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The Best of Both Worlds-Bringing together Cell Biology and Infection at the Institut Pasteur

Only a profound understanding of the structure and function of cells -either as single units or in the context of tissues and whole organisms -will allow a comprehension of what happens in pathological conditions and provides the means to fight disease. The Cell Biology and Infection (BCI for Biologie Cellulaire et Infection) department was created in 2002 at the Institut Pasteur in Paris to develop a research program under the umbrella of cell biology, infection biology and microbiology. Its visionary ambition was to shape a common framework for cellular microbiology, and to interface the latter with hard sciences like physics and mathematics and cutting-edge technology. This concept, ahead of time, has given high visibility to the field of cellular microbiology and quantitative cell biology, and it has allowed the successful execution of highly interdisciplinary research programs linking a molecular understanding of cellular events with disease. Now, the BCI department embraces additional pathologies, namely cancer and neurodegenerative diseases. Here, we will portray how the integrative research approach of BCI has led to major scientific breakthroughs during the last ten years, and where we see scientific opportunities for the near future.

Introduction-the concept and its implementation

The fundamental unit of life is the 'Cell'. Only a profound understanding of the structure and function of cells -either as single units or in the context of tissues and whole organisms -will allow a comprehension of what happens in pathological conditions and provides the means to fight disease. With this vison in mind, the Cell Biology and Infection (BCI for Biologie Cellulaire et Infection) department was created in 2002 at the Institut Pasteur in Paris to develop a research program under the umbrella of cell biology, infection biology and microbiology. Its ambitions have been since its start to shape the common framework of cellular microbiology, and to interface the latter with hard sciences like physics and mathematics (figure 1).

This concept has given strong visibility to the field of cellular microbiology and quantitative cell biology, and it has allowed the successful execution of highly interdisciplinary research programs.

The founding teams of the BCI department were Philippe Sansonetti and Pascale Cossart who brought world class expertise in microbiology and cellular microbiology. They teamed up with the research unit of Alain Israel as leader in NFkB and Notch signaling. In addition, Alice Dautry as fundamental cell biologist and Nancy Guillen who worked on the cell biology of parasitic ameobea were included. Rapidly, this initial group was strengthened in the mid 2000s in cell biology, cancer biology and the cell biology of neurodegenerative diseases by the teams of Anne Dejean, Ulf Nehrbass (who later moved on as CEO of the Institut Pasteur in Seoul, Korea), Chiara Zurzolo, and the junior team of Sandrine Etienne-Manneville.

Innate signaling during infection with a focus on Nod signaling was studied by the junior team headed by Dana Philpott (now at the Sick Kids Hospital in Toronto). A quantitative vision of cell biology was introduced with the arrival of Jean-Christophe Olivo-Marin (from EMBL) to set-up a computation-oriented research program. This also led to the recruitment of the Jost Enninga and Christophe Zimmer junior teams who focused on innovative imaging of cell biological and infection processes. Cell biology was further reinforced with the recruitment of the team of Arnaud Echard (from Institut Curie), and very recently through the recruitment of Thomas Wollert (from the MPI for Biochemistry, Martinsried) and Tim Wai leaders in the respective fields of autophagy and mitochondria.

Microbiology was consolidated through the creation of teams led by Agathe Subtil, Melanie Hamon, Giulia Manina and the arrival of Guillaume Dumenil (before at the Hopital Pompidou, Paris). Marc Lecuit provided a clinical edge joining the department in house. Together, the BCI teams cover different (mainly bacterial) pathogens, different model systems and link fundamental cell biology with an increasing number of pathologies including cancer and neurodegenerative diseases in addition to the initial focus on microbes.

One of the foundations has been to enable and use state-of-the-art technologies, in particular in imaging and data analysis. To that goal, two platforms were established, photonic dynamic imaging (headed by Spencer Shorte) and electron microscopy (headed by Marie-Christine Prevost, and now led by Jacomine Krijnse-Locker), that serve the campus and the department. The platforms have been under continuous upgrading to always be at the forefront of innovation in terms of materials/microscopes and strengthened via the recruitment of specialized engineers/researchers who drive future technology deployment, like high-content analysis, cryo-electron microscopy, tomography and super-resolution imaging.

Cell Biology and Infection today-Breakthroughs of the last decade

Interdisciplinary work has been the key ingredient for the success of BCI research at the Institut Pasteur.

With the concept of cellular microbiology and intersections with microbial, host-cell biology and quantitative science for the study of infection processes in a comprehensive and interdisciplinary manner, this has provided major scientific breakthroughs in the initial years upon its foundation. For example, BCI researchers unraveled (i) key mechanisms of pathogen sensing by host cells, [START_REF] Girardin | Nod2 is a general sensor of peptidoglycan through muramyl dipeptide (MDP) detection[END_REF] (ii) major paradigms on how pathogens invade cells and tissues and break homeostasis [START_REF] Veiga | Invasive and adherent bacterial pathogens co-Opt host clathrin for infection[END_REF] and (iii) nuclear organization in health and disease [START_REF] Nacerddine | The SUMO pathway is essential for nuclear integrity and chromosome segregation in mice[END_REF]. Here, we outline main research themes that bridge cell biology and infection integrating major studies from the last 10 years that represent the strong interdisciplinary character.

Understanding bacterial infection at the host interface BCI teams have aimed at a comprehensive system-level understanding of pathogen infection. This has provided a clearer understanding of cellular and molecular interactions that are essential to pathogen establishment, dissemination and pathogenicity. This is exemplified through a landmark study on the human foodborne pathogen Listeria monocytogenes-a major pathogen model at the Institut Pasteur during the last three decades-that can lead to septicemia, meningitis or encephalitis in those at risk, such as pregnant women, the elderly and immunosuppressed patients. Researchers among P. Cossart compared the activity of all the bacterium's genes in its inoffensive state and its pathogenic state [START_REF] Toledo-Arana | The Listeria transcriptional landscape from saprophytism to virulence[END_REF]. This demonstrated that when Listeria reaches the inside of the intestine, and then the bloodstream, it radically changes the activity of its genome and successively activates various groups of virulence genes. This work has paved the way for a full understanding how pathogens adapt when the bacterium moves from the environment to the infected host. The gut microbiota represents an important eco system, and perturbations of this niche lead to numerous pathologies that are often still not well understood. Segmented filamentous bacteria (SFB) are commensal intestinal bacteria in the Clostridium family, which play a unique role in shaping the immune systems of their hosts. SFB make up a key component of the intestinal microbiota, from both a physiological and pathological point of view. However, the mechanisms of their unique interactions with the host remain largely unknown, in particular because it is impossible to cultivate the bacterium in vitro. By mimicking the replication conditions of SFB in vivo, P. Sansonetti and colleagues have successfully met this challenge [START_REF] Schnupf | Growth and host interaction of mouse segmented filamentous bacteria in vitro[END_REF] (see also Figure 2). The production of SFB and intestinal epithelial cells in vitro using a co-culture system enables replication of the SFB cell cycle in all its complexity and offers a new perspective on the conditions that this enigmatic bacterium requires in order to grow. The ability to cultivate SFB in vitro now gives us the opportunity to study the complex development of this bacterium, elucidate its interactions with its host, both at the cellular and molecular level, and start genetic manipulation. During infections, most of the pathogens exploit the host for their own purposes. This is the case for Chlamydia trachomatis, which is the most common bacterial cause of sexually transmitted infection. These bacteria multiply inside host cells, within an internal compartment called a vacuole. The vacuole blocks direct access to nutrients, and the parasites must develop complex mechanisms to acquire these. A study by A. Subtil has explained how this occurs [START_REF] Gehre | Sequestration of host metabolism by an intracellular pathogen[END_REF]. Firstly, the bacterium hijacks the glycogen synthesized by the host and sequesters it inside the vacuole. Secondly, it synthesizes glycogen directly in the vacuole, using sugar units obtained from the host. This dual strategy fulfills the nutritional needs of the bacteria while the host loses access to its own energy stores. Not only small metabolites are utilized by intracellular pathogens, they also alter host cell functions and signaling. Listeria monocytogenes was used again as model to monitor how it hijacks host signaling at the level of the host genome to promote their own growth and virulence. Through proteomic and molecular biology methods the team of M. Hamon uncovered how Listeria hijacks an important host enzyme called SIRT2 [START_REF] Pereira | Infection Reveals a Modification of SIRT2 Critical for Chromatin Association[END_REF] (figure 3). They showed that infection modifies a residue of SIRT2, leading to its dephosphorylation. This modification alters the biology of SIRT2, enabling it to interact with host chromatin and specifically modify host histones. By learning more about these takeover mechanisms we can uncover new cell signaling mechanisms and better understand how pathogens disrupt the biology of their host.

Investigating subcellular dynamics, post-translational modifications and signaling

Deciphering the multifactorial dynamics of sub-cellular compartments, in cells has been another major research theme of BCI. The studies of cell biology of the underlying events has greatly benefited from multiple imaging techniques. For example, during the recent years, they have given novel insight into the cell division process. Here, A. Echard and his coworkers have shown how a parent cell physically "cleaves" itself in two to create two distinct daughter cells [START_REF] Crowell | Engulfment of the midbody remnant after cytokinesis in mammalian cells[END_REF]. This process, called cytokinesis, requires the parent cell to contract and the intercellular bridge linking the two daughter cells to split. The intercellular bridge splits not once, but twice, on either side of the midbody, and in doing so releases a structure called "midbody remnant" (MBR) into the extracellular environment. Surprisingly, the MBR binds to the surface of one of the daughter cells. In some instances, the MBR is recovered by a neighboring cell that wasn't even part of the division process. This discovery significantly changes our vision of MBR fate and could have a significant impact on cancer research, as the presence of MBR is thought to promote the uncontrolled production of tumor cells.

Links between cell biology and cancer have been investigated in depth using the cell polarity regulator and tumor surpressor Scribble [START_REF] Boeda | Spectrin binding motifs regulate Scribble cortical dynamics and polarity function[END_REF]. In order to fulfill its role, Scribble must itself be in the correct location at the cell cortex. Although, in humans, mislocalization of Scribble is a characteristic sign of the most aggressive tumors, the reasons for such an anomaly are as yet unknown. The study has identified three repeats of a sequence called the SADH motif that bind to proteins called beta spectrins, which connect the cell's outer membrane to the subjacent cortical cytoskeleton. This establishes the role of beta-spectrins in Scribble stabilization at the cell cortex and suggests that Scribble-associated diseases might depend on the integrity of the spectrin network. Dynamics of the nucleus as main carrier of the genetic information has been investigated by innovative optical imaging and image processing. The team of U. Nehrbass investigated the spatial re-organization of chromosomal regions during activation of transcription within Saccharomyces cerevisiae [START_REF] Cabal | SAGA interacting factors confine sub-diffusion of transcribed genes to the nuclear envelope[END_REF][START_REF] Berger | High-resolution statistical mapping reveals gene territories in live yeast[END_REF] (see also Figure 4). Induction of different GAL genes resulted in a spatial confinement of the GAL loci. The molecular drivers of this process were identified as histone acetylases of the SAGA complex allowing a linkage between the activated gene regions and the nuclear pore complexes. Such cellular re-organization of the genome during transcriptional activation has been proposed through the 'gene gating' hypothesis almost half a century ago. The genome itself has been at the center of the work by C. Zimmer. They are investigating the mechanisms that cells have developed various processes to repair DNA damage -including the most severe type of damage, namely breaks to both strands of the double helix [START_REF] Herbert | Chromatin stiffening underlies enhanced locus mobility after DNA damage in budding yeast[END_REF]. Cell repair processes modify the chromatin fiber, the complex of proteins and DNA that structures the genome, leading to an increase in chromatin mobility in yeast nuclei. This is another example of using live cell microscopy to carry out a quantitative analysis of chromatin structure and movements. With computer simulations, they examined the mechanisms underpinning chromatin movement caused by DNA breaks. This provided evidence that the chromatin fiber becomes more rigid as a result of this damage and the repair processes used by cells.

Numerous other fundamental aspects of cell biology have been investigated within the BCI department. This has the goal of deciphering further cell functions and mechanisms, it is essential to investigate the role of compartments and organelles as well as posttranscriptional modifications. Although most of the posttranslational modifications occur via the addition of a chemical moiety, the process known as SUMOylation is distinctive because, in this case, tagging is carried out by a small protein itself, called a SUMO protein. There are hundreds of SUMO-tagged proteins and, since SUMOylation is eminently pleiotropic, it regulates most of the biological processes carried out by our cells. The team of A. Dejean discovered that, in myeloid immune cells, modification by SUMO has a single, unique function: the repression of innate immunity [START_REF] Decque | Sumoylation coordinates the repression of inflammatory and anti-viral gene-expression programs during innate sensing[END_REF]. Thus, the absence of SUMOylation triggers strong inflammatory and antiviral responses in myeloid cells which, in animals, manifest themselves as an increased susceptibility to septic shock and protection against viral infection. Since modification by SUMO is easily manipulated by drugs, this discovery paves the way for new therapeutic approaches for treating infection by pathogens and auto-immune diseases. Cellular behavior and pathologies can also be understood considering the involved signaling cascades. Signaling pathways are highly complex, dynamic and nonsynchronous. This can be tackled with refined technologies, such as multidimensional microscopy, genomics and proteomics that have been the key ingredients to uncover the highly complex organization. The signaling events involved in cell cycle regulation have been investigated by A. Israel and R. Weil. They discovered that the protein optineurin-a factor involved in glaucoma formation-gets phosphorylated at a specific serine residue during cell cycle progression to allow its translocation into the nucleus [START_REF] Kachaner | Plk1-dependent phosphorylation of optineurin provides a negative feedback mechanism for mitotic progression[END_REF]. In the absence of functional optineurin, cells become multinucleated and the abscission step is not observed anymore. This is an example how the spatiotemporal activation of a specific signaling factor controls cellular proliferation identifying a very interesting target for cancer therapies and other diseases. The signaling events involved in endocytosis and bacterial uptake have been decrypted in detail by BCI teams mainly using different bacterial pathogens, such as Shigella and Listeria as models. The molecular cascades have also been scrutinized during noncanonical endocytosis, such as the clathrin and caveolae-independent entry of the interleukin-2 receptor.

Here, a link could be made between Pak1-mediated phosphorylation of cortactin that controls its interaction with N-Wasp and drives actin polymerization during the receptor internalization [START_REF] Grassart | Pak1 phosphorylation enhances cortactin-N-WASP interaction in clathrin-caveolinindependent endocytosis[END_REF]. The team of N. Sauvonnet has continued the detailed molecular characterization of the interleukin-2 receptor pathway afterwards through an ultrastructural approach highlighting the role of membrane protrusions in this process [START_REF] Basquin | Membrane protrusion powers clathrinindependent endocytosis of interleukin-2 receptor[END_REF].

Unprecedented resolution to investigate infection in multiple dimensions

Studying the temporal and modular aspects of the interactions between the pathogen and their hosts including the induced responses has been providing unprecedented details of the infection process. This research directions takes full profit from the previously described themes on microbiology and cell biology.

When they enter and are internalized by a host cell, intracellular bacteria are initially contained in a vacuole surrounded by a membrane. Rupture of the vacuolar membrane is an important process in reaching the host cytoplasm during infection, and concerns a large number of pathogenic bacteria such as Listeria, Rickettsia, Francisella or Shigella. For a long time, this process could not be tracked reliably due to its dynamic nature. J. Enninga and his team have been developing methods to investigate the host-pathogen crosstalk at high spatiotemporal resolution. They uncovered new host cell subversion mechanisms used by Shigella, the cause of bacterial dysentery, to trigger vacuolar rupture [START_REF] Mellouk | Shigella subverts the host recycling compartment to rupture its vacuole[END_REF][START_REF] Weiner | Macropinosomes are Key Players in Early Shigella Invasion and Vacuolar Escape in Epithelial Cells[END_REF] (figure 5). High-throughput screening identified a subset of host proteins that plays a key role in intracellular traffic and is involved in this process. In particular, the research team was able to find out how a bacterial effector succeeds in hijacking the host cell recycling compartment in order to disrupt the vacuolar compartment that contains the bacterium. Multidimensional imaging and its analysis has been the main focus of JC. Olivo Marin providing open source solutions to the scientific community through the analysis program ICY. They have developed a new tool for the analysis of 3D biological images based on the 3D deformable models used in video games and animated films, known as active meshes [START_REF] De Chaumont | Icy: an open bioimage informatics platform for extended reproducible research[END_REF]. This new, fully automated calculation method involves creating meshes that deform and mold perfectly to the surface of each object of study (the nucleus or cell, etc.). Identifying the precise contours of these objects enables scientists to pinpoint them and monitor them from one image to the next. This research has applications in areas such as cell biology, host-pathogen interactions and morphogenesis.

Moving from a cellular level to an organismal level, BCI researchers have zoomed on host barriers. Altered function of these barriers remains a largely unexplored domain and it is still unclear whether barrier dysfunction is a primary contributor to disease or a consequence of inflammation. Understanding these complex interactions between microbes and the host in the context of the cellular and tissue events will lead to important insights in the field of cell biology, immunology and will have a strong medical impact. A major barrier between microbes and the human host is the intestine. Neisseria meningitis interacts with the endothelial cells of the blood vessels. On the pathogen side, this involves type IV pili providing the means to make interbacterial contacts and connections with the host cells. G. Dumenil investigates the physical and biochemical processes that control the intimate host-Neisseria crosstalk. They have described the reorganization of subcortical host actin within targeted endothelial cells adjacent to the pathogen [START_REF] Charles-Orszag | Adhesion to nanofibers drives cell membrane remodeling through one-dimensional wetting[END_REF].

They provide a theoretical model for this process that describes the physical basis of one-dimensional wetting and show that this mechanism occurs in model membranes interacting with nanofibers, and in human cells interacting with extracellular matrix meshworks. The spread of infections and the breaching of host barriers is very important at the organism level. In addition, these events require reliable models in the case of poorly understood emerging infections. Such models are developed by M. Lecuit and his team.

He has implemented multidimensional imaging approaches to decipher the traversal of the intestinal barrier by Listeria monocytogenes through specialized gobelet cells [START_REF] Nikitas | Transcytosis of Listeria monocytogenes across the intestinal barrier upon specific targeting of goblet cell accessible E-cadherin[END_REF] (figure 6). Further, they have also focused on the emerging Chikungunya virus epidemic, implementing a mouse model for its comprehensive investigation [START_REF] Couderc | A mouse model for Chikungunya: young age and inefficient type-I interferon signaling are risk factors for severe disease[END_REF]. This identified the tissue tropism of the virus that coincide with the clinical observed symptoms of the disease. Such models are crucial for the rational testing of vaccine candidates and antimicrobial strategies. Infection by parasites has been a major BCI theme focusing on amoebiasis, a parasitic disease that causes bloody diarrhea and is a major killer world-wide with high impact in the poorest regions. A work that included clinicians allowed the imaging of human intestine fragments to identify how amoebas cross the intestinal barrier [START_REF] Thibeaux | Newly visualized fibrillar collagen scaffolds dictate Entamoeba histolytica invasion route in the human colon[END_REF]. Using living tissue microscopy, they concluded that amoebas likely cross the human intestinal barrier by taking advantage of the dense collagen structure for their motility thereby triggering the inflammatory process at the origin of the disease.

Making links between fundamental research and its translational impact

The main fundamental research avenues have integrated a medical and clinical interface. The multidisciplinary approaches developed within the BCI department should thrive medical and clinical application projects, in particular in diagnostics and therapeutics. Applications in diagnostics benefit from progress in molecular and imaging approaches made by BCI researchers. One study has focused on ATP, a molecule that is present inside every cell and essential to many biological functions [START_REF] Puhar | A Shigella effector dampens inflammation by regulating epithelial release of danger signal ATP through production of the lipid mediator PtdIns5P[END_REF]. It has been known

for some years that ATP can convey a message of danger to the body and trigger a protective inflammatory process when it is found outside cells, for example following wounding. Using the bacteria Shigella, Salmonella and pathogenic Escherichia coli as models, P. Sansonetti have shown the key role of extracellular ATP during intestinal infections. The scientists showed that Shigella is capable of evading this immune response by stopping the opening of these channels. These findings could therefore lead to the development of novel anti-inflammatory drugs based on blocking the release of ATP. Indeed, ATP release likely contributes to several diseases such as chronic inflammatory disorders of the intestine, cancer, obesity and diabetes. The molecular basis of neurodegenerative diseases are studied by C. Zurzolo. After arriving in the intestine via contaminated food, the prion, the infectious protein responsible for Creutzfeldt-Jakob Disease, reach the brain by means of the lymphoid system (spleen, lymph nodes, etc.).

They identified dendritic cells in the immune system as key players, whose characteristics favor the spread of prions towards the brain [START_REF] Gousset | Prions hijack tunnelling nanotubes for intercellular spread[END_REF]. These cells are extremely mobile and use nanotubes, very thin intercellular bridges which form and retract, enabling cell material to move from one cell to another. By using a fluorescent marker, researchers demonstrated in vitro the transfer of the prion from infected dendritic cells to non-infected neuronal cells, where it contaminates normal prion proteins, which in turn multiply and spread to neighboring cells. Conversely, they demonstrated that by using dendritic cells that are unable to produce nanotubes, the infection did not spread. More recently they demonstrated that different amyloid proteins (eg; α-synuclein, tau or a-beta) involved in more common neurodegenerative diseases like Parkinson and Alzheimer also use TNTs to spread between cells [START_REF] Abounit | Tunneling nanotubes spread fibrillar alpha-synuclein by intercellular trafficking of lysosomes[END_REF] (Figure 7). Because these proteins behave as prions, in that they can propagate their misfolding to the normal proteins (like infectious prions do), Zurzolo has proposed that TNT represent an important mean for the spreading of neurodegenerative pathology in the brain and represent a novel therapeutical target to stop the progression of these incurable diseases.

Together, the quantitative character of the provided studies and research programs that link a molecular understanding of cellular events with important human pathologies has been and will be at the center of the scientific research of Cell Biology and Infection.

The recent recruitment of new teams headed by T. Wollert, T. Wai and G. Manina will strengthen the interface between fundamental cell biology and its impact on human health. For example, autophagy processes are intimately linked with neurodegenerate pathologies (Wollert), the structural organization of mitochondria has a strong impact on the metabolism in carriers with mutations in the mitochondrial genome (Wai), and single-cell investigation on Mycobacterium tuberculosis will provide cues about the pathways involved driving antimicrobial resistance.

Integrating technology development for question-driven science

The discussed examples have been nurtured by the synergistic contributions of core cell biology and infection disciplines and that of new technologies and modelling of biological processes. It appears that these integrated technological approaches can only be productive if driven by and related to clear biological questions or identified, limiting technologies. The establishment of the following technology directions has been crucial for the quantitative cell biology perspective that we aim for.

High-throughput « post-genomic » and systemic approaches strengthen and extend our knowledge of the microbial world and that of infected cells and hosts, higher capacities of deep sequencing and transcriptomics are needed in order to efficiently profile responses to infectious agents, including novel capacities to routinely detect variations of expression of small RNA, miRNAs and epigenetic modifications, two aspects that appear central to regulations in infectious processes and human pathologies.

Harnessing the synergies between multiscale imaging, nanotechnology, physics, chemistry and artificial intelligence has fueled the most recent studies in the BCI department [START_REF] Chenouard | Objective comparison of particle tracking methods[END_REF][START_REF] Bonazzi | Intermittent Pili-Mediated Forces Fluidize Neisseria meningitidis Aggregates Promoting Vascular Colonization[END_REF][START_REF] Weiner | The Pathogen-Host Interface in Three Dimensions: Correlative FIB/SEM Applications[END_REF][START_REF] Aristov | ZOLA-3D allows flexible 3D localization microscopy over an adjustable axial range[END_REF][START_REF] Ouyang | Deep learning massively accelerates super-resolution localization microscopy[END_REF] [32] (see also Figure 8 for the development of ICY). Modern cell biology of infectious diseases relies heavily on the availability of imaging technologies enabling the integration of multidimensional observations and quantification of biological systems and processes at multiple spatio-temporal scales. Pathogenesis involves indeed highly dynamic processes at the molecular, cell, tissue and whole organism levels and understanding the mechanisms of host-pathogen infection requires dynamic investigation of live host-pathogen interactions in vivo and in tissue. We need to overcome major experimental and technical limitations in infectious diseases research by implementing next generation imaging, screening, analysis and modeling technologies in a single, branched pipeline. We strongly believe that advanced microscopy combined with high throughput automation for massive data acquisition and quantification are vital for the development of new drugs and strategies against infectious diseases. They open the way to an exhaustive coverage of biological phenomena, and allow new analytical approaches, based on artificial intelligence, data mining and validation, to reinforce chemical and genomic post-identification of new therapeutic-targets. Additional resources provided by microfluidics, nanobiosensors and markers, smart probes, chemistry synthesis foster strong collaborations with other research disciplines including engineering and chemistry.

The quantitative teams together with the technology platforms develop cutting-edge solutions in bioinformatics, mathematics modelling and data analysis approaches. An important dimension of this broader approach to infection is data analysis. Bioinformatics and mathematics are also needed for modelling the interaction of pathogens with human tissues and with cells, taking into account parameters of time (stages of infection), space (3D architecture of the tissues) and plasticity of the tissue when immune responses take place.

The future of cell biology and infection

New cellular, tissue and animal models with increased medical relevance for infection and other pathologies studied within BCI are being developed, opening the possibilities to ask (and answer) new questions and to make closer ties with the pathologies and clinical research. This opens a better integration beyond the concept "from bench-to-bedside" to a "bedside-to-the-bench" approach. This requires the consequent integration of a wide range of different disciplines: high-throughput approaches, new model systems, and highly sensitive technologies at the single cell level. The current revolution in our capacities to deal with big data draws the trajectories of future opportunities. With the "understanding of the cell" remaining at the center of our research efforts, future developments will be driven by this interdisciplinary approach increasingly synergizing with physics and mathematical modeling.

Tracing cellular events at the sub-compartmental level-down to the resolution of single macromolecular complexes-has become reachable with improved imaging and image analysis tools. These technologies have given rise to complex quantitative data in biological research. It is now clear that discovering the fundamental principles that underlie big biological data sets requires physics and mathematical modeling approaches that are developed by us and our colleagues. Key physical principles underlying many complex biological processes include mechanics, stochasticity, and self-organization. Bringing these concepts into biology has given rise to the new field of "quantitative cell biology". The BCI department combines this with cutting-edge imaging, new genome editing methods, lipidomics, innovative biomarkers to study cell function for the investigation of organelle biology, signaling platforms, novel posttranslational modifications, and metabolomics. Altogether, this quantitative multidisciplinary approaches in the context of physiology, infection, cancer and neurodegeneration yield a better understanding of normal cellular function, as well as important discoveries in and translational application to infection and different diseases.

The current and developing technologies allow us to place the study of individual cells in the context of tissues and the organ/organism to which they belong. Also, physiological phenomena studied at the molecular and single cell level need now to be evaluated in the specific context of tissues.

Nevertheless, the last two decades have been mainly focused on a structural understanding of single cells and their regulatory processes, most likely an outcome of the post-genomic era. Similarly, pathologies are often studied in culture in individual cells, but require complex cell-cell communication between different cell types that vary widely among the organs. The different disease states are highly interlinked with the particularities of the tissues where they occur. In addition, the physiological status of the affected cells/tissues impact on the outcome of infections and other pathologies.

To obtain a multiscale understanding of the molecular events from cells to whole organs, our vision is based on the combination of new animal models, organoids as simplified proxies for distinct organs, inducible stem cells, and organ-on-a-chip technologies. These are exploited to study the pathophysiology during cancer, neurodegenerative diseases, and infection. In the context of cancer and neurodegenerative disases, key questions address organelle physiology, cell migration, and cell-to-cell communication as well as cell competition. In the case of infection, these models are overlaid with the investigation of complex communities, such as pathogen intra-species biodiversity. As described above, BCI studies how pathogens breach tissue barriers (eg. intestinal, placental, blood flow, bloodbrain) and disseminate systemically and how different sites of infection drive different immune responses. On the pathogen side, the microenvironment and the metabolic fluxes between the pathogen, the microbiota and the host need to be considered.

Translational cell biology on the pathogens from the hospital and from emerging infections is another important focus area. Exploring new disease models will enhance the ties with nanomedicine. Furthermore, the development of integrated approaches that combine human clinical data (from patient cohorts), and microbial biodiversity (form large microbial databases as those hosted by National Reference Centers), thus integrating host and microbe biodiversity, including genome to genome studies, defining new clusters bringing together host and microbe data, allows the establishment of new biological paradigms. Last but not least this quantitative, technology-oriented axes enables the generation of substantial intellectual property.

Our colleagues have performed research on relevant human pathogens in response to infection outbreaks of new and re-emerging pathogens. We are convinced that a cellular understanding of the underlying events is of utmost importance, since it provides the groundwork for a rational design of relevant infection models, diagnostics, the search for antimicrobials, and vaccines. Examples of this include viral infections, such as Chikungunya, as mentioned above, but also Dengue or Zika. BCI teams have implemented ambitious integrated research programs from model pathogens to clinical strains. In such a way, numerous paradigms that have been established with simplified models can be reinvestigated taking into account the biodiversity of the present microbes in the environment. than the nucleus, which can be remodeled during transcriptional activation [START_REF] Berger | High-resolution statistical mapping reveals gene territories in live yeast[END_REF]. (B) Predictive computational modeling of the 3D chromatin structures within the yeast nucleus. Ecadherin. Listeria monocytogenes (green, see asterrisks) interacts with the cells from the villus (stained with nuclei in blue and Ecadherin in white). Ecadherin is accessible for bacterial interactions on the luminal side. The picture was taken by [START_REF] Nikitas | Transcytosis of Listeria monocytogenes across the intestinal barrier upon specific targeting of goblet cell accessible E-cadherin[END_REF]. Scale bar 10 μm. 
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