products sequentially transfer acetyl groups to 6-dTal (Ripoll et al., 2007). Future studies on atf1 and atf2 mutants are required to investigate the contribution of GPL acetylation in Mab morphotype, virulence, and host cell internalization.

Carbohydrates interact with peptides via hydrogen bonding with one or more hydroxyl acceptor groups of their constituting monosaccharide residues [START_REF] Camiruaga | Sugar-peptidic bond interactions: spectroscopic characterization of a model system[END_REF][START_REF] Roy | Multivalent carbohydrate-lectin interactions: how synthetic chemistry enables insights into nanometric recognition[END_REF]. Considering GPL-3, the di-O-acetylated 6-dTal and the external Rha exhibit four free hydroxyl groups that are likely to interact with their cognate receptors. GPL-2a, on the other hand, possesses only two hydroxyl groups (one on the acetylated 6-dTal and one on the internal Rha), which may reduce hydrogen bonding and receptor affinity. Phagocytosis assays support this hypothesis, showing that GPL-2a and GPL-3 interact primarily with MR and to a lesser extent with CR3, and that receptor binding is augmented in the presence of the 6-dTal and extra Rha in GPL-3. Accordingly, phagocytosis of the Gtf3_ov strain was inhibited by mannan as well as by neutralizing antibodies directed against hMR. Importantly, when the hMR was blocked with neutralizing antibodies, the uptake of the WT S strain, which produces both GPL-2a and GPL-3, was also impacted. Collectively, the results obtained using whole bacteria or beads coated with di-and triglycosylated forms point to a mechanism by which Mab GPLs bind to the hMR. However, the fact that blocking hMR or hCR3 does not abolish GPL-coated bead internalization supports the notion that additional lectin domain receptors are very likely to participate in GPL recognition.

Rha is structurally related to mannose, and its hydroxyl groups in equatorial positions at the C-3 and C-4 positions provide an optimal configuration for binding to the carbohydrate-recognition domains of mannose-and fucose-binding lectins, such as the MR [START_REF] Feinberg | Structural analysis of carbohydrate binding by the macrophage mannose receptor CD206[END_REF][START_REF] Zelensky | e.g., in the 42 design of anti-adhesin molecules to prevent bacterial attachment and infection. The collection of surface 43 molecules highlighted in this review may also serve as potential new therapeutic targets, diagnostic 44 markers, or vaccine design candidates to combat these notoriously challenging, persistent pathogens. 45 46 INTRODUCTION 47 Mycobacterium is a genus of the Actinobacteria phylum of over 190 species, comprised mostly of non-48 pathogenic species, such as Mycobacterium smegmatis. Other species are opportunists or obligate 49 pathogens, including Mycobacterium tuberculosis, the causative agent of tuberculosis (TB) in humans 50 (Meehan et al. 2021). Inhalation or ingestion of bacilli are the most common modes of entry where after 51 the bacteria are engulfed by professional phagocytes at the site of infection, as seen in alveolar 52 macrophages for M. tuberculosis-infected lungs (Shim, Kim and Shin 2020) or intestinal macrophages 53 and dendritic cells (DCs) for Mycobacterium avium subsp. paratuberculosis (MAP)-infected animals 54 (Rees et al. 2020). 55 Involved in the attachment, the mycobacterial cell envelope is composed of complex network of 56 glycopolymers, lipids, glycolipids, proteins, and of the mycolyl-arabinogalactan-peptidoglycan skeleton 57 (Dulberger, Rubin and Boutte 2020). Bacterial attachment to a substrate may be mediated by adhesins, 58 which are surface-localized molecules capable of binding specific host molecules[END_REF]. The mycobacterial envelopes are rich in mannose-containing glycoconjugates, and several other MR ligands (than GPL) have been previously identified, such as M. tuberculosis mannose-capped lipoarabinomannan (ManLAM) or higher-order PIMs (PIM 5-6 ), which associate with the MR via their mannosylated a(1/2) motifs located at their non-reducing ends [START_REF] Turner | Mannose-capped lipoarabinomannan in Mycobacterium tuberculosis pathogenesis[END_REF]. The MR recognizes the terminal mannosyl unit of these motifs in Ca 2+ -fashion via its carbohydrate-recognition domain 4, but supplementary interactions with the penultimate mannose residue allow for an enhanced affinity for disaccharide motifs [START_REF] Feinberg | Structural analysis of carbohydrate binding by the macrophage mannose receptor CD206[END_REF]. These observations support our results, suggesting that the presence of two Rha (rather than one Rha) enhances bacilli internalization by human macrophages. In addition to MR, our findings indicate that GPL-3 binds to CR3 (CD11b/CD18), which has previously been shown to recognize a mixture of di-and triglycosylated forms of M. smegmatis (Villeneuve et al., 2005). The CR3 carbohydrate specificity is broader than initially appreciated, allowing it to react with a diverse range of polysaccharides containing mannose, glucose, and galactose [START_REF] Poole | Repurposed drugs that block the Gonococcuscomplement receptor 3 interaction can prevent and cure gonococcal infection of primary human cervical epithelial cells[END_REF][START_REF] Thornton | Analysis of the sugar specificity and molecular location of the betaglucan-binding lectin site of complement receptor type 3 (CD11b/CD18)[END_REF]. CR3 has been involved in M. tuberculosis phagocytosis [START_REF] Fenton | Receptor-mediated recognition of Mycobacterium tuberculosis by host cells[END_REF], and mannosylated cell wall components, such as PIM 2 , can bind directly to the lectin domain of CR3 (Villeneuve et al., 2005), arbitrating M. tuberculosis uptake by macrophages [START_REF] Turner | Mannose-capped lipoarabinomannan in Mycobacterium tuberculosis pathogenesis[END_REF].

Limitations of the study

While this study aimed at describing and comparing the contribution of each sugar decorating GPL in Mab morphotypic changes and pathogenesis, some questions still remain unanswered. First, we were unable to generate a mutant producing GPL-1a only, thus making it difficult to propose a direct role of the dTal in the internalization and virulence in Mab. Second, although our results indicate that additional receptors to MR and CR3 recognize di-and triglycosylated GPL for internalization of Mab, these receptors remain to be identified. Third, while zebrafish embryos (relying only on innate immunity) are used here as a model of acute infection, it remains to be established whether D1 and D2 are also more virulent in a chronic model of infection, such as in mice.

SIGNIFICANCE

Herein, we found that the monosaccharide composition of GPL exerts a strong influence on Mab virulence and disease severity. Deletion of gtf1 or gtf2 substantially affects the GPL pattern, mediating morphotypic changes associated with were counted. The biofilms at the liquid/air interface were stained with 1 mL of 0.1% (w/v) crystal violet in 20% (v/v) ethanol/water for 30 min. The excess stain was washed with four consecutive PBS washes and the remaining crystal violet was solubilized in 30% acetic acid and absorbance measured at 570nm.

Hexadecane partitioning

Exponentially-growing bacteria were washed twice in PUM buffer (100 mM K 2 HPO 4 , 54 mM KH 2 PO 4 , 30 mM urea, 0.8 mM MgCl 2 ) and suspended to an OD 600 of 0.7. Aliquots (3 mL) were transferred to glass tubes and hexadecane (2.4 mL) was added. After a brief mixing, samples were incubated for 8 min at 37 C and phase separation was allowed to occur for 15 min at 22 C. The hydrophobicity index was defined as aqueous phase at OD 600 , expressed as a percentage of that of the bacterial suspension in PUM buffer alone (Jankute et al., 2017).

Deletion of gtf genes in Mab

The suicide vector pUX1-katG was used to generate unmarked single, double and triple deletion mutants in Mab CIP104536 T (S).

Briefly, the left and right arms (LA and RA, respectively) were PCR-amplified using genomic DNA and Q5 polymerase (New England Biolabs) as well as primers 1/2, 5/6, and 9/10 (LA) and primers 3/4, 7/8, and 11/12 (RA) (Table S1). The purified LA and RA amplicons were restricted with PacI/MfeI and MfeI/NheI, respectively, and ligated to the PacI/NheI-linearized pUX1-katG, yielding pUX1-katG-gtf1, pUX1-katG-gtf2 and pUX1-katG-gtf3, designed to delete 1182 bp (93%), 1104 bp (88%), and 1113 bp (84%) of the gtf1 or gtf2 or gtf3 open reading frames, respectively. Electrocompetent Mab was transformed with pUX1-katG-gtf1, pUX1-katG-gtf2 and pUX1-katG-gtf3 to generate the single mutants. D3 was subsequently used to generate the D1,3 and D2,3 double mutants. The D1,2 and D1,2,3 strains were derived from D1 and D1,3, respectively. The selection of bacteria having undergone the first homologous recombination event was done by visual screening of red fluorescent colonies on 7H10 OADC supplemented with 250 mg/mL kanamycin.

After subculturing the culture overnight in 7H9 T/OADC in the absence of kanamycin, bacterial suspensions were serially diluted and plated onto 7H10 OADC with 50 mg/mL INH to select for INH-resistant, Kan-sensitive and non-fluorescent colonies. The DNA junctions were PCR sequenced to confirm the genotypes of the appropriate mutants using primers listed in Table S1.

Complementation and overexpression of Gtf3 in Mab

Complementation plasmids were generated by PCR amplifying the gtf1, gtf2 and gtf3 genes in fusion with an HA-tagging sequence under the control of the hsp60 promoter (for gtf1) or of their endogenous promoters (175 bp for gtf2 and 500 bp for gtf3) using genomic DNA and the forward 19/21/23 and reverse primers 20/22/24 (containing the HA-coding sequence) and ligation into the integrative pMV306 cut with the appropriate restriction enzymes (Table S1), yielding pMV306-gtf1, pMV306-gtf2 or pMV306-gtf3. All constructs were verified by DNA sequencing and introduced into D1, D2 or D3. Overexpression was achieved by PCR amplification of gtf3 in fusion with an HA tag using genomic DNA and the forward primer (25; MscI) and reverse primer (26;EcoRI). The amplicon was digested with MscI/EcoRI and ligated into the MscI/EcoRI-restricted pMV261 to generate pMV261-gtf3-HA. The construct was sequenced and introduced into WT S.

Western blotting

Bacteria were harvested, resuspended in PBS, and disrupted by bead beating using 1 mm diameter glass beads. Protein concentration was assessed using the BCA Protein Assay Reagent kit (Pierce), according to the manufacturer's instructions. Equal amounts of proteins (50 mg) were separated by SDS-PAGE and transferred onto a nitrocellulose membrane. For detection of Gtf1-HA, Gtf2-HA, Gtf3-HA and KasA (loading control), membranes were probed for 1 hr with either rat anti-HA (Sigma) or rat anti-KasA antibodies (Viljoen et al., 2016(Viljoen et al., ) (dilution 1:2000)). After washing, membranes were incubated for 45 min with goat anti-rat antibody conjugated to HRP (dilution 1:5000; Abcam) and bands were revealed using the ChemiDoc MP system (Bio-Rad laboratories).

Drug susceptibility testing

The MICs were determined according to the CLSI guidelines [START_REF] Woods | Susceptibility Testing of Mycobacteria, Nocardiae, and Other Aerobic Actinomycetes[END_REF]. The broth microdilution method was used in CaMHB with an inoculum of 5x10 6 CFU/mL in the exponential growth phase. The bacterial suspension was seeded in 100 mL volumes in all of the wells of a 96-well plate, except for the first column, to which 198 mL of the bacterial suspension was added. In the first column, 2 mL of drug at its highest concentration was added to the first well containing 198 mL of bacterial suspension. Then, 2-fold serial dilutions were carried out, and the plates were incubated for 5 days at 30 C. MIC were recorded by visual inspection. Assays were completed in triplicate in three independent experiments.

Zebrafish infection experiments

Zebrafish infections were completed as previously described (Bernut et al., 2014a(Bernut et al., , 2015)). Briefly, embryos at 30 hrs post-fertilization (hpf) were dechorionated and anaesthetized in 0.016% tricaine prior to caudal vein injection with 2-3 nL of Mab ($100 CFU/nL) expressing tdTomato under the control of the pTEC27. Following infection, embryos were recovered in fresh embryo water and placed in 24-well plates (2 embryos/well). Embryos were checked daily, with dead embryos removed from the well each day until 12 days post-infection. At 2-, 4-and 6-days post-infection (dpi), embryos were anaesthetized in tricaine and placed on 3% methylcellulose (w/v) for fluorescent microscopy using Zeiss Axio Zoom.V16 coupled with an Axiocam 503 mono (Zeiss). Bacterial cords were quantified based on size and shape of bacterial cords within the live zebrafish embryo, which was substantially larger in surrounding size and shape as compared to neighboring cells. Abscesses were quantified based on the large uncontrolled extracellular growth of fluorescent bacteria that exceeded 100 mm in diameter. All experiments displayed were performed in at least three independent experiments. Bacterial burdens in live embryos were determined by anesthetizing embryos in tricaine, mounting on 3% (w/v) methylcellulose solution and taking fluorescent images using a Zeiss Axio Zoom.V16 coupled with an Axiocam 503 mono (Zeiss). Fluorescence Pixel Count (FPC) measurements were determined using the "Analyse Particles" function in ImageJ. This experiment was performed twice independently with an average of 38 larvae per group.

Macrophage infection assays

THP-1 macrophages were grown in RPMI medium supplemented with 10% fetal bovine serum (Sigma-Aldrich) and incubated at 37 C with 5% CO 2 . THP-1 monocytes were differentiated in macrophages in the presence of 20 ng/mL phorbol myristate acetate in 24-well flat-bottom tissue culture microplates (10 5 cells/well) and incubated for 48 hrs at 37 C with 5% CO 2 . Infection with Mab strains (S, R, D1, D1_C, D2, D2_C, D3, D3_C, Gtf3_ov, D1,2, D1,3, D2,3 and D1,2,3) carrying pTEC27 (MOI 2:1) was performed for 3 hrs at 37 C in the presence of 5% CO 2 . Cells were carefully washed three times with 13 PBS and then incubated with RPMI FBS supplemented with 250 mg/mL amikacin for 2 hrs to kill extracellular bacteria. The medium containing amikacin was then discarded and cells were washed three times with 13 PBS. To assess CFU at 24 and 72 hpi, infected cells were subsequently incubated in the presence of 50 mg/mL amikacin at 37 C. At 3, 24, and 72 hpi, macrophages were washed three times with PBS and lysed with 100 mL of 1% Triton X100. Lysis was stopped by adding 900 mL PBS and serial dilutions were plated to monitor the intracellular bacterial counts. CFU were counted after 5 days of incubation at 37 C.

Attachment of Mab S and Gtf3_ov strains to Rat6 and Rat6-hMR cells Confluent cells were trypsinized and resuspended in DMEM-FCS culture medium at a concentration of 0.5x10 5 cells/mL and distributed into 24-well plates (1 mL/well). After 48 hrs, the number of adherent cells reached 3x10 5 cells/well. Attachment assays were performed in 0.5 mL DMEM medium at a MOI of 20:1. Plates were centrifuged for 2 min at 800 rpm to accelerate sedimentation of bacteria on the cells and incubated for 4 hrs at 4 C (to prevent phagocytosis of bacilli). Cells were washed three times with PBS to remove non-adherent bacteria and lysed by adding 1 mL of 0.1% Triton X100. The suspensions were serially diluted in PBS and plated on LB agar medium for CFU determination.

Immunofluorescence staining of infected THP-1 macrophages

For microscopy-based infectivity assays, THP-1 cells were cultured on coverslips in 24-well plates at a density of 10 5 cells/well and incubated for 48 hrs at 37 C with 5% CO 2 . Cells were infected with tdTomato-expressing Mab (MOI 2:1) for 3 hrs, washed, treated with amikacin, fixed at 3, 24, and 72 hpi with 4% paraformaldehyde in PBS for 20 min permeabilized using 0.2% Triton X-100 for 20 min. After blocking with 2% BSA in PBS supplemented with 0.2% Triton X-100 for 20 min, cells were incubated with anti-CD43 antibody (Becton Dickinson; dilution 1:1000) for 1 hr and with an Alexa Fluor 488-or 594-conjugated anti-mouse secondary antibody (Molecular Probes, Invitrogen). Cells were then stained with 1 mg/mL 4 0 ,6-diamidino-2-phenylindole (DAPI; Becton Dickinson) for 5 min, washed with PBS, mounted onto microscope slides using Immumount (Calbiochem) and examined with either an epifluorescence microscope using a 63x lens objective or using a confocal microscope using a 403 objective (Zeiss LSM880). The average proportion of macrophages containing fewer than <5, 5À10, or >10 bacteria was quantified using Zeiss Axiovision software.

Images were acquired by focusing on combined signals (CD43 in green and red fluorescent Mab) and captured on a Zeiss Axioimager confocal microscope equipped with a 40x or 633 oil objective and processed using Zeiss Axiovision software. Scoring the number of bacilli present within macrophages were performed using ImageJ. Equal parameters for the capture and scoring of images were consistently applied to all samples. Intra-and extracellular cords within or among the macrophages infected with the various R morphotype strains were imaged using confocal microscopy. High resolution confocal microscopy images were acquired with a LSM880 confocal microscope paired with an Airyscan module (ZEISS) with a 63x lens. The Zeiss LSM 880, Axio-Observer microscope is equipped with a Plan-Apochromat 633 Oil 1.4 NADIC M27 objective (Zeiss). The cords or macrophages containing green fluorescent beads were sectioned (mode Z-stacks) and slices were acquired every 0.18 mm, resulting in 38-42 serial slices per image. 3D imaging reconstruction of the 3D Airyscan confocal microscopy images was made with either Zen Black or IMARIS. Each image channel was segmented individually by intensity thresholding and the final surface reconstruction was generated by an overlay of the three individual surfaces.

Infection of primary human monocyte-derived macrophages and intracellular CFU determination Buffy coats from anonymous donors were obtained from the Etablissement Franc ¸ais du Sang (EFS), Montpellier, France. Peripheral blood mononuclear cells (PBMCs) were purified by Ficoll density gradient separation [START_REF] Blanchet | Human[END_REF]. Monocytes were isolated from PBMCs using a magnetic cell separation system with anti-CD14 mAb-coated microbeads (130-050-201; Miltenyi Biotec) and then cultured in complete IMDM supplemented with 50 ng/mL GM-CSF (every 2 days) at 37 C under a humidified 5% CO 2 atmosphere for 6 days. Cells were washed and detached with 20 mM EDTA in PBS and plated in a 24-well plate at a concentration of 10 5 cells/well with complete IMDM. Monocyte-derived macrophages were infected with either S or Gtf3_ov strains for 3 hrs at a MOI of 2:1, washed, treated with 250 mg/mL amikacin for 2 hrs and replenished with fresh medium. To determine the number of internalized bacilli at 3 hpi, cells were lysed with 0.1% saponin and lysates plated on LB agar plates prior to CFU counting.

Fluorescent beads and phagocytosis assays

The beads were added to the macrophages at a rate of 10 beads/cell. After 4 hrs of incubation at 37 C, macrophages were washed five times with PBS before labeling using anti-CD43 antibodies and Alexa Fluor 594-coupled anti-mouse secondary antibody. Quantification of the percentage of macrophages containing beads and the average number of beads per macrophage was done using an epifluorescence microscope.

Carbohydrate and antibody inhibition assays in macrophages All carbohydrates (mannan, laminarin and methyl-a-D-glucopyranoside) were purchased from Sigma-Aldrich. For inhibition experiments, carbohydrates (100 mg/mL) were added to the cells for 1 hr in RPMI containing FCS prior to the addition of either the GPLcoupled beads or infection with the Gtf3_ov strain. Quantification of intracellular CFU and determination of the percentage of infected macrophages and average number of beads/macrophage was performed, as described above. The antibody inhibition experiments were performed in a similar manner, except that the cells were incubated with the specific neutralizing antibodies in RPMI containing FCS for 3 hrs at a concentration of 50 mg/mL prior to CFU counting or determination of the percentage of macrophages that phagocytosed the beads and the average number of beads per macrophage.

Glycolipids extraction

GPL were extracted from bacteria grown on 7H10 OADC agar plates without detergent, first with chloroform/methanol/0.3%NaCl (9:10:3, v/v/v) and then by chloroform/methanol/0.3%NaCl (5:10:4, v/v/v). The combined solvent extracts were mixed for 5 min with chloroform and 0.3%NaCl (1:1, v/v) and centrifuged at 3,000 g for 5 min to separate the lower-organic phase from the aqueous phase. The upper aqueous layer was discarded and the lower-organic phase was evaporated under a stream of nitrogen and resuspended in chloroform/methanol (2:1, v/v). Apolar and polar lipids were subjected to TLC analysis using Silica gel 60 F 254 plates (Merck). GPL were separated using chloroform/methanol/water (90:10:1, v/v/v) and PIMs using chloroform/acetic acid/methanol/ water (40/25/6/3, v/v/v/v). Orcinol/sulfuric acid vapor was used to reveal glycolipids while phosphomolybdic acid/ethanol was preferred for peptidolipids.

GPL purification

Flash chromatography

The polar lipid fraction was impregnated with silica gel overnight. Impregnated silica was added on the top of a low-pressure silica gel column 15 mm, 4 g (Interchim, France) and a linear gradient was applied from 100% chloroform to reach 85% chloroform -15% methanol in 20 min using Puriflash (Interchim, France). This ratio was maintained for 10 min. 6 mL fractions were collected and the presence of glycolipids was assayed by TLC after orcinol/sulfuric reagent spraying. Fractions containing GPL were checked by MS then pooled, dried and dissolved in chloroform/methanol (2:1, v/v). TLC A second round of purification was performed: 150 mL of the GPL fraction was spotted on a 60 mm silica TLC plate with a glass back (20 cm x 20 cm) and migrated in a solution of chloroform/methanol/water (90:10:1, v/v/v). Plate sides were sprayed with orcinol/sulfuric acid and charred while the plate center was reversibly stained with iodide vapor to label lipids. GPL-containing silica was scraped and GPL were extracted in chloroform/methanol (2:1, v/v) under sonication for 1 hr. Solution was filtrated on glass wool and 0.2 mm PTFE syringe filter. After TLC and MS analysis, purified GPL-1b was pooled from D1 and D1,3 while purified GPL-2a was prepared from D3 and WT Mab. Purified GPL-2b was prepared from D1 and GPL-3 from WT Mab.

Glycolipids saponification 10 mL of polar lipid fraction was dried under nitrogen, 200 mL sodium hydroxide 0.1 M in chloroform/methanol (2:1, v/v) was added and heated for 2 hrs at 37 C. After the reaction, 1 mL chloroform and 1 mL water were added. The mixture was agitated for 1 min then centrifuged for 30 sec. The lower chloroform phase was dried under nitrogen and dissolved in 150 mL chloroform/methanol (2:1, v/v).

Monosaccharides composition by GC/MS 1 mg mesoinositol, 20 mL GPL fraction and 1 mL trifluoroacetic acid 3 M were mixed then heated 4 hrs at 80 C and dried overnight. The reduction step was conducted for 4 hrs at room temperature in 500 mL NaBH 4 10 mg/mL in 2 M NH 4 OH. The reaction was stopped with dropwise addition of concentrated glacial acetic acid. Samples were dried at 55 C under a nitrogen stream by co-distillation with methanol/acetic acid three times, desiccated overnight and incubated in 500 mL anhydride acetic 4 hrs at 80 C. The reaction products were extracted three times with chloroform/water. The chloroform-rich phase was then filtered, dried and dissolved in 100 mL chloroform. 1 mL of monosaccharide derivatives was injected in splitless mode on a Solgel 1 MS 30 m x 0.25 mm x 0.25 mm capillary column with the following gradient temperature: 120 C to 230 C at 3 C/min, then to 270 C at 10 C/ min. Compounds were detected after electronic impact at 70 eV on a HP-7820 gas chromatograph coupled to a 5976-single quad (Agilent Technologies, Santa Clara, US) in full scan mode from 50 Da to 500 Da. 1). Indeed, MARCO is used to tether TDM to the macrophage and to activate the 592 TLR2 signaling pathway that also requires CD14 (Figure 1) [START_REF] Bowdish | TLR2, and CD14 are required for macrophage cytokine 1054 responses to mycobacterial trehalose dimycolate and Mycobacterium tuberculosis[END_REF]. As expected, 593 macrophages from Marco -/-mice are defective in the activation of extracellular signal-related kinase 1/2 594 (ERK1/2) and subsequent production of pro-inflammatory cytokines in response to TDM or M.
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595 tuberculosis infection (Figure 1) [START_REF] Bowdish | TLR2, and CD14 are required for macrophage cytokine 1054 responses to mycobacterial trehalose dimycolate and Mycobacterium tuberculosis[END_REF] [START_REF] Vignal | Lipomannans, but not lipoarabinomannans, purified from 1471 Mycobacterium chelonae and Mycobacterium kansasii induce TNF-alpha and IL-8 secretion by a 1472 CD14-toll-like receptor 2-dependent mechanism[END_REF]. AraLAM has the ability to 672 induce, in a CD14-dependent manner, monocyte chemotaxis that could be detrimental to mycobacteria 673 in vivo by maximizing the recruitment of additional alveolar macrophages or peripheral blood 674 monocytes to the infection site [START_REF] Bernardo | Differential responses of human mononuclear phagocytes 1045 to mycobacterial lipoarabinomannans: role of CD14 and the mannose receptor[END_REF]. Although a significant role for CD14 in 675 antimycobacterial protection in vivo has not been substantiated [START_REF] Ehlers | Mycobacterium avium infection in CD14-deficient mice fails to 1112 substantiate a significant role for CD14 in antimycobacterial protection or granulomatous 1113 inflammation[END_REF], CD14 contributes 676 to pulmonary inflammation and mortality during murine TB. During chronic infection, Cd14-KO mice are 677 protected from lethality due to a reduced inflammatory response [START_REF] Wieland | CD14 contributes to pulmonary inflammation and 1493 mortality during murine tuberculosis[END_REF]. This conclusion 678 is supported by another study indicating that LM may play a functional role in the immunopathology of 679 TB through CD14-dependent secretion of MMP-9, which is directly involved in tissue destruction in TB 680 patients [START_REF] Elass | Identification by surface plasmon resonance of the mycobacterial 1118 lipomannan and lipoarabinomannan domains involved in binding to CD14 and LPS-binding 1119 protein[END_REF]. Additionally, CD14 facilitates also the internalization of the bacilli by host 681 cells (Figure 4). In THP-1 and CHO cells, a cross-talk between CD14 and CR3 promotes phagocytosis of 682 mycobacteria [START_REF] Sendide | Cross-talk between CD14 and complement receptor 3 promotes 1396 phagocytosis of mycobacteria: regulation by phosphatidylinositol 3-kinase and cytohesin-1[END_REF]. In addition, M. bovis strain TMV 401 selectively infects alveolar 683 macrophages subpopulations, particularly in those expressing high levels of CD14 [START_REF] Khanna | Differential infection of porcine alveolar macrophage subpopulations 1201 by nonopsonized Mycobacterium bovis involves CD14 receptors[END_REF].
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CD14 may facilitate also the entry of M. tuberculosis into brain macrophages [START_REF] Peterson | CD14 receptor-mediated uptake of nonopsonized Mycobacterium 1311 tuberculosis by human microglia[END_REF] for epithelial cells [START_REF] Menozzi | Molecular characterization of the mycobacterial heparin-binding 1281 hemagglutinin, a mycobacterial adhesin[END_REF][START_REF] Pethe | Characterization of the heparin-binding site of the mycobacterial 1313 heparin-binding hemagglutinin adhesin[END_REF] (Figure 4). Consequently, binding of HS chains 856 to HBHA promotes adhesion with epithelial cells and may be necessary for extrapulmonary 857 dissemination of M. tuberculosis. While HBHA induces a reorganization of the actin filament network in 858 confluent endothelial cells, it does not affect their tight junctions [START_REF] Menozzi | Mycobacterium tuberculosis heparin-binding haemagglutinin 1283 adhesin (HBHA) triggers receptor-mediated transcytosis without altering the integrity of tight 1284 junctions[END_REF]). In addition, the 859 transcellular migration of endocytic vacuoles containing HBHA-coated particles suggests that HBHA 860 induces epithelial transcytosis, representing a macrophage-independent mechanism of extrapulmonary 861 dissemination leading to systemic infection [START_REF] Menozzi | Mycobacterium tuberculosis heparin-binding haemagglutinin 1283 adhesin (HBHA) triggers receptor-mediated transcytosis without altering the integrity of tight 1284 junctions[END_REF]. Both LBP and HBHA are also 862 considered as major adhesins for the attachment of M. leprae to epithelial cells [START_REF] Silva | Interaction of Mycobacterium leprae with human airway 1418 epithelial cells: adherence, entry, survival, and identification of potential adhesins by surface 1419 proteome analysis[END_REF]. 929 tuberculosis and M. marinum uptake by a panel of macrophages and DC [START_REF] Niekamp | Sphingomyelin Biosynthesis Is Essential for Phagocytic Signaling 1292 during Mycobacterium tuberculosis Host Cell Entry[END_REF].

930 Microscopic analysis revealed that sphingolipid-deficient macrophages can recognize bacilli and 931 assemble actin at the site of contact, but they are unable to remodel the actin cytoskeleton, which is 932 required for complete internalization of the bacilli (Figure 5). Furthermore, sphingolipid-deficient 933 macrophages failed to exclude the CD45 tyrosine phosphatase from the receptor-pathogen contact site 934 or nascent phagosome, a critical step in phagocytosis progression [START_REF] Niekamp | Sphingomyelin Biosynthesis Is Essential for Phagocytic Signaling 1292 during Mycobacterium tuberculosis Host Cell Entry[END_REF]. At the host-935 pathogen interaction sites, this impairment is accompanied by poor Rho-GTPase activation and a 936 substantial reduction in phosphoinositide turnover [START_REF] Niekamp | Sphingomyelin Biosynthesis Is Essential for Phagocytic Signaling 1292 during Mycobacterium tuberculosis Host Cell Entry[END_REF]. These observations highlight 937 the importance of sphingolipid production in M. tuberculosis phagocytic uptake and identifies a possible 938 target for future antimycobacterial treatments. [START_REF] Temmerman | Methylation-dependent T cell immunity to Mycobacterium 1450 tuberculosis heparin-binding hemagglutinin[END_REF]). The 1004 synthesis of chemical scaffolds or peptides that mimic adhesin-receptor binding sites are also being 1005 pursued as alternative therapies to limit invasion. Some success has been observed with anti-adhesion 1006 therapies against pathogenic mycobacteria and may prove to show improved outcomes when 1007 administered alone or with antibiotics [START_REF] Ofek | Anti-adhesion therapy of bacterial diseases: prospects and problems[END_REF]. Finally, as additional 1008 mycobacterial adhesins continue to be identified, it is now more critical than ever to employ cutting- ( López et al. 2003;Drennan et al. 2004;Bulut et al. 2005;Shin et al. 2010;[START_REF] Kleinnijenhuis | Innate immune recognition of Mycobacterium tuberculosis[END_REF]Lancioni et al. 2011;Byun et al. 2012;[START_REF] Stamm | Sensing of Mycobacterium tuberculosis and consequences to both host 1433 and bacillus[END_REF]Shukla et al. 2018) 

TLR4

Acylated LM, 50S ribosomal protein Rv0652 M. tuberculosis Non-opsonic Macrophages, T cells; dendritic cells Induction of IFN-β secretion and DC maturation; generation of optimal protective immunity against M. tuberculosis infection; production of pro-inflammatory cytokines (TNF-α, IL-6, and IL-12, IL-1β) (Abel et al. 2002;Doz et al. 2007;Lee et al. 2014;[START_REF] Park | Toll-like receptor 4 signaling-mediated responses are critically engaged in 1304 optimal host protection against highly virulent Mycobacterium tuberculosis K infection[END_REF] Produces inflammatory cytokines and nitric oxide; induces a robust elevation of inflammatory cytokines in vivo; activates the production of pro-inflammatory and inflammatory cytokines and ROS; activates NLRP3 inflammasome; promotes Th1 and Th17 responses in mice (Ishikawa et al. 2009;Schoenen et al. 2010;Heitmann et al. 2013;Hattori et al. 2014;Richardson et al. 2015;Tima et al. 2017) F o r P e e r R e v i e w (Geijtenbeek et al. 2003;[START_REF] Lam (maeda | Although mannose-capped LAM molecules are present across 356 mycobacterial species, DC-SIGN discriminates between these permutations and selectively recognizes 357[END_REF]Tailleux et al. 2003;Gagliardi et al. 2005;Pitarque et al. 2005;Torrelles, Azad and Schlesinger 2006;Driessen et al. 2009;Geurtsen et al. 2009;Ehlers 2010;Wu et al. 2011;Blattes et al. 2013;Kumar et al. 2013a;Sawettanai et (Schlesinger 1993;Schlesinger, Hull and Kaufman 1994;[START_REF] Astarie-Dequeker | The mannose receptor mediates uptake of pathogenic 1033 and nonpathogenic mycobacteria and bypasses bactericidal responses in human macrophages[END_REF]Nigou et al. 2001;Rivera-Marrero et al. 2002;Chieppa et al. 2003;Diaz-Silvestre et al. 2005;Kang et al. 2005;Villeneuve et al. 2005;Shimada et al. 2006;Torrelles, Azad and Schlesinger 2006;Esparza et al. 2015;Daher et (Schlesinger andHorwitz 1990, 1991;Schlesinger et al. 1990;Launois et al. 1992;Schlesinger 1993;Hetland and Wiker 1994;[START_REF] Stokes | Nonopsonic and opsonic association of Mycobacterium tuberculosis with resident alveolar macrophages is inefficient[END_REF]Hu et al. 2000;Melo et al. 2000; [START_REF] Peterson | CD14 receptor-mediated uptake of nonopsonized Mycobacterium 1311 tuberculosis by human microglia[END_REF][START_REF] Khanna | Differential infection of porcine alveolar macrophage subpopulations 1201 by nonopsonized Mycobacterium bovis involves CD14 receptors[END_REF][START_REF] Bernardo | Differential responses of human mononuclear phagocytes 1045 to mycobacterial lipoarabinomannans: role of CD14 and the mannose receptor[END_REF][START_REF] Yu | Soluble CD14(1-152) confers responsiveness to both 1504 lipoarabinomannan and lipopolysaccharide in a novel HL-60 cell bioassay[END_REF][START_REF] Ehlers | Mycobacterium avium infection in CD14-deficient mice fails to 1112 substantiate a significant role for CD14 in antimycobacterial protection or granulomatous 1113 inflammation[END_REF][START_REF] Lewthwaite | Mycobacterium tuberculosis chaperonin 60.1 is a more potent 1245 cytokine stimulator than chaperonin 60.2 (Hsp 65) and contains a CD14-binding domain[END_REF][START_REF] Shams | The CD14 receptor does not mediate entry of Mycobacterium 1399 tuberculosis into human mononuclear phagocytes[END_REF][START_REF] Vignal | Lipomannans, but not lipoarabinomannans, purified from 1471 Mycobacterium chelonae and Mycobacterium kansasii induce TNF-alpha and IL-8 secretion by a 1472 CD14-toll-like receptor 2-dependent mechanism[END_REF][START_REF] Elass | Mycobacterial lipomannan induces matrix metalloproteinase-9 1115 expression in human macrophagic cells through a Toll-like receptor 1 (TLR1)/TLR2-and CD14-1116 dependent mechanism[END_REF][START_REF] Elass | Identification by surface plasmon resonance of the mycobacterial 1118 lipomannan and lipoarabinomannan domains involved in binding to CD14 and LPS-binding 1119 protein[END_REF][START_REF] Sendide | Cross-talk between CD14 and complement receptor 3 promotes 1396 phagocytosis of mycobacteria: regulation by phosphatidylinositol 3-kinase and cytohesin-1[END_REF][START_REF] Wieland | CD14 contributes to pulmonary inflammation and 1493 mortality during murine tuberculosis[END_REF][START_REF] Bowdish | TLR2, and CD14 are required for macrophage cytokine 1054 responses to mycobacterial trehalose dimycolate and Mycobacterium tuberculosis[END_REF]Shin et al. 2010;[START_REF] Court | Mycobacterial PIMs inhibit host inflammatory responses through 1074 CD14-dependent and CD14-independent mechanisms[END_REF][START_REF] Dhiman | c-Maf-dependent growth of Mycobacterium tuberculosis in a 1085 CD14(hi) subpopulation of monocyte-derived macrophages[END_REF][START_REF] Søndergaard | Mycobacterium tuberculosis promotes Th17 expansion via 1427 regulation of human dendritic cells toward a high CD14 and low IL-12p70 phenotype that 1428 reprograms upon exogenous IFN-γ[END_REF] Mycobacterium abscessus (Mab) is a fast-growing antibiotic-resistant mycobacterium that causes severe lung infections, particularly in cystic fibrosis patients. In general, inhalation of aerosols containing the infectious bacilli causes Mycobacterium infection. Adhesion of bacilli to the surface of macrophages via specific receptors leads to phagocytosis and the underlying immunological events. However, the exact mechanism of Mab uptake by host cells remain poorly understood. During my thesis, I investigated the role of CD81's large extracellular loop (LEL), a novel human receptor belonging to the tetraspanin family, and its associated mycobacterial ligands in Mab internalization by macrophages and pneumocytes. My findings showed that CD81LEL deletion, antibodies blocking surface-exposed CD81, and pre-incubation of bacilli with recombinant GST-CD81LEL protein or synthetic peptides mimicking a small portion of CD81LEL significantly reduced mycobacterial uptake by host cells. Furthermore, pull-down experiments revealed among other interactant proteins, a mycobacterial ligand the Akylhydroperoxidase C or AhpC (Mab_4408c) belonging to the bacterial antioxidant system, interacting with the LEL of CD81. Interestingly, soluble AhpC saturating macrophages inhibits bacterial internalization, however when overproduced in mycobacteria, AhpC promotes bacilli internalization. Moreover, pre-incubation of macrophages with anti-CD81LEL antibodies completely inhibited phagocytosis of AhpC-coated fluorescent beads, indicating a direct interaction between the CD81LEL receptor and the mycobacterial adhesin AhpC. Finally, conditional knock-down of AhpC in Mab led to a decrease in mycobacterial invasion, correlating with our previous data. In conclusion, my thesis project describes a novel mechanism of pathogenic Mab invasion within the host, which may pave the way for future translational applications to reduce or inhibit mycobacterial infections.

Mycobacterium abscessus (Mab) est une mycobactérie à croissance rapide, résistante aux antibiotiques, qui provoque de graves infections pulmonaires notamment chez les patients atteints de mucoviscidose. En général, l'inhalation d'aérosols contenant les bacilles infectieux déclenche l'infection par Mycobacterium. L'adhésion des bacilles à la surface des macrophages via des récepteurs spécifiques conduit à la phagocytose et aux événements immunologiques sous-jacents. Cependant, le mécanisme exact de l'invasion de Mab dans les cellules hôtes demeure pas assez compris. Au cours de ma thèse, j'ai étudié le rôle de la large boucle extracellulaire («LEL» pour large extracellular loop) de CD81, un nouveau récepteur humain appartenant à la famille des tétraspanines, et de ses ligands mycobactériens associés dans l'internalisation de Mab par les macrophages et les pneumocytes. Mes résultats ont montré que la délétion de CD81LEL, les anticorps bloquant CD81 exposé à la surface des macrophages et la préincubation des bacilles en présence de la protéine recombinante GST-CD81LEL ou des peptides synthétiques imitant une partie de CD81LEL réduisaient significativement l'entrée des mycobactéries par les cellules hôtes. En outre, les expériences de pull-down ont révélé parmi d'autres protéines interagissant, un ligand mycobactérien l'Akylhydroperoxydase C ou AhpC (Mab_4408c) appartenant au système antioxydant bactérien, interagissant avec la LEL de CD81. De manière intéressante, l'AhpC soluble saturant les macrophages inhibe l'internalisation bactérienne, néanmoins la surexpression d'AhpC dans les mycobactéries favorise l'internalisation des bacilles. De plus, la pré-incubation des macrophages avec des anticorps anti-CD81LEL inhibe complètement la phagocytose des billes fluorescentes enrobées par AhpC, indiquant une interaction directe entre le récepteur CD81LEL et l'adhésine mycobactérienne AhpC. Enfin, le knock-down conditionnel d'AhpC dans Mab a conduit à une diminution de l'invasion mycobactérienne, en corrélation avec nos données précédentes. En conclusion, mon projet de thèse décrit un nouveau mécanisme d'invasion de Mab au sein de l'hôte, qui pourrait ouvrir la voie à de futures applications translationnelles pour réduire ou inhiber les infections mycobactériennes.
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 1 Figure 1. Classification of mycobacteria according to their growth rate.
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 2 Figure 2. Phylogeny tree of mycobacteria by concatenating 7 genes: ARN16S, hsp65, rpoB, smpB, sodA, tmRNA et tuf of 87 mycobacterial species. Nocardia farcinica was used as an external

Figure 4 .

 4 Figure 4. Smooth and rough mycobacterial morphotypes on solid and liquid medium.
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 5 Figure 5. Macrophage infection by smooth and rough morphotypes of M. abscessus.
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 6 Figure 6. Factors leading to the successful establishment of Mab infection as an emerging CF pathogen.

Figure 7 .

 7 Figure 7. Schematic organization of the mycobacterial cell envelope.

Figure 8 .

 8 Figure 8. Host receptors and signaling networks limiting mycobacterial survival in phagocytes. Toll-like receptors (TLR), CD14, C-type lectin receptors (CLR), NOD-like receptors (NLR) and FcRꝩ are expressed on the cell surface, in endosomes, or in the cytosol of different types of immune cells. Their activation through ligation to mycobacterial ligands causes cytokine gene expression and autophagy, production of antibacterial peptides and redox molecules (ROS and NO), activation of immune cells, and the induction of phagolysosomal fusion. The depicted pathways are important in limiting intracellular survival of mycobacteria (adapted fromDaher et al., 2022, submitted).

Figure 9 .

 9 Figure 9. Mycobacteria are recognized by receptors that are bacterial infection-friendly.

Figure 10 .

 10 Figure 10. Phylogram showing the relative distance between the 33 human tetraspanins.
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  I G U R E 1 (a) schematic representation of a tetraspanin and its membrane topology in closed conformation inspired from the resolved structures of CD9 and CD81. Tetraspanins are composed of a small extracellular loop (SEL), a large extracellular loop (LEL), four transmembrane domains (TM1, TM2, TM3 and TM4), an intracellular loop, a N-terminal tail and a C-terminal tail. Orange and pink indicate the variable and conserved domains of the LEL, respectively. Potential palmitoylation sites in the transmembrane domains are also indicated. The variable regions of the large extracellular loops of tetraspanins contain at least six cysteines that form disulfide bridges. (b) Model illustrating the tetraspaninsenriched platforms (TEMs) exploited by a wide panel of human pathogens to invade and colonise the host cells. α and β heterodimers represent integrins interacting with TEM. IR: Immune receptors belonging to TEMs 3 | COMPARTMENTATION OF THE PLASMA MEMBRANE BY TEMs

  (a) B. thailandensis can regulate the process of MNGC formation by affecting the function and/or expression of Tspans, (b) to discriminate the direct contribution of B. thailandensis infection in MNGC formation from that of host Tspans and (c) to explain the observations that CD9 deletion and CD9 or CD81 inhibition by neutralising antibodies increases rather than decreases the fusion between cells.

  model depicting the importance of various tetraspanins during human bacterial infections. (A) Maintaining the expression and function of CD9 or CD81 interferes with B. thailandensis dependent cell-to-cell fusion process and restricts MNGC formation. (B) The increase in CD63 host cell expression that is associated with expansion of endolysosomal compartments is beneficial for C. burnetii growth as well as for the biogenesis, maturation and enlargement of the PVs in which the bacteria reside. (C) CD9 acting as a co-receptor, was proposed to interact with DTR and contributes to increasing the interaction of DT with DTR. (D) CD63-positive MVBs provide lipids, amino acids, nucleotides and other precursors required for the development of the Chlamydia-containing inclusion bodies. (E) FimH located at the tip of the pilis interacts directly with Tspan21 to firmly adhere UPEC bacteria to the epithelial cells of the bladder. (F) S. aureus and S. typhimurium use two different platforms containing CD9 or CD63 to attach to host cells. However, E. coli, N. meningitidis and S. pneumoniae share three platforms enriched with CD9, CD63 and CD151 to adhere to and invade host cells. Thus, the CD9, CD63 and CD151 platforms contribute to the internalisation of human pathogenic bacteria and indirectly to the pathophysiology associated with the resulting diseases. (G) Enteropathogenic E. coli (EPEC) secretes the virulence factor EspH involved in the recruitment of a CD81-enriched platform with which it associates in the early phase of infection. Subsequently, EspH dissociates from the CD81 platform to inhibit phosphorylation of the Erk protein. This mechanism results in blocking the host's innate immunity and promotes the survival and spread of the bacteria in the infected gut. (H) L. monocytogenes invades epithelial cells by subverting Met receptor. Type II phosphatidylinositol 4-kinase is also required for Listeria entry downstream of Met. CD81 acts as a molecular adaptor by recruiting PI4KIIα to the bacterial entry site. Disruption of CD81 inhibits the recruitment of PI4KIIα and consequently affects Listeria internalisation. (I) M. tuberculosis persists and survives within infected cells by (i) enhancing the fusion of phagosomes containing-Mtb with CD63-positive lysosomal vesicles in order to gain nutrients; (ii) maintaining the formation of the CD82/RUNX1 molecular complex to avoid the maturation of phagosomes and their fusion with lysosomes. (J) TspanC8 is involved in promoting the trafficking of ADAM10 protease from the ER to the plasma membrane. The α-toxin secreted by S. aureus binds to the ADAM10 receptor and activates it, thereby promoting the cleavage of cadherin barrier to facilitate spread of the bacteria. ER, endoplasmic reticulum; Nm, N. meningitidis; Sa, S. aureus; Sp, S. pneumoniae; St, S. typhimurium

  Neisseria meningitidis, attaches to host nasopharyngeal epithelial cells via type IV pili and opacity (Opa) proteins, enters the bloodstream causing septicemia, and can reach the blood-brain barrier leading to meningitis[START_REF] Santos Souza | Meningococcal disease: A paradigm of type-IV pilus dependent pathogenesis[END_REF]. The role of Tspans in N. meningitidis adherence to epithelial cells, DETROIT 562 and HEC-1-B, were investigated. Pre-treatment of the cells either with antibodies raised specifically against CD9, CD63 and CD151, or with recombinant GST-LEL proteins of CD9, CD63 and CD151, significantly reduced meningococcal adherence to cells. Moreover, Tspan ablation by siRNA, reduced bacterial adherence to epithelial cells. Collectively, these findings suggest that CD9, CD63 and CD151 play a major role in meningococcal adherence to cells through specific receptor-adhesin engagement (Figure2F)(Green et al., 2011).

4. 10 |

 10 Staphylococcus aureusStaphylococcus aureus is a frequent pathogen causing skin and wound infections (Tong, Davis, Eichenberger, Holland, & Fowler, KARAM ET AL.7 of 12

  fight bacterial infections and overcome the increasing resistance to the current antimicrobial therapies. Anti-adhesion therapy represents an innovative tool that can directly target the cell surface of the host or pathogen to disrupt bacterial attachment, an essential early step in bacterial infection. In this context, the development of new biological agents has made possible the treatment of several infectious diseases that are otherwise difficult to treat.

  ther work is required to unravel the contribution of individual Tspans or their cognate partners in the different processes leading to bacterial colonisation of the host. These interactions should be investigated in the context of both initial bacterial-receptor mediated signalling and during the subsequent phagocytosis, intracellular growth and cell-tocell spread events. Hence, combining knock-out approaches of Tspans and/or Tspan-interacting protein partners together with super resolution microscopy and other advanced imaging strategies should provide crucial information about the early steps of bacterial entry as well as on bacterial dynamics on the host cell surface or on intracellularly-residing bacteria. Furthermore, much of the data describing the importance of Tspans in bacterial infections comes from in vitro studies. Thus, it is not clear whether Tspan-dependent bacterial infections have any real significance in vivo. If that is the case, targeting TEMs makes sense for treating bacterial infections caused by pernicious bacteria such as Staphylococcus, Mycobacterium, Listeria and Salmonella. This future strategy, which bacterial mutation would not deliberately bypass, should lead to the development of new antibacterial therapies so urgently required at a time when antibiotic resistance has become a major public health problem.

  confirm the role of CD81-LEL in Mab internalization, CRISPR/Cas9-mediated genome editing was applied to A549 lung epithelial cells, yielding to A549-CD81-LEL-KO cells. A guide RNA targeting the 101 exon 4 of Cd81 gene just upstream of the LEL coding DNA region was designed. Guide RNA (sgRNA) sequence targeting CD81 was designed and cloned into the LentiGuide-Puro (FigureS4A)35 . Viral particles generated in HEK293T cells were used to knock-out the LEL of Cd81 genes specifically in A549 cells by lentiviral transduction and single-cell cloning (FigureS4A). A549-CD81-LEL-KO cells were further sorted by flow cytometry and isolated into a single cell by limiting dilution. One single clone was expanded and selected for further analysis. Specific introduction of indels at the sgRNA cut side in A549 cells was validated by PCR and complete sequencing of Cd81 open reading frame (FigureS4B).Cloning of the PCR products obtained from the cDNA prepared from clone A549-CD81-LEL-KO cells into the TOPO vector, followed by sequencing, revealed the existence of two different deletions, presumably representing two different genomic repairs occurring at the 2 Cd81 alleles (FigureS4B).The first one exhibited a 5-bp deletion in the translated region of Cd81 gene, which would generate a chimeric and short protein lacking LEL (FigureS4B, and S4C), while the second one revealed a 20-bp deletion that also generated a chimeric and truncated protein lacking the LEL (FigureS4B, and S4C).Flow cytometry and immuno-fluorescence analyses using anti-CD81-LEL antibodies confirmed the absence of CD81-LEL expression at the cell surface as well as intracellularly, when compared with the unedited controls (Figure3A, and 3B). No defect in the expression levels of tetraspanins CD9 and CD63 were observed in A549-CD81-LEL-KO as compared to A549-WT cells (Figure3A, and 3B). Expression of the truncated CD81 protein was confirmed by sequencing analysis. Overall, this underscores the successful and specific deletion of CD81-LEL in the A549-CD81-LEL-KO cells. Importantly, infection of A549-CD81-LEL-KO cells showed a significant decrease in the number of internalized Mab as compared to WT A549 cells (Figure3C, and 3E). Quantitative analysis revealed also a marked reduction in the percentage of Mab-containing cells in the absence of CD81-LEL (Figure3D, and 3E). These results are fully consistent with those from the pre-treatment experiments using either neutralizing anti-CD81 antibodies or recombinant GST-LEL fusion proteins (Figure1, and 2). They demonstrate that surfaceassociated CD81 plays a crucial role in internalization of Mab by macrophages and lung epithelial cells in a CD81-LEL-dependent manner.
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 7 or ahpC fused to an HA-tag under the control of the hsp60 promoter was introduced into Mab and the invasion rates of Mab_WT, Mab_hsp16.7_OV or Mab_ahpC_OV were compared. As shown in Figure6A, the internalization of Mab-S-ahpC_OV was 2-fold higher than internalization of Mab_WT or Mab_hsp16.7_OV, suggesting that AhpC is acting as a mycobacterial adhesin. To further assess the impact of AhpC on infection, THP-1 cells were pre-incubated with recombinant AhpC-His prior to macrophage infection with whole bacteria. Pre-treatment with 2 µg AhpC-His partially blocked internalization of the Mab_WT and reduced infectivity by 30% as compared to untreated cells or to cells pre-incubated with recombinant Hsp16.7-His (Figure6B, and 6C).

Figure 1 .

 1 FIGURE LEGENDSFigure 1. Internalization of Mab by macrophages requires tetraspanin CD81 (A and B) Uptake of Mab is reduced in THP-1 macrophages (A) and primary human macrophages (B) pre-treated with neutralizing antibodies raised against CD43, MR, CR3 or CD81. Data are mean values ± SD for six (A) or four (B) independent experiments, each time in triplicate (A) or quadruplicate (B), n = 18 (A) or 16 (B). One-tailed Tukey test: ns, non-significant > 0.05, ****p < 0.0001. (C) Blocking CD43 or MR or CR3 or CD81 receptors with neutralizing antibodies significantly reduces the percentage of Mab-infected THP-1 macrophages. Data are mean values ± SD for four independent experiments (n = 80 fields). One-tailed Tukey test: ns, non-significant > 0.05, ***p < 0.001. (D) Percentage of Mab-infected THP-1 macrophage categories after pre-treatment with neutralizing antibodies raised against CD151 or CD81. The images illustrate a macrophage < 5 bacilli, 5 to 10 bacilli or >10 bacilli (upper right). The nuclei were stained with DAPI (blue) and the surface of macrophages was stained with anti-CD43 antibodies (green). Values are means ± SD for three independent experiments performed each time in triplicate (n = 900 infected macrophages). One-tailed non-paired t test: ns, non-significant > 0.05, ***p < 0.001. (E) Five immunofluorescent fields were taken at 3 h post-infection using a confocal microscope (40 x magnification), showing the macrophages infected with the Mab (in red) following pre-treatment with indicated antibodies. The nuclei are in blue and the CD43 protein associated with the plasma membrane of macrophages is in green. White arrows indicate Mab inside the cells.

Figure 2 .

 2 Figure 2. Recombinant GST-CD81-LEL or CD81-LEL derived peptides reduce Mab internalization by macrophages (A) Uptake of Mab is reduced in THP-1 macrophages pre-treated with recombinant GST-CD81-LEL at different concentrations (2, 8 and 16 µg/ml). Data are mean values ± SD for four independent experiments (each time in triplicate) (n = 12). One-tailed Tukey test: ns, non-significant > 0.05, ***p < 0.001, ****p < 0.0001. (B) Pre-incubation of Mab with different concentrations of recombinant GST-CD81-LEL (2, 8 and 16 µg/ml) significantly reduces the bacterial uptake and percentage of infected macrophages. Data are mean values ± SD for six independent experiments (n = 120 fields). One-tailed Tukey test: ns, nonsignificant > 0.05, **p < 0.01, ****p < 0.0001. (C) Percentage of macrophage categories after pre-treatment with recombinant GST-CD81-LEL at 16 µg/ml. The number of bacilli/macrophage drops when bacilli were pre-incubated with CD81-LEL.Values are means ± SD for three independent experiments performed each time in triplicate (n = 900 infected macrophages). One-tailed non-paired t test: ns, non-significant > 0.05, ***p < 0.001.

Figure 3 .Figure 4 .

 34 Figure 3. Deletion of CD81-LEL in lung epithelial cells reduces internalization of bacilli and intracellular bacterial loads (A) A549-WT or A549-CD81-LEL-KO cells were harvested and fixed in 2% paraformaldehyde before washing and incubated with indicated primary antibodies, followed by staining with Alexa Fluor 647coupled secondary antibodies in non-permeabilizing (surface staining) or permeabilizing (intracellular staining) buffer. Cells were then washed and processed through a Novocyte ACEA cytometer. Surface staining (upper inset) and intracellular staining (lower inset) are represented as histogram overlays for each tetraspanin expression in both cell types (CD81 in blue; CD9 in red; CD63 in green). The staining control was done with incubation of secondary antibodies alone (grey curves). (B) Localization of tetraspanins CD9 and CD81 (green staining) in A549_WT cells and in A549-CD81-LEL-KO cells. Since these antibodies are directed against the LEL, no CD81 signal is detected in A549-CD81-LEL-KO cells. (C) Impact of CD81-LEL disruption in A549 cells on the internalization of Mab. CFUs were determined at 3 h post-infection. Data are the means ± SD values for four independent experiments performed in quadruplicate (n=16). One-tailed Tukey test: ns, non-significant > 0.05; ****p < 0.0001. (D) Deletion of CD81-LEL significantly diminishes the uptake of Mab and the percentage of infected A549 cells. Data are mean values ± SD for eight independent experiments (n = 160 fields). One-tailed Tukey test: ns, non-significant > 0.05, ****p < 0.0001. (E) Immunofluorescence confocal microscopy fields showing A549 WT, or A549-CD81-LEL-KO cells infected with red-fluorescent mycobacteria (white arrows). The cell surface is stained using anti-CD81 antibodies (green) while the nuclei are stained with DAPI (blue).

Figure 5 .

 5 Figure 5. AhpC interacts directly with CD81 and promotes internalization of fluorescein-tagged latex beads (A and B) Protein coating of fluorescein-tagged latex beads with recombinant Mab Hsp16.7-His or AhpC-His. Labeling of Hsp16.7-His or AhpC-His proteins (red) at the surface of fluorescein tagged latex beads (green) was detected using mouse anti-His antibodies and Alexa Fluor 594 conjugated goat antimouse secondary antibodies. (C) Ingestion of beads by THP-1 macrophages for 4 h is optimal when coated with AhpC. Data are mean values ± SD for three independent experiments (each time in octuplicate) (n = 240 fields). One-tailed Tukey test: ns, non-significant > 0.05, ****p < 0.0001. (D) Blocking CD81 with neutralizing antibodies drastically reduces the uptake of AhpC-coated beads. Data are mean values ± SD for four independent experiments (each time in quadruplicate) (n = 160 fields). One-tailed Tukey test: ns, non-significant > 0.05, ****p < 0.0001. (E) Representative fluorescent images showing either the efficiency of internalization and impact of neutralizing anti-CD81 antibodies on the internalization of AhpC-coupled beads by macrophages. CD43

Figure 6 .

 6 Figure 6. Overexpression of AhpC enhances colonization of macrophages by Mab (A) Effect of overexpression of AhpC or Hsp16.7 on the ability of Mab to invade THP-1 macrophages. Data are mean values ± SD for three independent experiments, each time in sextuplicate (n = 18). Onetailed Tukey test: ns, non-significant > 0.05, ****p < 0.0001. (B) Pre-treatment of THP-1 cells with 2 µg of soluble recombinant Hsp16.7-His or AhpC-His on the ability of Mab to colonize THP-1 human cells. Data are mean values ± SD for three independent experiments, each time in triplicate (n = 12). One-tailed Tukey test: ns, non-significant > 0.05, ***p < 0.001. (C) Three immunofluorescent fields taken at 3 hpi using a confocal microscope (40 x magnification), showing the macrophages infected with Mab (in red) after pre-treatment of THP-1 cells with Hsp16.7-His or AhpC-His recombinant proteins. Nuclei are in blue and the cell surface is in green. White arrows indicate mycobacteria inside macrophages. (D) Overexpression of AhpC enhances entry of bacilli into A549-WT in a CD81-LEL-dependent manner. CFUs were determined at 3 hpi. Data are mean values ± SD for three independent experiments, each time in sextuplicate (n = 18). One-tailed Tukey test: ns, non-significant > 0.05, **p < 0.01, ****p < 0.0001.

Figure 7 .

 7 Figure 7. Internalization of Mab by macrophages requires the AhpC adhesin (A) Schematic illustration of the Mab ahpC conditional knock-out strategy. Mab was transformed with the regulatory, ha-tagged ahpCi plasmid (pMV306-ahpCi) to generate a merodiploid bacterial strain. The pMV306-ahpCi vector was integrated into the attB site by single homologous recombination. The pMV306-ahpCi contains the integrase gene (int), the hygromycin resistance cassette (HygR), the tetR38 repressor under the control of the Ptb38 promoter, and the C-terminal ha-tagged ahpC gene under the control of the inducible tetO-4C5G promoter. The single merodiploid clone was then transformed with pUX1-katG-ahpC to remove the endogenous ahpC gene (ahpCe) by double homologous recombination. The ahpC gene is sandwiched between the ahpD and MAB_4409. The DNA sequences of the left and right arms of ahpC were amplified by PCR and subcloned into pUX1-katG. The resulting suicide plasmid was used to transform the strain expressing an additional HA-tagged copy of ahpC gene. Dotted lines represent the size (indicated above each line) of the expected PCR products in Mab WT, and ΔahpCe/ahpCi-ha. Black arrows represent the primers used for PCR analysis. (B) Tetracycline-mediated regulation of the ahpC gene using the Tet-OFF configuration in Mab. The tetR38 gene encoding the T38 repressor is a reverse TetR that recognizes tetO-4C5G. Addition of ATc

Figure S1 .

 S1 Figure S1. Efficient internalization of Mab by macrophages requires host CD43, MR and CR3 receptors Four immunofluorescent fields were taken at 3 h post-infection using a confocal microscope (40 x magnification), showing Mab-infected macrophages without or following pre-treatment with the indicated antibodies. The nuclei are shown in blue, the CD43 protein associated with the plasma membrane of macrophages is in green. White arrows indicate Mab (red) inside the macrophage.

Figure S2 .

 S2 Figure S2. Recombinant GST-CD151-LEL fusion protein does not affect Mab uptake by macrophages (A) SDS-PAGE analysis of recombinant GST, GST-CD81-LEL or GST-CD151-LEL fusion proteins. Soluble proteins were purified from E. coli, separated on a 12% polyacrylamide gel and visualized with Coomassie brilliant blue. MW: protein molecular weight marker; GST: glutathione-S-transferase. (B) Two immunofluorescent fields were captured using a confocal microscope (40 x magnification) 3 h after infection, showing Mab-infected macrophages after pre-treatment of bacteria with GST or GST-CD151-LEL. The nuclei are shown in blue, and the CD43 protein, which is associated with macrophage plasma membranes, is in green. Mab (in red) inside macrophages are indicated by white arrows.

Figure S4 .Figure S6 .Figure S7 .

 S4S6S7 Figure S4. Strategy, disruption and generation of CD81-LEL knock-out cells(A) Overview of the Lentivirus CRISPR/Cas9 system used to disrupt the LEL of CD81 in A549 cells. In this system, a lentivirus is generated from HEK293T cells encoding for expression of the CD81-LEL sgRNA under the U6 promoter. The process of generating an infectious transgenic lentivirus is outlined in this schematic. Three plasmids are transfected into HEK293T cells: a transfer plasmid (red), a packaging plasmid (blue) and an envelope plasmid (green). After incubation, the virus-containing supernatant is collected, filtered and then used to transduce A549 cells. Briefly, A549 target cells are transduced with the lentivirus expressing Cd81-LEL sgRNA and selected for integration using puromycin. The final result is a mutant cell line (A549-CD81-LEL-KO) stably expressing both Cas9 (selection by blasticidin) and Cd81-LEL sgRNA (selection by puromycin). (B) The gRNA sequence (blue) consisting of a 20-nucleotides fragments pairs with the target DNA located upstream of a requisite 5′-NGG adjacent motif (PAM) and the LEL sequence (grey). Cas9 will break the double-stranded DNA (scissors symbol) at exon 4 located upstream of the sequence that codes for the LEL region. CRISPR/cas9 DNA cleavage and NHEJ repair that resulted in two different multi-base deletions were detected after we amplified the open reading frame of the Cd81 gene by PCR, followed by multiple sequencing reactions of several amplicons to accurately determine the suppressed bases. The deletion regions are shown in red.(C) The frame-shift generated a shorter CD81 protein lacking its LEL (grey) and terminating in an erroneous peptide sequence (in red) that does not exist in CD81 expressed by normal cells.

Figure 11 .

 11 Figure 11. A Summary of the different steps in the strategy to achieve anti-adhesion therapy.
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Figure 1 .

 1 Figure 1. The biosynthetic locus and structure of M. abscessus GPL. (A) The lipid, peptidic, and glycan moieties of GPL are indicated by different colors. The schema illustrates the triglycosylated form of GPL (GPL-3) consisting of a D-Phe-D-alloThr-D-Ala-L-alaninol peptidic core (green) of which the D-alloThr is glycosylated with a 3,4-di-O-acetyl 6-deoxy-L-talose residue and the alaninol is diglycosylated with rhamnose and 3,4-di-O-methylated rhamnose residues. The three monosaccharides are presented in the blue area. The orange arrow shows the methyl group, presumably transferred by the fatty acid O-methyltransferase enzyme (Fmt) onto position 3 in the lipid chain (orange area). (B) The GPL locus encodes multiple components required for biogenesis, modification, and transport of the GPL. fmt is indicated in orange.

Figure 2 .

 2 Figure 2. Generation of an unmarked fmt deletion mutant in M. abscessus. (A) The fmt gene is neighbored by the genes gtf 2 and mbth. To generate Δfmt, two sequences of 974 and 746 bp located upstream and downstream of fmt were cloned into pUX1-katG. The resulting suicide plasmid (lacking motifs for episomal replication or mobile elements promoting chromosomal integration) was used to transform M. abscessus, in which it could only propagate via homologous recombination between the cloned sequences and their chromosomal homologous sequences. The first recombination event was selected in the presence of kanamycin. A single red fluorescent tdTomato-expressing clone was subjected to the second round of recombination selected on isoniazid and screened for double crossover phenotypes, i.e., loss of red fluorescence, sensitivity to kanamycin, and resistance to isoniazid. Dotted lines represent the size (indicated above each line) of the expected PCR products in M. abscessus WT and Δfmt. Black arrows represent the primers used for PCR analysis. (B) PCR analysis demonstrating the deletion of fmt in the mutant strain. Genomic DNA from WT bacteria was used to amplify the intact fmt locus. Amplicons were subjected to sequencing to confirm the deletion of fmt. (C) Western blot analysis of the Δf mtC strain expressing the Fmt protein in fusion with an HA tag under the control of the native fmt promoter. KasA was included as a loading control. (D) Colony morphology of the S, R, Δfmt, and Δf mtC strains on either 7H10 OADC or LB plates. No difference in colony morphology between the progenitor S and Δfmt strains was found, regardless of the media used. Experiments were carried out twice. (E) Like the parental S strain, but unlike the R variant, Δfmt does not sediment rapidly in liquid culture. The arrow indicates the sedimented bacterial aggregates. (F) Growth curve of parental S, Δfmt and ΔfmtC strains in 7H9 medium at 37 °C. Data is representative of three independent experiments. (G) Pellicle-forming capabilities of M. abscessus S, R, Δfmt, and Δf mtC strains. Experiments were carried out twice.

Figure 3 .

 3 Figure 3. Loss of fatty acid methylation on GPL from Δfmt. (A) TLC analysis of the crude lipid fractions of the parental, mutant, and complemented strains. GPL-2 and GPL-3 were separated using either solvent A (CHCl 3 /MeOH 95:5, v/v; upper panel) or solvent B (CHCl 3 / MeOH 9:1, v/v; lower panel) and revealed with orcinol staining after two rounds of migration. GPLs are expressed at similar levels in the parental (S), Δfmt, and Δf mtC strains but are absent in the R variant. Mobility of diglycosylated and triglycosylated GPL species differ in Δfmt as compared to the WT and Δf mtC strains (upper panel). (B) Diglycosylated fractions (GPL-2) and triglycosylated fractions (GPL-3) were separated by flash chromatography and visualized on TLC. (C) MS spectra of GPL-2 and GPL-3. The two upper panels correspond to GPL-2 fractions while the two lower panels correspond to GPL-3 fractions. A decrease of 14 m.u. is observed between WT and Δfmt GPL fractions. (D) 1 H/13 C HSQC spectra of purified GPL fractions show methoxy functions substituting either the Rha or the lipid moiety. The methoxy group on the lipid moiety is exclusively found on WT GPL-2 and GPL-3 at δ 3.27/57.4 ppm, as indicated by the arrow.

Figure 4 .

 4 Figure 4. Structural analysis of GPL-2. MS 2 fragmentation spectra of the MS signal (A) at m/z 1258 of WT GPL-2 and (B) at m/z 1244 of Δfmt GPL-2. EI-MS spectra of (C) 3-methoxylated C 28 FAMEs isolated from WT GPL-2 and its (D) 3-trimethylsilylated C 28 equivalent, from Δfmt GPL-2.

Figure 5 .

 5 Figure 5. The GXG motif is essential for Fmt activity. (A) Multiple sequence alignment of Fmt with the Methanobacterium thermoautotrophicum protein MT0146, the corynebacterial protein NCg12764, the M. tuberculosis protein Rv2952, and its orthologue in M. smegmatis (Mtf2) using CLUSTALW. Similar residues are shown in red, and identical residues are in green. Wherever possible, the two types of identical amino acids were surrounded within the same vertically aligned column. Conserved glycine residues (Gly86 and Gly88) within the GXG motif and mutated in this study are numbered. (B) Western blot analysis of the Δfmt strain expressing the Fmt(WT)-HA, Fmt(G86A)-HA, Fmt(G88A)-HA, or Fmt(G86A/ G88A)-HA fusion proteins under the control of the fmt native promoter. (C) TLC analysis of the crude lipid fractions of the parental, mutant, and the various complemented strains. GPLs were separated using CHCl 3 /MeOH (9:1, v/v) and revealed after spraying with orcinol and charring. Black asterisks indicate modified GPL species.

  ± 4%) or Δf mtC ACS Infectious Diseases cells (23 ± 4%), indicating that abrogation of GPL methylation by Fmt does not change the proportion of hydrophobic versus hydrophilic areas on the cell surfaces.

Figure 6 .

 6 Figure 6. Decreased cell-surface hydrophobicity of Δfmt. (A) M. abscessus R is more hydrophobic than S, while the Δfmt mutant strain's hydrophilicity is significantly higher than S, as assessed by hexadecane partitioning and shown as the hydrophobicity index (in percentage of aqueous phase OD prior to partitioning). Histograms and error bars are means ± SD of three independent experiments. Differences between means were analyzed for significance using a twotailed Student's t-test employing Welch's correction for unequal variances. ns, nonsignificant; **p < 0.01; ***p < 0.001. (B) 3D projections of height images obtained in the quantitative imaging (QI) mode of M. abscessus S (WT), Δfmt, and Δf mtC cells. The blue squares (250 nm × 250 nm) in each image indicate where adhesion force maps were collected for these representative cells, shown in Figure S8 (WT #2, Δfmt #5, and Δf mtC #1). Scale bar = 1 μm. (C) Boxplots of adhesion forces for M. abscessus S wild-type (WT), Δfmt, and Δf mtC cells. Whiskers indicate the range; the bottom and top of the boxes are the 1st and 3rd quartiles, respectively, and the thick black bar in the middle of the boxes represents the sample median. The different groups were compared using one-way Mann-Whitney tests. n = 17 (WT); n = 18 (Δfmt); n = 11 (ΔfmtC).

Figure 7 .

 7 Figure 7. Fmt participates in the invasion of human macrophages by M. abscessus. Macrophages were infected with the M. abscessus S, Δfmt, and Δf mtC strains expressing tdTomato (MOI of 2:1). (A) CFU were determined at days 0, 1, 3, and 5 postinfection. Data are mean values ± SD for three independent experiments. One-tailed Mann-Whitney test: ns, nonsignificant; ***p < 0.001. (B) Percentage of infected THP-1 macrophages at days 0, 1, 3, and 5 postinfection. Data are mean values ± SD for three independent experiments. One-tailed Mann-Whitney test: ns, nonsignificant; ***p < 0.001. (C) Three immunofluorescent fields were taken after 1 day postinfection at a 40× magnification (using a confocal microscope), showing the nuclei of macrophages infected with the various strains. The nuclei are shown in blue. White arrows indicate mycobacteria within the macrophages. Scale bars represent 20 μm. Experiments were done three times independently.

Figure S2 .Figure S6 .

 S2S6 Figure S2. Monosaccharide analysis of purified triglycosylated GPL. (A) GC/MS chromatograms of partially methylated itol acetate derivatives show identical major signals for WT GPL-2 and Δfmt GPL-2. (B) EI-MS identified major signals as 3,4 di-O-methyl-Rha (16.5 min), Rha (20.5 min) and 6-dTal (20.3 min). 3-O-methyl-Rha (19.4 min) appeared as a minor component. 6-dTal and Rha were discriminated using chromatographic mobilities of authentic standards.
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Figure 1 .

 1 Figure 1. GPL composition characterizing the gtf mutants (A) Structure of methoxylated GPL-3. The Symbol Nomenclature for Glycans is used to symbolize monosaccharides (Neelamegham et al., 2019). X denotes the branched-chain amino-alcohol, alaninol or valinol. The lipid moiety is made of a combination of saturated and unsaturated b-methoxylated fatty acids. (B) TLC profiles of GPL isolated from WT Mab S and R strains, the single deletion mutants gtf1 (D1), gtf2 (D2), and gtf3 (D3) as well as their complemented counterparts (D1_C, D2_C, and D3_C) and multiple gtf deletion mutants (D1,2; D1,3; D2,3; D1,2,3). (C) Monosaccharide composition shows the absence of deoxy hexoses in Mab R, while deletion of gtf1 or gft3 induces the disappearance of 3(CH 3 )Rha and 6-dTal or Rha, respectively. No deoxy hexose was observed in D2, similar to Mab R. (D) MALDI-TOF-MS spectra of GPL from Mab strains. The R variant is dominated by Ac 1 PIM 2 signal, whereas the S variant shows two heterogeneous clusters of major signals at m/z 1258/1286 and 1404/1432, tentatively identified as [M + Na] + adducts of diglycosylated (GPL-2a) and triglycosylated (GPL-3) GPL, respectively. (E) MALDI-TOF-MS/MS spectrum of WT GPL-3 parent ion at m/z 1432, confirms the respective positions of monosaccharides on the peptide moiety. (F) MALDI-TOF-MS/MS spectrum of WT GPL-2a parent ion at m/z 1286 shows the absence of the external Rha.

Figure 3 .

 3 Figure 3. Deletion of gtf genes alters colony morphology, hydrophobicity, sliding motility, and biofilm formation (A) Knockout of gtf1 or gtf2, but not gtf3, is associated with rough and corded colonies. The various Mab strains were grown on Tryptic Soy agar plates. Scale bars represent 5 mm. (B) Gtf1 and Gtf2 maintain a normal hydrophilicity index of the smooth morphotype. Hydrophobicity indexes were assessed by hexadecane partitioning. Histograms and error bars are means ± SD of four independent experiments (each time in triplicate) (n = 12). Two-tailed Student's t test employing Welch's correction for unequal variances. ns, non-significant; ***p < 0.001. (C and D) Disruption of gtf1 and/or gtf2 genes reduces the sliding motility distance traveled by Mab strains. The sliding distances were measured in mm and plotted (C). Histograms and error bars are means ± SD of six independent experiments (each time in triplicate) (n = 18). Sliding abilities of the Mab strains spreading on the surfaces of motility plates (D). One-way ANOVA and Tukey's multiple comparison. ns, non-significant; **p < 0.01; ***p < 0.001. Scale bars represent 1 cm. (E) The absence of Gtf1 and Gtf2 promotes biomass formation at the air-liquid interface in Mab. Histograms and error bars are means ± SD of three independent experiments (each time in sextuplicate) (n = 24). One-way ANOVA and Tukey's multiple comparison. ns, non-significant; **p < 0.01; ***p < 0.001. See also Figure S4. (F) The knockout of gtf1 and/or gtf2 genes impairs biomass formation at the solid/liquid interface in Mab. Data are mean values ± SD for three independent experiments (each time in quadruplicate) (n = 12). One-tailed Mann-Whitney test: ns, non-significant; ***p < 0.001. See also Figure S4.

Figure 4 .

 4 Figure 4. D1 and D2 mutants generate extracellular cords and increased abscesses in zebrafish (A) Embryos at 30 hpf were infected via caudal vein injection and survival was monitored daily over a 12-day period. Statistical analysis was performed using the log rank (Mantel-Cox) statistical test for survival analysis. (B) Example of a fluorescent microscopy image of a zebrafish embryo infected with WT R Mab displaying cord formation at 4 dpi. The presence of cords in each embryo was quantified via fluorescent microscopy at 2 and 4 dpi. See also Figure S5. (C) The average number of cords per embryo was further quantified using fluorescent microscopy at 2 and 4 dpi. (D) The proportion of embryos with abscesses was identified using fluorescent microscopy at 2, 4, and 6 dpi. The inset represents a fluorescent microscopy image of a zebrafish embryo infected with WT R Mab displaying abscess formation at 6 dpi. See also Figure S5B. (E) The number of abscesses per embryo was quantified with fluorescent microscopy at 2, 4, and 6 dpi. (F) Representative images of each Mab strain in zebrafish embryos at 4 dpi. Mab appears in red. Blue arrowheads indicate bacteria (individual bacilli or infection foci).(G and H) Bacterial loads of infected embryos were monitored for each strain: WT (S and R), mutants (D1 and D2), and complemented (D1_C and D2_C). The bacterial burden at 4 dpi (G) and 6 dpi (H) was quantified by FPC determination using the ImageJ software. Results are expressed in log 10 FPC, with each data point representing a single embryo. Values for all data displayed are the mean ± SD with the merge of two independent experiments. Statistical analysis for cord and abscess quantification was performed using unpaired Student's t tests, while FPC data were analyzed using Tukey's multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and ns = not significant.

Figure 5 .

 5 Figure 5. Internalization of Mab by macrophages requires glycosylated GPL (A) Intracellular bacterial loads are reduced in macrophages infected with single, double, or triple gtf mutants. CFUs were determined at 3, 24, and 72 hpi. Data are mean values ± SD for 10 independent experiments (each time in triplicate) (n = 30). One-tailed Mann-Whitney test: ns, non-significant; ***p < 0.001. (B) The percentage of infected macrophages decreased when cells were infected with single, double, or triple gtf mutants. Percentage of infected THP-1 macrophages at 3, 24, and 72 hpi. Data are mean values ±SD for three independent experiments (each time in triplicate) (n = 180). One-tailed Mann-Whitney test: ns, non-significant; ***p < 0.001. (C) Twelve immunofluorescent fields were taken at 24 h post-infection using a confocal microscope (403 magnification), showing the macrophages infected with the various strains (in red). The nuclei are shown in blue, the CD43 protein associated with the plasma membrane of macrophages is in green. White arrows indicate Mab inside the macrophage. (D) Percentage of macrophage categories infected with different Mab strains.The first image illustrates a macrophage containing fewer than 5 bacilli, the second 5 to 10 bacilli and the third >10 bacilli (right panels). The nuclei were stained with DAPI (blue) and the surface of macrophages was stained with anti-CD43 antibodies (green). The number of bacilli per infected macrophage declines when cells are infected with single, double, or triple gtf mutants. Values are means ± SD for three independent experiments performed each time in triplicate (n = 900 infected macrophages). One-tailed non-paired t test: ns, non-significant; ***p < 0.001.

  ). High-resolution confocal 3D imaging confirmed the intracellular localization of the counted beads Videos S1 and S2). Structure-function comparison of GPL-1b-, GPL-2a-, and GPL-2b-conjugated beads indicates that the lack of 6-dTal or the extra Rha impairs the efficient uptake of GPL-coated beads (Figure7B), consistently with results obtained with whole bacteria.

Figure 6 .Figure 7 .

 67 Figure 6. Triglycosylated GPL favors colonization of macrophages by Mab (A) Overexpression of Gtf3-HA in Mab. Immunoblotting of Gtf3 expression in the complemented D3 strain or its overexpression in the WT S strain using anti-HA antibodies (upper panel). The KasA protein was used as a loading control (lower panel). (B) GPL-2a and GPL-3 accumulated in D3 and Gtf3_ov strains, respectively. TLC analysis of the crude lipid fractions of the R, S, D3 mutant, D3_C, and Gtf3_ov strains. (C and D) Overexpression of Gtf3 leading to accumulation of GPL-3 enhances entry of bacilli into THP-1 (C) and primary human macrophages (D). CFUs were determined at 3 hpi (C and D), 24 hpi (C), and 72 hpi (C). Data are mean values ±SD for three independent experiments, each time in pentaplicate (C) or quadruplicate (D), n = 15 (C) or 12 (D). One-tailed Mann-Whitney test; ***p < 0.001. (E) Immunofluorescent fields taken at 24 hpi using a confocal microscope (403 magnification), showing the macrophages infected with either WT S or Gtf3_ov (in red). Nuclei are in blue and the cell surface is in green. White arrows indicate mycobacteria inside the macrophage. (F) Percentage of infected THP-1 macrophages at 3, 24, and 72 hpi. The percentage of infected macrophages augmented when cells were infected with Gtf3_ov. Data are mean values ±SD for three independent experiments (each time in triplicate) (n = 60 fields). One-tailed Mann-Whitney test: ns, non-significant; ***p < 0.001. (G) Percentage of macrophage categories infected with different numbers of bacilli. The macrophage categories were counted at 3, 24, and 72 hpi. The number of bacilli per infected macrophage upsurges when cells are infected with Gtf3_ov. Values are means ± SD for three independent experiments performed each time in triplicate (n = 900 infected macrophages). Onetailed non-paired t test: ns, non-significant; **p < 0.01. (H) Increased invasion of the strain that overexpresses Gtf3 is reduced in macrophages pretreated with mannan, laminarin, and methyl-a-Dglucopyranoside. Data are mean values ±SD for four independent experiments (each time in triplicate) (n = 12). One-tailed Mann-Whitney test: ***p < 0.001. (I) Uptake of the WT S strain and Gtf3_ov is reduced in macrophages pre-treated with neutralizing antibodies raised against MR and CR3. Data are mean values ±SD for four independent experiments (each time in triplicate) (n = 12). Tukey test: **p < 0.01, ****p < 0.0001. (J) Attachment of the strain that overexpresses Gtf3 is significantly reduced in Rat6 cells overexpressing the hMR pre-treated with anti-hMR neutralizing antibodies. Data are mean values ±SD for four independent experiments (each time in triplicate) (n = 12). Tukey test: ****p < 0.0001.

  (E) Representative fluorescent images showing the impact of neutralizing anti-MR and/or anti-CR3 antibodies on the internalization of GPL-2a and/or GPL-3 beads by macrophages. CD43 (red), DAPI (blue), fluorescent beads (green). White arrows indicate the presence of fluorescent beads inside macrophages. See also Figure S7. (F) Blocking MR or CR3 receptors with neutralizing antibodies significantly reduces uptake of beads coupled to GPL-2a and GPL-3. Data are mean values ±SD for three independent experiments (each time in triplicate) (n = 180 fields). One-tailed Mann-Whitney test: ***p < 0.001. See also Figure S7. (G) Macrophages pre-treated with neutralizing antibodies ingested fewer beads coupled to GPL-2a (anti-MR) or GPL-3 (anti-MR and anti-CR3) than the nontreated control beads. Data are mean values ±SD from three independent experiments (each time in triplicate) (n = 900 macrophages containing beads per condition). One-tailed Mann-Whitney test: *p < 0.05; ***p < 0.001.

  The gtf1 gene is sandwiched between the rmt4 and atf1 genes; gtf2 is wedged between rmt3 and fmt; finally, gtf3 is positioned to the right of rmlA and to the left of rmlB. Plasmids pUX1-katG-gtf1, pUX1-katG-gtf2 and pUX1katG-gtf3 were generated to remove the gtf1, gtf2 and gtf3 genes by double homologous recombination. Genomic fragments of 1039, 1031 and 1014 bp corresponding of the left arms DNA sequences of gtf1, gtf2 and gtf3, respectively, were amplified by PCR and subcloned into the PacI and MfeI sites of pUX1-katG(Daher et al., 2020; Richard et al., 2019). The right arms DNA sequences of gtf1, gtf2 and gtf3 were amplified from genomic DNA by PCR (1043, 1033 and 998 bp, respectively) and cloned into the MfeI and NheI sites of pUX1-katG. The resulting suicide plasmids (lacking motifs for episomal replication or mobile elements promoting chromosomal integration) were used to transform Mab, in which they could only propagate via homologous recombination between the cloned sequences and their chromosomal homologous sequences. The first recombination events were selected in the presence of kanamycin. Single red fluorescent tdTomato-expressing clones were subjected to the second round of recombination selected on isoniazid and screened for double crossover phenotypes, i.e., loss of red fluorescence, sensitivity to kanamycin, and resistance to isoniazid. Dotted lines represent the size (indicated above each line) of the expected PCR products in Mab WT, Δ1, Δ2, and Δ3. Black arrows represent the primers used for PCR analysis.(B) PCR analysis demonstrating the deletion of gtf1, gtf2, gtf3, gtf1/gtf2, gtf1/gtf3, gtf2/gtf3 and gtf1/gtf2/gtf3 in the various mutant strains. Genomic DNA from WT bacteria was used to amplify the intact gtf1 or gtf2 or gtf3 loci. Amplicons were subjected to sequencing to confirm the deletion of gtf1 or gtf2 or gtf3 genes.(C) The gtf1, gtf2 and gtf3 mutants were complemented using the integrative pMV306 containing the open reading frames of gtf1 or gtf2 or gtf3 fused to a HA tag on the C-terminal side. In the complemented strains, gtf1 expression was controlled by the hsp60 promoter while gtf2 and gtf3 expression levels were dictated by their own promoters, respectively. The molecular weight in kDa is indicated for each glycosyltransferase fused with an HA tag at the bottom of each schematic illustration.(D) Western blot analysis of Δ1_C, Δ2_C, and Δ3_C strains expressing the different Gtf proteins in fusion with an HA tag (left panel). KasA was included as a loading control (right panel).
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  pathogen, as with cytosolic receptors, such as NOD-like receptors (NLR)(Mishra et al. 102 2017). Recognition of PAMP by the PRR triggers signaling cascades leading to the establishment of the 103 inflammatory response and the internalization and degradation of mycobacterial bacilli. Each PRR is 104 specific to a diverse set of PAMP, ensuring the appropriate selective downstream activation of effective immune response against intracellular mycobacteria depends on 110 the rapid detection of the invading pathogen by the innate immune system and the coordinated 111 activation of the adaptive immune response. TLR are adept at detecting and restricting infection by 112 pathogenic microorganisms, including mycobacteria. The interaction is complex and involves distinct 113 mycobacterial cell wall components and multiple members of the TLR family. Numerous studies have 114 shown that TLR2, acting alone or in concert with other TLR, can recognize several secreted or surface-115 associated mycobacterial components and mount an effective defensive response against M. 116 tuberculosis. In macrophages, recognition of M. tuberculosis' 19-kDa glycolipoprotein (LpqH) by TLR2 117 induces apoptosis via the caspase-8 pathway, limiting intracellular proliferation of the bacilli (Figure 1) 118 (López et al. 2003). TLR2 is also found in other cell types, including human endothelial cells, where it has 119 been shown to activate the key immune regulatory NF-κB pathway when interacting with M. 120 tuberculosis' Hsp70 (Rv0350) protein (Bulut et al. 2005). In dendritic cells (DC), TLR2 recognizes the 121 secreted Rv0577 protein, involved in the methylglyoxal detoxification pathway, to induce pro-122 inflammatory cytokines, including TNF-α, IL-1β, IL-6 and IL-12p70 in a MyD88-dependent manner, as 123 well as mitogen-activated protein kinases and NF-κB (Figure 1). It has been shown that Rv0577-treated 124 DC have the capacity to activate naïve T cells, polarize CD4 + and CD8 + T cells to secrete IFN-γ and IL-2, 125 and induce T cell proliferation. Moreover, this mechanism has been observed to induce the proliferation 126 of memory CD4 + and CD8 + CD44 high CD62L low T cells in the spleen of M. tuberculosis-infected mice. 127 Collectively, these observations demonstrate the close association of TLR2 and Rv0577 in the protective 128 regulation of both the innate and adaptive immune responses to M. tuberculosis infection (Byun et al. 129 2012). Conversely, TLR2 may also play a harmful role in IL-10-producing B cells. Upon the interaction of 130 TLR2 and M. tuberculosis' mannose-capped lipoarabinomannan (ManLAM), the MyD88/PI3K/AKT/Ap-1 131 and NF-κB signaling pathways stimulate both B cell proliferation and their IL-10 production, causing the 132 excessive cytokines to diminish immune cell activity and increase infection susceptibility (Figure 2) (Yuan 133 et al. 2019). Despite these deleterious aspects, in vivo experiments demonstrate the presence of TLR2

  851 mediating bacterial binding to human Schwann cells (Soares de Lima et al. 2005) (Figure 4). These 852 findings reinforce the participation of ML-LBP21/Hlp in mycobacterial infection and define its highly 853 positively charged C-terminal region as the major adhesive domain of this protein. Apart from LBP, the 854 Lys/Pro-rich C-terminal region of HBHA also binds to sulfated carbohydrates and functions as an adhesin 855

  ) is a high molecular weight glycoprotein of the ECM that binds to integrins. FN 866 also binds to other ECM proteins such as collagen, fibrin and HS proteoglycans, like syndecans. FN is 867 targeted by a large set of bacterial adhesins. A number of bacterial FN-binding proteins have been 868 reported as FN interactants playing diverse roles in bacterial colonization, virulence and bacterial-host 869 interactions. Studies have shown that mycobacteria attach to various FN-producing cells by engaging et al. 2018). Hence, MAP1203 plays a role in the initiation of MAP infection of a large set of receptors interacting with bacterial surface glycolipids, a 909 paucity of knowledge still exists around the host partners of certain mycobacterial ligands. A few 910 bacterial adhesins play an important role in the internalization and pathogenesis of mycobacteria but 911 the molecular mechanisms underlying these processes remain unknown. M. leprae is frequently 912 encountered inside human microvascular endothelial cells (HMVEC) surrounding Schwann cells at the 913 site of peripheral nerve damage in patients with lepromatous leprosy. Based on this observation, it was 914 thought that M. leprae uses the nasal mucosa as an invasion pathway and that HMVEC serves as an 915 important reservoir for the bacteria before they invade Schwann cells. An elegant study demonstrated 916 that the first 72 amino acids of the Mce1A protein play an important role in M. leprae invasion into 917 HMVEC and that antibodies against this region prevent the entry of M. leprae into HMVEC (Idris et al. 918 2019). In M. tuberculosis and M. bovis BCG, cell wall-associated PE/PE-PGRS proteins play an important 919 role in establishing macrophage infectivity (Brennan et al. 2001). As a result, PE-PGRS proteins influence 920 mycobacterial interactions with macrophages. Finally, the M. tuberculosis protein product encoded by 921 the Rv3312A gene has been shown to be an adhesin/invasin of epithelial cells and macrophages, as well 922 as an entry factor for M. tuberculosis (Ramsugit and Pillay 2014; Ramsugit, Pillay and Pillay 2016). M. 923 tuberculosis strains lacking the Rv3312A gene showed a significant reduction in their ability to adhere to 924 and invade A549 pulmonary epithelial cells and THP-1 macrophages (Ramsugit and Pillay 2014has experimentally been shown to significantly reduce M.

  M. tuberculosis from the primary site of infection is critical to TB pathogenesis.941While bacterial trafficking to regional lymph nodes is required for the development of a protective T cell-942 mediated immune response, entry into the circulatory system presents the risk of extrapulmonary 943 dissemination, yielding some of the most lethal clinical consequences of TB. While the mechanism of 944 exiting the lungs across the alveolar epithelium has yet to be fully characterized, some features have 945 been identified (Figure6). At the epithelial layer, M. tuberculosis' HBHA facilitates binding to sulphated 946 glycoconjugates on epithelial cells. When HBHA is blocked, a marked decreased in dissemination from 947 the lungs (Figure6) to the spleen has been observed[START_REF] Krishnan | The mechanisms and consequences of the extra-pulmonary 1217 dissemination of Mycobacterium tuberculosis[END_REF]. Following 948 attachment, the early secretory antigenic target 6-kDa (ESAT-6) and culture filtrate protein 10-kDa (CFP-949 10), encoded by the RD1 locus, have been linked to cell lysis and to invasion into the alveolar epithelium 950 (Figure 6) (Krishnan, Robertson and Thwaites 2010). Work in embryonic zebrafish suggests that ESAT-6 951 may additionally contribute to early spreading of the bacteria by stimulating the trafficking of infected 952 macrophages within granulomas, indicating that M. tuberculosis has evolved granuloma-dependent 953 mechanisms for macrophage recruitment, infection, and subsequent bacterial dissemination (Krishnan, 954 Robertson and Thwaites 2010). In the absence of both ESAT-6 and HBHA, a notable reduction of bacterial 955 migration across the alveolar barrier has been seen (Ryndak, Chandra and Laal 2016). Fully 956 characterizing the behavior of these proteins and their interactions with host cells offers a found on the surface of most bacteria, facilitate the interaction with host cells, aid 961 in colonization and invasion, and trigger the host's immunological response during infection. The precise 962 interactions observed between pathogenic mycobacterial surface molecules and host receptors affirms 963 the favorable and exploitable niche of the intracellular environment. The purpose of a multi-entry 964 strategy may lie in the hijacking of macrophages and other host cells to cross the pulmonary and 965 epithelial barriers. This is performed by macrophages that directly ingest inhaled mycobacteria or by 966 monocytes, macrophages, and/or neutrophils that migrate to the initial infection site in response to 967 chemokines secreted by infected macrophages. Bacterial entrance in macrophages alters transcriptional 968 gene expression, permitting the stimulation genes that inadvertently support bacterial survival, growth, 969 and intercellular spread. This is mirrored in the increased cytotoxicity to respiratory epithelial cells 970 caused by M. tuberculosis emerged from intracellular environments versus those grown in cell-free 971 media, suggesting that processes in the intracellular environment offer an advantage to aid in the 972 breaching of epithelial barriers and spreading to distant sites (McDonough and Kress 1995). 973 Furthermore, M. avium and M. intracellulare may spend time in macrophages to initiate specific Bermudez, Parker and Goodman 1997; Cirillo et al. 1997). Additional work is still 975 needed to fully understand the potential impact of the internalization pathway on intracellular 976 trafficking of phagosomes and whether host cell responses differ according to the receptors engaged 977 and mycobacterial species involved. Currently, mycobacterial interactions with both opsonic and non-978 opsonic receptors on host cells are complicated and remain poorly understood. Receptor studies are 979 often performed in artificial in vitro systems, while more biologically representative in vivo results may 980 only be cautiously interpreted due to their high variability across different experimental conditions. 981 Despite best practices, inconsistencies in Mycobacterium-receptor function studies could be influenced 982 by several technical conditions. Bacterial species, population, host cell phenotype, infection site and cell 983 preparation are all considerations when controlling for features of the host-pathogen interactions. For 984 this reason, approaching near-natural experimental conditions will yield the most physiologically-985 meaningful results. However, this is made more complicated by the nature of mycobacterial 986 internalization by host cells via multiple receptor-mediated mechanisms. Experimentally, many of the 987 receptors do not appear to be independently essential, suggesting compensatory alternatives.988 Furthermore, the synergism between the various receptor families and the impact on mycobacteria-989 caused diseases requires additional attention. The abundance of mycobacterial surface, ligands also 990 contributes to this complexity, adopting several downstream permutations by binding receptors on 991 diverse cell types, engaging multiple receptors in tandem or conversely blocking sufficient receptor 992 clustering for cellular cross-talk and signaling. Currently well-established in the literature is that the type 993 of interaction correlates to infection outcome. TLR signaling, for instance, promotes inflammatory and 994 protective pathways, whereas C-type lectin signaling induces anti-inflammatory non-protective 995 pathways. The LAM cap structure spans both ends of immunomodulation through PILAM as a pro-996 inflammatory molecule that stimulates the production of TNF- and IL-12 and ManLAM as an anti-997 inflammatory molecule that stimulates the production of IL-10 while blocking the production of IL-12 998 and TNF-. These immunomodulatory processes will be influenced by a number of factors, including the 999 expression and availability of certain receptors and their downstream responses. 1000 Better understanding the initial features of host-pathogen interactions via adhesion and 1001 internalization could reveal future targets for prophylactic strategies in preventing mycobacterial 1002 invasion. Current efforts are focused on unpacking the immunogenicity of surface-localized adhesins for 1003 application in vaccine development, as previously discussed for HBHA
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 2 Figure 2. Mycobacteria are recognized by receptors that are bacterial infection-friendly. Several kinds of receptors (TLR2, TLR4, DC-SIGN, MR, Galectin-9, CD36, CD32B, TREM2, CD14, and integrins) activatevarious pathways that increase mycobacteria intracellular survival by interacting with the bacterial adhesins depicted in panels A and B after infection. These pathways are involved in the generation of IL-10 and metalloproteinases, as well as the inhibition of specific cytokine responses, autophagy, oxidative stress, and immune cell activation. Furthermore, coronin-1a is recruited to the mycobacterial phagosome, causing calcium flux to be induced and calcineurin to be activated, preventing

Figure 3 .

 3 Figure 3. Internalization of mycobacteria by opsonins. Opsonization and complement activation by Ctype lectins. Soluble C-type lectins and other opsonins, such as SAA1, can interact directly with pathogens to promote opsonization of the microbe, which in turn will phagocytosed. In addition, some C-type lectins can activate complement, leading to its deposition on the microbial surface and complement receptor-mediated phagocytosis (e.g., MBL-associated MASPS are activated upon binding with pathogens, which in turn cleave complement components and activate the complement system). To note, unlike SP-A, SP-D clumps bacteria and prevents them from being internalized. C4b2a/C3 convertase catalyzes the cleavage of C3 into C3a and C3b; C3a: is one of the proteins formed by the cleavage of complement component 3; C3b: is the larger of two elements formed by the cleavage of complement component 3; MASP: Mannan-binding lectin serine protease.

Figure 4 .

 4 Figure 4. Mycobacteria attach to different cell types via multiple receptors and the extracellular matrix. An illustration of mycobacteria adhesins (surface proteins or wall glycolipids) that interact with specific receptors (CR3, LOX-1, CD14, Aldolase, GAPDH, DRP-2, heparan sulfate of syndecan receptor 4) or extracellular matrix components (collagen, plasmin, GAGs, laminin, fibronectin) to facilitate attachment prior to internalization. Importantly, fibronectin connects host integrins with mycobacterial FAP. Plasmin and plasminogen, which are exploited by bacterial GAPDH, promote attachment but also tissue invasion, a process related to their ability to digest tissue barriers, which can obstruct the progression of bacterial dissemination.

Figure 5 .

 5 Figure 5. Host sphingolipid is central to internalization of the bacilli. F-actin remodeling duringphagocytosis is depicted schematically. PRR clustering at the pathogen interaction site produces second messengers that promote local actin polymerization. Actin is actively polymerized to extend the phagosomal membrane while being remodeled at the phagocytic cup's base. Further actin polymerization and contractile activity result in membrane apposition and, eventually, phagosome formation. The absence of the sphingolipid does not interfere with the bacterium's recognition of the host cell but does affect the steps that follow, which are critical in surrounding the pathogen with the host membranes that will later give rise to the phagosomal membrane once the bacilli is completely internalized. CD45: receptor-linked protein tyrosine phosphatase.

3 Figure 6 .

 36 Figure 6. Mycobacterial components involved in intra-and extrapulmonary dissemination. The HBHA invasin contributes to the dissemination of mycobacteria from the lung to other organs. In contrast, ESAT-6 and CFP-10 facilitate the spread of bacilli within the lung by facilitating the passage of bacteria from alveoli to lung macrophages and by promoting the infection of phagocytes at the level of lung granulomas. Migration of activated macrophages can propagate bacteria to other tissues such as the liver and lymph nodes.

  Non-opsonic Macrophages; dendritic cells Induction of IL-12 and IFNꝩ production to control M. tuberculosis infection[START_REF] Bafica | TLR9 regulates Th1 responses and cooperates with TLR2 in mediating 1036 optimal resistance to Mycobacterium tuberculosis[END_REF] 
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  , 000 × g, 4 °C, 60 min) and pellets were resuspended in lysis buffer 200 mM NaCl, 20 mM imidazole, 5 mM β-mercaptoethanol, 1 mM benzamidine). Cells were lysed by sonication and the lysate clarified by centrifugation(28, 000 × g, 4 °C, 45 min) and subjected to nickel affinity purification using Ni-NTA Sepharose beads according to the manufacturer's instructions. LEL encoding sequences were amplified from H. sapiens cDNA using primers 19/20 and 21/22 and cloned into the pGEX-2T (gift from Dr Eric Rubinstein) using the BamHI/BglII and EcoRI sites to incorporate a GST tag at the C-terminus. The resulting plasmids were introduced into E.

	After several washes, both proteins were eluted and then dialyzed overnight at 4 °C in buffer
	containing 50 mM Tris-HCl pH 8, 200 mM NaCl and 5 mM β-mercaptoethanol. Purified proteins were
	assessed by SDS-PAGE and Coomassie Blue staining.
	Expression and purification of recombinant CD81-LEL-GST and CD151-LEL-GST
	CD81-LEL and CD151-

1thiogalactopyranoside (IPTG) and incubation for another 20 h at 16 °C. Bacteria were then collected by 112 centrifugation (6coli BL21 Rosetta 2 (DE3) (Novagen) for protein expression. Recombinant proteins were purified on Glutathione Sepharose 4 Fast Flow according to the manufacturer's instructions. Purified proteins were assessed by SDS-PAGE and Coomassie Blue staining.

abscessus AhpC with recombinant CD81-LEL or derived peptides

  

	Reduced form: CD81-910 SCR SH Peptide calculated mass: 1768.00 g/mol; found: 1767.64 g/mol
	Oxidized form: CD81-910 SCR SS Peptide	calculated mass: 1766.00 g/mol; found: 1764.96 g/mol
	Saturating M.	
	CD81-810S peptide (19 AA): C157GSSTLTALTTSVLKNNLC175
	Reduced form: CD81-810SH Peptide	calculated mass: 1967.30 g/mol; found: 1967.39 g/mol
	Oxidized form: CD81-810SS Peptide	calculated mass: 1965.30 g/mol; found: 1966.41 g/mol
	CD81-910S peptide (16 AA): C175PSGSNIISNLFKEDC190
	Reduced form: CD81-910SH Peptide	calculated mass: 1768.00 g/mol; found: 1768.80 g/mol
	Oxidized form: CD81-910SS Peptide	calculated mass: 1766.00 g/mol; found: 1765.47 g/mol
	Scrambled sequence: C175SNLGIESDFPINKSC190
		116

Table S2 .

 S2 Bacterial strains used in this study.

	ACS Infectious Diseases			
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	Strains			
	M. abscessus	M. abscessus sensu stricto, strain CIP104536 T ,	-	Laboratoire de
	Smooth (S)	S morphotype		Référence des
				Mycobactéries
	M. abscessus	M. abscessus sensu stricto, strain CIP104536 T ,	-	Laboratoire de
	Rough (R)	R morphotype		Référence des
				Mycobactéries
	Δfmt	Unmarked deletion of fmt in	-	This study
		M. abscessus S		
	Δfmt + pMV306-	Δfmt carrying pMV306-fmt	Kan	This study
	fmt			
	Δfmt +	Δfmt carrying pMV306-fmt-G86A	Kan	This study
	pMV306-fmt-			
	G86A			
	Δfmt +	Δfmt carrying pMV306-fmt-G88A	Kan	This study
	pMV306-fmt-			
	G88A			
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  To quantify GPL prior to bead coating, similar experiments were conducted using 8 and 40 mg of Rha, 6-dTal and Man as external standards (Carbosynth, UK).
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	Page 1 of 64	FEMS Microbiology Reviews
	31 66	ABSTRACT is characterized by an invagination of the membrane, forming an endosome, which then fuses with
	32 67	Pathogenic mycobacteria gain entry to their hosts by inhalation or ingestion where they adhere to microbicidal lysosome compartments to degrade the enclosed microorganisms. Though considered a
	33 68	different cell types and are subsequently internalized by professional phagocytic cells, such as secondary pathway when phagocytosis receptors are already saturated, this process is also employed
	34 69	macrophages or dendritic cells. Multiple pathogen-associated molecular patterns present on the by INF-γ activated macrophages to clear bacteria (Bosedasgupta and Pieters 2014). Conversely, the
	35 70	mycobacterial surface are recognized by and interact with a diverse panel of phagocytic pattern primary pathway engages multiple phagocytosis pattern recognition receptors (PRR) that recognize
	36 71	recognition receptors, representing the first step of the infection process. This review summarizes the specific pathogen-associated molecular patterns (PAMP) present on the surface of the bacilli. PRR are
	37 72	current knowledge on the numerous host cell receptors and their associated mycobacterial ligands or PAMP-specific based on their location, which span the plasma membrane, cytosol, surface mucosa,
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carried out via immune cells expressing a wide range of PRR. These receptors exist in either membrane-99 bound or cytosolic forms. Each receptor type serves a unique role by recognizing the pathogen in its 100 intact state, as with membrane-bound receptors, such as TLR, CLR and scavenger receptors (SR), or by

  Drennan et al. 2004). Controversially, seminal tests performed after M. Ehlers 2010). Furthermore, IFNγ levels have been showed to be significantly downregulated in the 383 supernatants of naïve T cells after co-culture ManLAM-primed DC(Wu et al. 2011).[START_REF] Landes | Role for NOD2 in Mycobacterium tuberculosis-induced iNOS 1228 expression and NO production in human macrophages[END_REF]. Synergistic effect of MDP combined to Hsp70 increases IL-6, the cytosol (most likely as a result of bacterial autolysis, which releases more DNA 556 needed to effectively activate the cGAS/STING cascade). This is also true in a mouse model, where M. 557 smegmatis-induced high IFN-β production and bacterial clearance are correlated. But MAP only slightly 558 increases IFN-β expression, which is associated with bacterial persistence and enhanced hepatic

	F o r P e e r R e v i e w prematurely succumb to infection within 5 months. The range of interactions of TLR2 with diverse ligands highlights its critical role in immune regulation, particularly as its absence yields an exaggerated inflammatory response (139 136 137 138 tuberculosis infection in TLR2/4/9-and MyD88-deficient mice, showed that only the latter succumbed 140 rapidly to uncontrolled mycobacterial growth, while the former controlled the infection (Hölscher et al. 141 2008). These results demonstrate that only MyD88, but not TLR2, TLR4 and TLR9, is essential for 142 triggering the macrophage effector mechanisms that are central to anti-mycobacterial defense. 143 144 TLR heterodimers 145 Effective response to mycobacteria by heterodimeric TLR acting in concert has also been 146 described in the literature. In human monocytes at the innate immune level, stimulation of 147 TLR2/TLR1/CD14 by the LpqH lipoprotein triggers a cascade to induce the production of the 148 antimicrobial peptide cathelicidin. Cathelicidin paired with other components of the vitamin D 149 regulation pathway, including Cyp27b1 hydroxylase and AMP-activated protein kinase (AMPK) to 150 increase intracellular calcium concentration, and mitogen-activated protein kinase (MAPK) to induce 151 Cyp27b1 expression to Another 156 study showed that LprG, ManLAM, and LM bind to TLR2 in the absence of TLR1. Nevertheless, 157 trimolecular interactions were revealed by binding of TLR2-LprG or TLR2-PIM 6 complexes to TLR1, 158 whereas binding of TLR2 to TLR1 was not detected in the absence of the lipoprotein or glycolipid. In 159 addition, ManLAM has a low affinity for TLR2 compared with PILAM, LM, and LprG, accounting for its 160 reduced ability to induce TLR2-mediated ERK signaling pathway activation and TNF-α secretion by 161 macrophages (Shukla et al. 2018). In contrast, LM from Mycobacterium bovis BCG induces both 162 macrophage activation and pro-inflammatory cytokine production through TLR2 ligation. This pro-163 inflammatory activity has been attributed to the tri-and tetra-acylated forms of LM. Tri-acyl-LM, a 164 TLR2/TLR1 agonist, promotes IL-12p40 and NO secretion by macrophages through the adaptor proteins 165 MyD88 and TIRAP (Figure 1) (Doz et al. 2007). 166 To evaluate the role of other TLR heterodimers, the independent function of TLR9 and cooperative 167 behavior with TLR2 in M. tuberculosis infection were elucidated through a knock-out murine study. 168 Infected Tlr9 F o r P e e r R e v i e w 171 pathology (widespread inflammation and focal necrosis) (Bafica et al. 2005). In vitro, cooperation F o r P e e r R e v i e w F o r P e e r R e v i e w F o r P e e r R e v i e w F o r P e e r R e v i e w 310 intracellular signaling (Figure 1) (Marakalala and Ndlovu 2017). Dectin-1 is primarily expressed on F o r P e e r R e v i e w F o r P e e r R e v i e w 380 PIM 6 interactions with DC-SIGN in immature DC and macrophages, impairing DC maturation and 381 modulating cytokine secretion by phagocytes and DC, leading to overall suppressed protective immunity 382 to TB (The same phenotype 384 was described in a clinical study reporting that overexpression of DC-SIGN in TB patients decreased DC 385 activation, elevated secretion of IL-10 by DCs, decreased induction of T cell proliferation and impaired 386 the immune response (Zhang, Guo and Luo 2009). Nevertheless, M. tuberculosis infection of human DC-387 SIGN-transgenic mice for revealed that DC-SIGN can promote host protection by limiting tissue 388 pathology (Ehlers 2010). DC can also target and eliminate M. tuberculosis-infected apoptotic neutrophils 389 following the association between neutrophil Mac-1 protein (CD11b/CD18) and DC-SIGN, thereby 390 reducing inflammation (Hedlund et al. 2010). Inflammation reduction was further shown in an in vivo 391 experiment exposing DC to synthetic mannodendrimers mimicking the ManLAM of M. tuberculosis, 392 revealing the cells' pro-inflammatory cytokine production to be inhibited in a DC-SIGN-dependent 393 manner, limiting acute neutrophil influx in mice lungs (Blattes et al. 2013). 397 IL-10. This promotes an immunosuppressive environment during leprosy progression, creating an 398 optimal niche for bacterial persistence in the host (Kumar et al. 2013a). Overall, pathogenic 399 mycobacteria capitalize on the DC-SIGN-ManLAM interaction through the prevention of DC maturation 400 and induction of the immunosuppressive cytokine IL-10, permitting enhanced survival and persistence 401 (Figure 2). 402 To further understand the function of DC-SIGN in anti-TB immunity, parallel murine studies were 403 undertaken. Among the eight murine homologs (SIGNR1-8), SIGNR1 and SIGNR3 are the closest analogs 404 to DC-SIGN. SIGNR1 is expressed by macrophages only, yet still interacts with M. tuberculosis through 405 ManLAM, similar to DC-SIGN (Koppel et al. 2004; Wieland et al. 2007). Peritoneal macrophages from 406 Signr1-KO mice produce less IL-10 upon stimulation with ManLAM than those from wild-type mice, 407 suggesting that the interaction of ManLAM with SIGNR1 may result in similar immunosuppression 408 observed in the human equivalent (Wieland et al. 2007). Another in vivo study showed that SIGNR1 409 upregulates SOCS1 expression during M. tuberculosis infection, impairs IL-12 production and promotes 410 M. tuberculosis survival (Srivastava et al. 2009). Moreover, upon stimulation of murine DC with C-type 411 lectin ligand LAM, SIGNR1 significantly suppresses NF-κB activation as well as TNFα, IL-6 and IL-12p40 412 o r P e e r R e v i e w o r P e e r R e v i e w o r P e e r R e v i e w o r P e e r R e v i e w o r P e e r R e v i e w o r P e e r R e v i e w production F F 450 Complement receptor type 3 (CR3) F F 520 (Coulombe et al. 2009; Juárez et al. 2012). During M. tuberculosis infection, NOD2 induces expression of 521 the antimicrobial peptide LL37, recruits the autophagy proteins IRGM, LC3, and ATG16L1 to the bacteria-522 containing autophagosome (Figure 1) (Juárez et al. 2012), and increases NO production upon NF-κB 523 activation (Figure 1) F 555 590 receptors secrete pro-inflammatory cytokines in response to TDM by cooperation between MARCO and DNA present in F 591 TLR2/CD14 (Figure
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provides an overall protective effect. Indeed, TLR2-deficient mice show reduced bacterial clearance, a 135 defective granulomatous response, and the development of chronic pneumonia, causing them to trigger cellular autophagy (Figure

1

)

(Shin et al. 2010)

. Influencing adaptive 152 immune functions as well, the lipoproteins LprG and LpqH interact with TLR2/TLR1 heterodimers to 153 activate NF-κB in primary human CD4 + T cells. Thus, these lipoproteins serve as important stimuli for 154 immune system regulation in both the innate, via cytokine and co-stimulatory molecule secretion, and 155 adaptive, via memory T cell activation, during M. tuberculosis infection (Lancioni et al. 2011). -/-mice exhibited a defect in IL-12p40 and IFNꝩ production, whereas double knock-out Tlr2 -/- 169 /Tlr9 -/-mice were markedly more susceptible to infection due to defects in pro-inflammatory cytokine 170 production and diminished M. tuberculosis-specific IFNꝩ responses, resulting in increased pulmonary 394 In M. leprae, the etiological agent of leprosy, infection severity is a function of DC-SIGN expression 395 levels and the interaction with ManLAM. When treated with M. leprae-specific ManLAM, DC upregulate 396 DC-SIGN expression, resulting in an increased nuclear intrusion of NF-κB leading to potent production of (Ohtani et al. 2012). In contrast to the observations in the Signr1-KO mice, the Signr3-KO 413 mice were the only group to display dampened resistance to M. tuberculosis. SIGNR3 is expressed by 414 lung phagocytes during infection and interacts with M. tuberculosis surface glycoconjugates to induce

  [START_REF] Dubey | Mycobacterium tuberculosis PPiA interacts with host integrin receptor 1106 to exacerbate disease progression[END_REF]. Host integrins facilitate the attachment of M. avium subsp. paratuberculosis768to intestinal epithelial M cells. Internalization is primarily mediated by the formation of a fibronectin by mycobacteria for adhesion to Schwann cells ([START_REF] De Melo Marques | Bacterial and host-derived cationic proteins bind 1272 alpha2-laminins and enhance Mycobacterium leprae attachment to human Schwann cells[END_REF].836Testing malate synthase's (MS) (catalyzes the condensation of acetyl coenzyme A and glyoxylate to form 837 malate) involvement in bacilli entry into nerve cells, which uses this enzyme to bind to host laminin and 838 to invade lung epithelial cells may help elucidate this process[START_REF] Kinhikar | Mycobacterium tuberculosis malate synthase is a laminin-binding adhesin[END_REF]) (Figure4). binds also to heparin and HS (Soares de[START_REF] Soares De Lima | Mapping the laminin-binding and adhesive domain 1421 of the cell surface-associated Hlp/LBP protein from Mycobacterium leprae[END_REF]. The interaction between ML-850 LBP21/Hlp with heparin is mainly driven by the C-terminal domain of the protein, also involved in

	. CD40 is a member of the TNF-receptor superfamily found on antigen-presenting cells, including DC, CD40 receptor B cells, and macrophages. In macrophages, the primary signal for activation is IFNγ from Th1-type CD4 + T cells. The secondary signal is CD40L (CD154) on the Th1 cell, which binds to CD40 on the macrophage cell surface. As a result, the macrophage expresses more CD40 and TNF receptors on its surface, which contributes to the increased level of activation, high production of microbicidal substances, including ROS and NOF o r P e e r R e v i e w deficient DC are unable to induce antigen-specific IL-17 responses after infection (Sia et al. 2017). Intratracheal instillation of M. tuberculosis-infected DC treated with CD40LT (a multimeric CD40 agonist) significantly enhanced antigen-specific Th17 responses in mice (Sia et al. 2017). Furthermore, enhanced CD40-CD40L interactions promote better control of lung bacterial loads after aerosol challenge with M. tuberculosis (Sia et al. 2017). Thus, targeting the CD40-CD40L pathway represents a novel strategy to improve adaptive immunity against TB. Another CD40-dependent pathway is also important for F o r P e e r R e v i e w fructose-bisphosphate aldolase occupies a central position in glycolysis and gluconeogenesis. Beyond its role in central metabolism, the aldolase has been implicated in other functions and is exploited as a receptor by pathogenic mycobacteria. In HEp-2 or A549 epithelial cells, the aldolase, present in the membrane and cytosolic compartment, binds to the M. avium superoxide dismutase (SOD) (Reddy and Suleman 2004). This interaction allows M. avium to adhere, invade and multiply inside epithelial cells (Figure 4). In addition, the pathway that allows M. avium to colonize the gastrointestinal tract of patients infected with human immunodeficiency virus (HIV) has been identified. Studies on mouse intestinal mucus identified fructose-1-6-bisphosphate aldolase B as a host receptor interacting with the SOD and the heparin-binding hemagglutinin (HBHA) (Figure 4) (Reddy, Suleman and Hayworth 2004). In conclusion, MAC binds to the intestinal mucus aldolase, plausibly facilitating intestinal colonization of the organism. The extracellular matrix platform The extracellular matrix (ECM) is a three-dimensional network of macromolecules and minerals that provides structural and biochemical support to surrounding cells. The composition of the ECM varies among multicellular structures; however, cell adhesion, intercellular communication and differentiation are common functions of the ECM. ECM components are produced intracellularly by resident cells and secreted into the ECM by exocytosis. Once secreted, they aggregate to the existing matrix. The ECM is composed of an interlocking meshwork of fibrous proteins and glycosaminoglycans (GAG) such as proteoglycans, heparan sulfate, hyaluronic acid, collagen, fibronectin, and laminin. The ability of pathogenic microorganisms to adhere to host cells and avoid removal by the host immune system is the initial and the most decisive step leading to infection. Mycobacteria have developed different means to attach to various host surface structures. One important strategy consists of adhering to the ECM components that are abundant in connective tissue and basement membranes. Mycobacteria express variable outer membrane adhesins to attach to these components and understanding the molecular mechanisms of mycobacterial adhesion is a prerequisite for inhibiting these interactions using "anti-ligand" strategies to prevent/reduce host colonization. Integrins Integrins are TM receptors that facilitate cell-cell and cell-ECM interactions. When bound to a ligand, integrins activate signal transduction pathways that transmit various cellular signals. The roles of integrins in mycobacterial infections is not yet fully elucidated but two functions are known to benefit pathogenic mycobacteria. F o r P e e r R e v i e w While PPiA deletion compromises granuloma-like formation and promotes host cell death through ferroptosis, its overexpression enhances the bacilli burden and exacerbates pulmonary pathology in the surface of pneumocytes (Figure 4) (Zhao, Lin and Xu 2020). M. smegmatis overexpressing Rv3194c leads to persistent infections and pulmonary lesions in mice (Zhao, Lin and Xu 2020). Subsequent intratracheal treatment with the Rv3194c peptide 91-110 to infected mice showed a growth suppression of M. smegmatis and reduced lung pathology, attributable to the unavailable HA binding sites once saturated with the peptide 91-110 (Zhao, Lin and Xu 2020). As Rv3194c functions as a HA-binding adhesin, the peptide 91-110 may offer possibilities to reduce or prevent mycobacterial infections. Syndecans Syndecans are single TM proteins carrying three to five chains of heparan sulfate and chondroitin sulfate, i.e. they are proteoglycans, which allow interactions with a variety of ligands, such as fibronectin. The mechanisms of attachment and internalization of M. tuberculosis to non-professional pathways are exploited 839 685 686 687 688 689 690 691 692 695 696 697 698 699 700 730 731 732 733 734 735 736 737 738 739 740 741 742 743 744 745 746 747 748 749 750 751 752 753 754 755 756 757 758 759 760 761 762 765 766 767 800 801 802 803 804 805 806 807 808 809 810 835 Computational models suggest putative interactions between as yet uncharacterized M. tuberculosis 840 adhesins and laminin (Kumar et al. 2013b). Together, these studies underscore the multiplicity of 841 mycobacterial adhesins to interact with a single receptor. Overall, ML-LBP21 functions as a critical 842 surface adhesin that facilitates invasion of M. leprae into Schwann cells and as a contributing factor to 843 the pathogenesis of M. leprae-mediated nerve damage. 844 845 Heparan sulfate mice (F o r P e e r R e v i e w 811 phagocytes, like epithelial cells, remain incompletely understood. Syndecan 4 (Sdc4) has been identified 812 as a mycobacterial attachment receptor on alveolar epithelial cells interacting with the mycobacterial 813 HBHA (Zimmermann et al. 2016) (Figure 4). Sdc4 knockdown in alveolar epithelial cells or blocking with 814 an anti-Sdc4 antibody showed reduced mycobacterial attachment and internalization. In vivo, Sdc1/Sdc4 815 double-KO mice appeared more resistant to lung colonization by M. tuberculosis (Zimmermann et al. 816 2016), thus unraveling an important role for distinct Sdcs in promoting mycobacterial entry into alveolar 817 epithelial cells. 818 819 Laminin 820 Laminin, an extracellular matrix protein, is thought to play a role in the attachment, migration 821 and organization of cells in tissues during embryonic development by interacting with other components 822 of the extracellular matrix. The alpha, beta and gamma subunits are linked together by disulfide bonds 823 to form a cross-shaped molecule. The laminin-2 isoform on the Schwann cell-axon unit serves as the 824 initial neural receptor for M. leprae by interacting with ML-LBP21/Hlp (M. leprae laminin-binding protein 825 21-kDa/21-kDa histone-like protein) (Shimoji et al. 1999; de Melo Marques et al. 2000) (Figure 4). The 826 role of ML-LBP21 in Schwann cell adhesion and invasion was investigated using fluorescent polystyrene 827 beads coated with rML-LBP21. Although beads coated with rML-LBP21 alone specifically adhered to and 828 were ingested by primary Schwann cells, these processes were significantly enhanced when the rML-829 LBP21-beads were pre-incubated with exogenous α2 laminins (most likely exogenous α2-laminins bridge 830 rML-LBP21 to unoccupied laminin receptors on Schwann cells and subsequently mediates the ingestion) 831 (Shimoji et al. 1999). M. smegmatis produces a paralog, designated MS-LBP, which is attached to the 832 o r e e r R e v i e w 846 Heparan sulfate (HS) is a linear polysaccharide in which two or three chains are attached in close 847 proximity to the cell surface or to ECM proteins. HS binds to a variety of ligands, regulates a wide array 848 of biological functions and serves as a cellular receptor for mycobacteria. Importantly, ML-LBP21/Hlp, bacterial surface andF P 849 besides laminin,
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, and destruction of the ingested microbe. Specific to M. tuberculosis infection, mucosal T-
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helper cells producing IFNγ (Th1) and IL-17 (Th17) are important for protecting against TB. To this end, On the one hand, the peptidyl prolyl isomerase A (PPiA) interacts with the 763 integrin α5β1, aids in M. tuberculosis survival and disease progression by exploiting host-associated 764 factors, such as upregulation of multiple host matrix metalloproteinases (Figure

2

)

[START_REF] Dubey | Mycobacterium tuberculosis PPiA interacts with host integrin receptor 1106 to exacerbate disease progression[END_REF]

. , interacting with host laminin, is responsible for laminin-mediated mycobacterial 833 adhesion to human pneumocytes and macrophages

[START_REF] Pethe | Mycobacterium smegmatis laminin-binding glycoprotein shares epitopes 1315 with Mycobacterium tuberculosis heparin-binding haemagglutinin[END_REF]

. Deletion of the hlp gene fails to 834 affect the capacity of mycobacteria to bind to neuronal cells, suggesting that alternative adhesins and/or

  Promotes the production of TNF-α, IL-6, G-CSF, IL-12p40, IL-1β, IL-17, IL-23, ROS, antimicrobial peptides, and RANTES; induces the maturation of monocyte-derived DCs; decreases pulmonary bacillary burdens(Yadav and Schorey 2006; Rothfuchs et al. 2007; Lee et al. 2009;[START_REF] Zenaro | Induction of Th1/Th17 immune response by Mycobacterium tuberculosis: Role of dectin-1, Mannose Receptor, and DC-SIGN[END_REF] van de Veerdonk et al. 2010; Marakalala et al. 2011; Romero et al. 2016; Bisiaux et al. 
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							TNF
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[START_REF] Coulombe | Increased NOD2-mediated recognition of N-glycolyl muramyl 1072 dipeptide[END_REF][START_REF] Juárez | NOD2 enhances the innate response of alveolar 1192 macrophages to Mycobacterium tuberculosis in humans[END_REF][START_REF] Hansen | N-glycolylated peptidoglycan contributes to the immunogenicity 1148 but not pathogenicity of Mycobacterium tuberculosis[END_REF][START_REF] Kim | Synergistic effect of muramyl dipeptide with heat shock protein 70 from 1203 Mycobacterium tuberculosis on immune activation[END_REF][START_REF] Landes | Role for NOD2 in Mycobacterium tuberculosis-induced iNOS 1228 expression and NO production in human macrophages[END_REF][START_REF] Schenk | Macrophage phagocytosis of virulent but not attenuated strains of Mycobacterium 1367 tuberculosis is mediated by mannose receptors in addition to complement receptors[END_REF] Lee et al. 2017) 

  al. 2019) 

	Mannose receptor Higher PIMs, LAM,	M. tuberculosis	Non-opsonic Macrophages;	Enhances	adherence	and	aids	in
	Man-LAM,	GPL,	M. smegmatis	dendritic cells	mycobacterial internalization; Interferes with
	glycosylated proteins	BCG		phagosome-lysosome fusion, activation of
	(glycosylated	and			NADPH oxidase and contributes to the
	acylated	19-kDa			intracellular survival of mycobacteria;
	protein,	PstS1			induces DCs maturation, the production of
	glycoprotein)				MMP-9, anti-inflammatory factors and
					inhibits	IL-12	secretion;	dampens
					inflammation and inhibits the generation of
					Th1-polarized immune responses

Receptors that aggravate the mycobacterial infection and deteriorate the host's condition

  Dampens Th1 responses and secretion of IFNꝩ and IL-12 cytokines; Enhances mycobacterial survival, increases immunopathology and susceptibility to M. tuberculosis infection; increases TNFα, IL-6 and IL-10 secretion; interferes with phagosome maturation[START_REF] Hussain | Opsonizing antibodies (IgG1) up-regulate monocyte 1177 proinflammatory cytokines tumour necrosis factor-alpha (TNF-alpha) and IL-6 but not anti-1178 inflammatory cytokine IL-10 in mycobacterial antigen-stimulated monocytes-implications for 1179 pathogenesis[END_REF][START_REF] Maglione | Fc gamma receptors regulate immune activation and susceptibility 1255 during Mycobacterium tuberculosis infection[END_REF][START_REF] Patin | Trehalose dimycolate interferes with FcγR-mediated phagosome 1307 maturation through Mincle, SHP-1 and FcγRIIB signalling[END_REF] 
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	Fcꝩ receptors	Human Fc fragment	M. tuberculosis BCG M. marinum	Opsonic	Macrophages; monocytes	and induces the expression of MMPs; induces pathological impairments in the lung and aggravates mycobacterial infections in hosts	
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						functional response of the pathogen production; promotes macrophage uptake of	
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[START_REF] Philips | Drosophila RNAi screen reveals CD36 family member required for 1317 mycobacterial infection[END_REF][START_REF] Drage | TLR2 and its co-receptors determine responses of macrophages and 1097 dendritic cells to lipoproteins of Mycobacterium tuberculosis[END_REF][START_REF] Jimenez-Dalmaroni | Soluble CD36 ectodomain binds negatively charged 1187 diacylglycerol ligands and acts as a co-receptor for TLR2[END_REF][START_REF] Hawkes | CD36 deficiency attenuates experimental mycobacterial infection[END_REF][START_REF] Józefowski | Mycobacterium tuberculosis lipoarabinomannan enhances LPS-1189 induced TNF-α production and inhibits NO secretion by engaging scavenger receptors[END_REF][START_REF] Martin | CD36 as a lipid sensor[END_REF][START_REF] Dodd | CD36-Mediated Uptake of Surfactant Lipids by Human Macrophages 1092 Promotes Intracellular Growth of Mycobacterium tuberculosis[END_REF] 
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the Tlr2 -/-/Tlr9 -/-mice compared to control cells. These findings reveal TLR9 plays a functional role both
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Mycobacterium abscessus alkylhydroperoxide reductase C promotes cell invasion by binding to tetraspanin CD81

Jona Karam 1 , Fabien P. Blanchet 1,3 , Éric Vivès 2 , Prisca Boisguérin 2 , Yves-Marie Boudehen 1 , Laurent Kremer 1,3,# , and Wassim Daher 1,3,# 1 Centre National de la Recherche Scientifique UMR 9004, Institut de Recherche en Infectiologie de Montpellier (IRIM), Université de Montpellier, 1919 route de Mende, 34293, Montpellier, France. # For correspondence: E-mails laurent.kremer@irim.cnrs.fr, Tel: (+33) 4 34 35 94 47; wassim.daher@irim.cnrs.fr, Tel: (+33) 4 34 35 94 45. Keywords: Mycobacterium abscessus, macrophage, pneumocyte, peptide, adhesin, Alkylhydroperoxidase C, receptor, CD81 tetraspanin, internalization, inducible knock-out. (D) Silver-stained gel showing the eluted protein profile that were either bound to GFP or to CD81-LEL, and detected after immunoprecipitation using anti-GFP nanobodies. The bacterial strain stably expressing GFP was used as a negative control. The eluates of GFP and CD81-LEL-GFP beads were subjected to mass spectrometry.

(E) Selection of the most representative CD81-LEL protein interactants. Sciences,118(24), e2018961118. https://doi.org/10.1073/pnas.2018961118 Ventress, J. K., Partridge, L. J., Read, R. [START_REF] Ventress | Peptides from tetraspanin CD9 are potent inhibitors of Staphylococcus aureus adherence to keratinocytes[END_REF]. Peptides from Tetraspanin CD9 Are Potent Inhibitors of Staphylococcus aureus Adherence to Keratinocytes. PloS One, 11 (7), e0160387. https://doi.org/10.1371/journal.pone.0160387 Verkman, A. S., Song, Y., & Thiagarajah, J. R. (2003). Role of airway surface liquid and submucosal glands in cystic fibrosis lung disease. American Journal of Physiology. Cell Physiology,284(1), C2-15. https://doi.org /10.1152/ajpcell.00417.2002Viljoen, A., Gutiérrez, A. V., Dupont, C., Ghigo, E., & Kremer, L. (2018) 
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O-Methylation of the glycopeptidolipid acyl chain defines surface hydrophobicity of Mycobacterium abscessus and macrophage invasion

Wassim Daher 

Article

Glycopeptidolipid glycosylation controls surface properties and pathogenicity in Mycobacterium abscessus

Wassim Daher, 1,5,8 Louis-David Leclercq, 2,8 Matt D. Johansen, 1,3 Claire Hamela, 1 Jona Karam, 1 Xavier Trivelli, 6 Je ´ro ˆme Nigou, 4 Yann Gue ´rardel, 2,7, * and Laurent Kremer 1,5,9, * increased pathology and lethality in zebrafish, revealing insights into the mechanisms involved in the S-to-R transition.

In contrast, the transfer of 6-dTal to the allo-Thr and Rha to the alaninol in the GPL peptide core is required for the S morphotype to be maintained. The addition of the terminal Rha onto the internal Rha by Gtf3 results in the production of more polar GPL, facilitating adhesion and internalization of Mab by macrophages via the hMR. Future research will be dedicated to the clinical relevance of these findings by comparing the expression levels of the gtf genes in Mab isolates and sequencing the corresponding open reading frames in R strains from patients with Mab pulmonary diseases. This may lead to the identification of mutations explaining the increased virulence of these strains in chronically infected patients. It remains also unknown whether GPL glycosylation is regulated in macrophages or during infection. Polar species of GPL in M. smegmatis are largely produced under carbon-starved environments and induce smooth-colony formation [START_REF] Mukherjee | Hyperglycosylation of glycopeptidolipid of Mycobacterium smegmatis under nutrient starvation: structural studies[END_REF]Ojha et al., 2002), opening up the likelihood that the structure of GPL in Mab is modulated in response to changing environments and during intracellular survival or infection. Thus, future studies should identify factors that regulate the expression of gtf1, gtf2, and gtf3 to further enlighten our understanding of cell wall assembly and adaptation of Mab to its host.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish experiments were completed under European Union guidelines for the handling of laboratory animals (http://ec.europa.eu/ environment/chemicals/lab_animals/home_en.htm). Housing and husbandry were approved by the Direction Sanitaire et Ve ´te ´rinaire de l'He ´rault for the CRBM zebrafish facility (Montpellier) (registration number C-34-175-39). Handling and experiments were approved by ''le ministe `re de l'enseignement supe ´rieur, de la recherche et de l'innovation'' under the reference APAFIS#24406-2020022815234677 V3.

METHOD DETAILS

Mycobacterial strains, growth conditions and reagents All bacterial strains are listed in key resources table. Rough (R) and smooth (S) variants of Mab CIP104536 T were typically grown in Middlebrook 7H9 broth (BD Difco) supplemented with 0.05% Tween 80 and 10% oleic acid, albumin, dextrose, catalase (OADC enrichment; BD Difco) (7H9 T/OADC ) at 37 C in the presence of antibiotics, when required. Electrocompetent mycobacteria were transformed using a Bio-Rad Gene pulser (25 mF, 2500 V, 800 Ohms). For bacterial selection, media were supplemented either with 1 mg/ mL hygromycin for strains carrying pTEC27 (Addgene, plasmid 30182), allowing tdTomato expression, or with 250 mg/mL kanamycin when harboring the pMV306 or pMV261 derivatives. On plates, colonies were selected either on Middlebrook 7H10 agar (BD Difco) supplemented with 10% OADC enrichment (7H10 OADC ) or on LB agar or on Tryptic Soy Broth agar (Sigma). Antibiotics were purchased from Sigma-Aldrich.

Preparation of Mab inocula

Due to the propensity of rough Mab to form large aggregates and cords, specific treatments are required to generate homogeneous and quantitatively controlled inocula prior to microinjections into embryos or infecting macrophages. This treatment applies also to smooth bacteria that produce smaller bacterial cluster. Briefly, exponentially growing bacterial were collected by centrifugation and resuspended in 1 ml PBS. Bacterial suspensions were homogenized with a 26-G needle (15 up-and-down sequences) and sonicated three times for 10 seconds (with 10-second breaks between each sequence) in a water bath sonicator. 50 ml 7H9 were added to the suspended bacteria and filtered through 5 mm filters and bacteria were harvested after centrifugation at 3000 x g for 5 min and finally resuspended in 200 ml 7H9-OADC. Before proceeding with the infection experiments, the final bacterial concentration was assessed by plating serial dilutions onto LB agar and CFU counting after 4 days of incubation at 37 C. Frozen inocula stocks (10 ml aliquots) were stored at -80 C. For each experiment, CFU were assessed from aliquots frozen at -80 C, a prerequisite to determine the exact number of viable bacteria to allow for reproducible use of bacteria from one experiment to another.

Determination of in vitro growth by ''weigthing'' mycobacterial pellets

To determine bacterial weights, all Mab strains were diluted to an OD 600 of 0.05 and grown in 250 ml 7H9-OADC under agitation at 37 C for 6 days. 25 ml of each culture were collected on a daily basis, centrifuged at 3000 g for 10 min and bacterial pellets were weighted.

In vitro growth, sliding motility and sedimentation assays Growth was inspected by inoculating the mid-log phase cultures into fresh 7H9 at an OD 600 of 0.05. Cultures were incubated at 37 C with shaking and OD 600 was monitored for 144 hrs using a Synergy H1 hybrid reader (BioTek). To visualize colony morphology, bacteria from log phase cultures (OD 600 = 1) were resuspended in PBS and 2 mL of the cell suspension was spotted onto Tryptic Soy agar. Plates were then incubated for 5 days at 37 C and colonies were imaged using a Zeiss microscope equipped with a Zeiss Plan Neo Fluor Z13/0.25 FWD objective. Images were acquired with an Axiocam503 monochrome (Zeiss) camera and processed using ZEN 2 (blue edition). Sliding motility was examined as previously described (Bernut et al., 2016). Mab were inoculated on 7H9 with 0.3% agar and 6 days of incubation at 37 C, the sliding distance was measured using ImageJ. For sedimentation experiments, cultures were diluted to an OD 600 of 1 and 2 mL of culture were transferred to a glass tube. Images were taken after 5 min.

Biofilm assays

Pellicle formation was assessed by inoculating 10 mL of mid-log phase cultures onto M63 medium supplemented with 10% glucose, 1 mM CaCl 2 and 1 mM MgSO 4 , and the samples were incubated for 6 days at 30 C without agitation. To quantify biofilm production at the liquid/air and solid/liquid interfaces, 10 mL of mid-log phase cultures were deposited on the surface of M63 broth (6 mL) in glass tubes. After 6 days of incubation at 37 C, biofilms were visible at the liquid/air interface but also at the bottom of the glass tubes.

Biomasses at the bottom of the tubes were collected with M63 medium and after centrifugation and removal of the supernatant, bacterial pellets were suspended in 1 mL PBS, diluted and finally spread on LB agar medium. After 5 days of incubation at 37 C, the CFU

Bead coating

The protocol used was reported earlier (Schlesinger et al., 1994). Briefly, 15 mL containing 5.4.10 8 of 1mm fluorescent (Em/Ex; 505 nm/ 515 nm) sulfate microspheres beads (Thermofisher scientific, USA) were washed twice with 985 mL carbonate/bicarbonate 0.05M and resuspended in 1 mL PBS. Next to GC quantification, 40 mg of purified GPL were dissolved in 50 mL of water-saturated butanol before adding 950 mL of beads in PBS. Coating was performed 2 hrs at 37 C under gentle agitation. Beads were washed twice with 1 mL PBS and blocked for 1 hr with 1 mL 5% BSA in PBS at 37 C under gentle agitation. Beads were washed twice and stored at -20 C with 0.5% BSA in PBS. The detection of deoxyhexoses as trimethylsilyl derivatives in the preparation tube was negative. The bead shape was checked with confocal microscopy.

MALDI-TOF mass spectrometry 5 mL of 10 mg/mL dihydroxybenzoı ¨c acid (DHB) in chloroform/methanol (1:2, v/v) were mixed with 5 mL of the sample extract in chloroform/methanol (2:1, v/v). 1-2 mL of sample was spotted on MALDI plate with a glass capillary tube. MS and MS n spectra were acquired on an Axima Resonance (Shimadzu, Kyoto, Japan) in reflectron mode. For MS/MS experiments, ion selection was set from 250 to 500 and collision energy was tuned from 300 eV to 600 eV.

Nuclear magnetic resonance

Flash purified GPL were dried and dissolved in a mixture of CDCl 3 /CD 3 OD (2:1, v/v) with 0.03% trimethylsilane (Eurisotop, France) three times then dissolved in a final volume of 270 mL. The sample was then introduced into a 3 mm glass tube (SHIGEMI, Allison Park, PA, US). A TBI probe was used to observe 1 H and 13 C nuclei at 293 K on an AVANCE II system (Bruker Biospin GmbH, Germany). Impulsion sequences used for homonuclear and heteronuclear experiments were from the manufacturer. After acquisition, phase correction and calibration on methanol signals were performed for d 1 H and d 13 C.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are represented as mean ± S.D. as indicated in the corresponding figure legends. The 'n' value represents either the number of biological replicates or the number of independent experiments (or as specified otherwise) and are indicated in the figure legends. Data was visualized and statistical analysis was performed using the Prism 9.0 software (Graphpad, USA). For the comparison of two independent datasets, two-tailed unpaired Student's t tests were applied, assuming equal variance. Multiple datasets were statistically compared via one-or two-way analysis of variance (ANOVA). The p (associated probability) value was considered significant if <0.05 and significance was indicated as follows: * p<0.05, ** p<0.01, ***p<0.001, ****p<0.0001.

Supplemental information

Glycopeptidolipid (D) 1 H- 13 C HSQC spectrum of high Rf GPL-1b from Δ1,3 confirmed the presence of a single di-O-methyl Rha substituted in C3 and C4 positions. GPL-1b was scrapped and analyzed from a preparative TLC of Δ1,3 polar fraction as shown in Figure S3C. Another O-methyl group observed at 1 H- 13 C 3.28/56.8 ppm was attributed to 3-methoxy lipid as previously described (Daher et al., 2020). Alpha-carbons from each amino-acid were also detected and correlated with respective beta carbons by 1 (B) Growth curve of parental S, wild-type R, Δ1, Δ1_C, Δ2, Δ2_C, Δ3, Δ3_C, Gtf3_ov, Δ1,2, Δ1,3, Δ2,3 and Δ1,2,3 strains in 7H9 medium at 37°C. Data is representative of three independent experiments.

(C) Sedimentation of bacterial cultures grown at 37°C. Experiments were carried out three times.

(D) Biofilm formation (liquid/air interface) and planktonic growth (solid/liquid interface) in glass tubes.

The Mab S, R, Δ1, Δ1_C, Δ2, Δ2_C, Δ3, Δ3_C, Gtf3_ov, Δ1,2, Δ1,3, Δ2,3 and Δ1,2,3 strains were grown, in static conditions at 37°C, in M63 medium and in glass tubes. Pictures were taken after 6 days of incubation.

(E) Drug susceptibility profile of Mab S, R, Δ1, Δ1_C, Δ2, Δ2_C, Δ3, Δ3_C, Gtf3_ov, Δ1,2, Δ1,3, Δ2,3 and Δ1,2,3 strains to various antibiotics (cefoxitin, imipenem, bedaquiline, amikacin and rifabutin) in CaMBH. MIC (μg/mL) were determined following the CLSI guidelines. One immunofluorescent field per strain was taken at 3 dpi, showing macrophages infected with Mab expressing tdTomato (red). The surface of the macrophages was detected using anti-CD43 antibodies (green). The nuclei were stained with DAPI (blue). S, Δ1_C, Δ3 and Δ3_C with smooth morphotypes fail to produce cords in cellulo. In contrast, R, Δ1, Δ2, Δ2_C as well as the double and triple mutants with The movie shows a human macrophage that phagocytosed 3 green fluorescent GPL-3-coated beads.

Supplementary

Image acquisition was performed using a confocal microscope in AiryScan Z-stack mode. The video was generated using the Zen program (blue edition).

Movie 2 -3D representation of a human macrophage that phagocytosed 8 green fluorescent beads coated with GPL3 -Related to Figure 7 The movie shows a human macrophage that phagocytosed 8 green fluorescent GPL-3-coated beads.

Image acquisition was performed using a confocal microscope in AiryScan Z-stack mode. The video was generated using the Zen program (blue edition). Promotes the attachment of bacilli to host cells; initiates mycobacterial infections in vivo [START_REF] Ratliff | Purification of a mycobacterial adhesin for fibronectin[END_REF][START_REF] Schorey | A Mycobacterium leprae gene encoding a fibronectin binding protein 1386 is used for efficient invasion of epithelial cells and Schwann cells[END_REF][START_REF] Espitia | The PE-PGRS glycine-rich proteins of Mycobacterium 1124 tuberculosis: a new family of fibronectin-binding proteins?[END_REF][START_REF] Zhao | Characterization of the fibronectin binding motif for a unique 1519 mycobacterial fibronectin attachment protein, FAP[END_REF][START_REF] Middleton | The role of Mycobacterium avium complex fibronectin 1286 attachment protein in adherence to the human respiratory mucosa[END_REF] 
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