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How to understand organ specificity and immune involvement in metastasis?

From a conceptual analysis of the "seed and soil" to an experimental characterisation of myeloid suppressive cells in a mouse model of breast cancer Our current understanding of cancer benefits from a growing recognition of the role of the tissue environment in tumour progression, both locally at the initial site and at the scale of the organism affected by dissemination. Indeed, the development of secondary tumours, or "metastases", which are responsible for most cancer-related deaths, involves many cellular and molecular actors of the host. We are particularly interested in the phenomenon of tissue specificity of metastasis (or "organotropism"), describing the selectivity of the secondary site according to the type of primary tumour.

In this framework, we have conducted an interdisciplinary research project in conceptual and experimental onco-immunology, which articulates two aspects: (i) On the one hand, a conceptual reflection on the historical shaping of our biological understanding of metastasis, as well as on the complex involvement of the immune system ; ii) On the other hand, an experimental approach aimed at working on the characterisation of some of these pro-metastatic immune actors.

Our historical analysis aimed at studying the scientific heritage of the "seed and soil" analogy, proposed at the end of the 19th century (Paget 1889) to describe the compatibility between circulating tumour cells (the "seed") and future metastatic sites (the "soil"). Since then, the more recent discoveries of "pre-metastatic niches" (early establishment of a favourable terrain for secondary tumour growth by several resident or recruited factors), and of the primordial role of the immune system, allow to refine the theory and to extract a more exhaustive appreciation of the factors promoting tumour progression. In this framework, we feel that Paget's legacy and long-lasting relevance is best understood through a thorough consideration of the "soil" at different sites and times of cancer progression, with a particular focus on "constitutive" characteristics, tissue "predisposition" and the existence of "resistant" loci.

Experimentally, we were particularly interested in the role of myeloid suppressor cells, which accumulate in some cases at the primary tumour and metastatic site, where they exert immunosuppressive, pro-tumour and pro-invasive functions. The aim was to analyse their recruitment dynamics and functional specificities in a mouse model of breast cancer with specific pulmonary dissemination. We identified three distinct subsets of lung-infiltrating myeloid cells, which accumulated early, specifically and with differential kinetics. Their genetic and functional characteristics open the possibility that certain dedicated subpopulations may actively participate in pre-metastatic niche preparation, thus taking on the role of soil "fertilisers" for the attraction and growth of metastatic seed.

As a whole, we sought to describe how metastasis causality and organ specificity are tightly linked to spatio-temporal cues, with important conceptual, biological and clinical implications.

RESUME

Comment comprendre la spécificité tissulaire et l'implication du système immunitaire dans les métastases? D'une analyse conceptuelle du "seed and soil" à une caractérisation expérimentale des cellules myéloïdes suppressives dans un modèle murin de cancer du sein Notre compréhension actuelle du cancer bénéficie d'une reconnaissance croissante du rôle de l'environnement tissulaire sur la progression tumorale, tant localement au site initial qu'à l'échelle de l'organisme affecté par la dissémination. En effet le développement de tumeurs secondaires, ou métastases, qui sont responsables de la plupart des décès liés au cancer, fait intervenir de nombreux acteurs cellulaires et moléculaires de l'hôte. Nous nous intéressons plus particulièrement au phénomène de spécificité tissulaire des métastases (ou "organotropisme"), décrivant la sélectivité du site secondaire en fonction du type de tumeur primaire.

Dans ce cadre, nous avons mené un projet de recherche interdisciplinaire en onco-immunologie conceptuelle et expérimentale, qui articule deux aspects : i) D'une part, une réflexion conceptuelle sur le façonnement historique de notre compréhension biologique des métastases, ainsi que sur l'implication complexe du système immunitaire ; ii) D'autre part, une approche expérimentale permettant de travailler sur la caractérisation de certains de ces acteurs immunitaires pro-métastatiques.

Notre analyse historique vise à étudier l'héritage scientifique de l'analogie du "seed and soil" (ou "graine et terreau"), proposée à la fin du 19e siècle (Paget 1889) pour décrire la compatibilité entre cellules tumorales circulantes (le "seed") et futurs sites métastatiques (le "soil"). Dès lors, les découvertes plus récentes de "niches pré-métastatiques" (établissement précoce d'un terrain favorable à la croissance tumorale secondaire par plusieurs facteurs résidents ou recrutés), et du rôle primordial du système immunitaire, permettent de raffiner la théorie et d'en extraire une appréciation plus exhaustive des facteurs promouvant la progression tumorale. Dans ce cadre, nous pensons que l'héritage et la pertinence durable de Paget sont à comprendre par un examen approfondi du "soil" à différents sites et stades de la progression tumorale, avec un accent particulier sur les caractéristiques "constitutives", la "prédisposition" de certains tissus et l'existence de loci "résistants".

Expérimentalement, nous nous sommes particulièrement intéressés au rôle des cellules myéloïdes suppressives, qui s'accumulent dans certains cas au niveau de la tumeur primaire et du site métastatique, où elles exercent des fonctions immunosuppressives, pro-tumorales et pro-invasives. Il a s'agit de caractériser, dans un modèle murin de cancer mammaire à dissémination spécifiquement pulmonaire, leur dynamique de recrutement et leurs spécificités fonctionnelles. Nous avons identifié trois sous-ensembles distincts de cellules myéloïdes infiltrant les poumons, qui se sont accumulés tôt, de manière spécifique, et avec une cinétique différentielle. Leurs caractéristiques génétiques et fonctionnelles ouvrent la possibilité que certaines sous-populations dédiées puissent participer activement à la préparation de la niche pré-métastatique, jouant ainsi le rôle de " fertilisants " du sol pour l'attraction et la croissance des "graines" métastatiques. Dans l'ensemble, nous avons cherché à décrire comment la causalité des métastases et leur spécificité tissulaire sont étroitement liées au contexte spatio-temporel, avec d'importantes implications conceptuelles, biologiques et cliniques. Despite its current status as one of the deadliest pathologies of our times (H. Wang et al., 2016), ongoing progress in cancer research is improving our comprehension of the spatial and temporal context of tumour progression (Bissell & Radisky, 2001). This process is indeed characterised by the pleiotropic involvement of tissue components at different stages and scales (Plutynski, 2018), from the tumour milieu (or "micro-environment") to the host organism (or "macro-environment"). Cell-extrinsic factors of oncogenic transformation do not only supplement more traditional cell-intrinsic factors [START_REF] Hanahan | Hallmarks of cancer: The next generation[END_REF], but also interact with them, leading to a much richer and more complex view of tumorigenicity [START_REF] Weinberg | Coming full circle-From endless complexity to simplicity and back again[END_REF]. Despite these advances, cancer research still faces serious difficulties, especially those linked to tumour recurrence and systemic spread (Lambert et al., 2017), which are less intensively studied than primary tumour formation. (Fidler, 2003) Successive steps of metastasis, as initiated by primary tumour growth (a) 
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and vascularisation (b), followed by local invasion of tumour cells into the circulation (c), migration as single cells or clusters (d), extravasation after endothelial adherence and arrest, and colonisation of the secondary tissue (f).

Metastasis -the dissemination of cancer cells from the primary tumour to distant tissues -is currently the leading cause of cancer mortality, accounting for 90% of cancer deaths (Valastyan & Weinberg, 2011) while correlating with disease severity and resistance to conventional therapy. Beyond its accepted description as a multistep process resulting in the development of secondary tumours at remote sites (Figure 1), certain observations remain partly unexplained and conceptually challenging.

One striking example is the report of organ specificity for secondary growth, which accounts for the apparent tropism of cancer cells migrating from a given primary tumour toward particular metastatic tissues (Figure 2). Distribution patterns of metastases from common cancers (incidence of secondary growths in particular organs subsequent to specific primary types) in a large clinical series, based on the data presented in [START_REF] Hess | Metastatic patterns in adenocarcinoma[END_REF] b) Biological and conceptual relevance of analysing metastasis specificity Our main question of interest here is "Why is there secondary site specificity in metastasis?" Fully addressing its complexity, we believe, requires an interdisciplinary combination of perspectives and tools coming from science, history of science, and philosophy of science. Indeed the question of metastatic tropism is, and has long been, a fascinating one, that no biologist working on cancer progression can avoid. It is inseparable from the aim to decipher overarching processes in oncology, yet it remains more scarcely addressed than other issues.

While organ specificity is evident for pathologists in the clinic, this may less be the case for research scientists [START_REF] Ribatti | Stephen Paget and the 'seed and soil' theory of metastatic dissemination[END_REF]). Yet, unravelling its underpinnings would undoubtedly contribute to a better understanding of tumour development as a whole.

Faced with this exciting question, we feel that a historical approach to the description and understanding of metastatic tropism is necessary to best apprehend its context and implications, notably when the phenomenon is considered at the level of the host or patient. This of course cannot be thought without a strong biological pendant, embodied here by some experimental work on secondary tissue specificity in a chosen cancer model. The latter also falls within a broader reflection on the diversity and complexity of actors involved in organ specificity, with a particular focus on immunology. As a whole, our main objective is to show that any analysis of metastasis causality is inseparable from thorough considerations on the spatiality and temporality of disease progression.

Context and history of research on metastatic tropism

a) Central place of Paget's "seed and soil" proposal When describing organ specificity of metastasis since the early 1900s, numerous authors have referred to (and still profusely cite) an article written in 1889 by British surgeon Stephen Paget, entitled "The distribution of secondary growths in cancer of the breast" (Paget, 1889) (full paper included in Annex 1; see also Annex 2, which describes the 30 most cited papers that refer to it). This indeed corresponds to a first thorough description of secondary site specificity, asking exactly "What is it that decides what organs shall suffer in the case of disseminated cancer?" and famously retained for suggesting the "seed and soil" hypothesis of metastasis.

After observing recurrent patterns of secondary growths in 735 autopsies of breast cancer patients (Figure 3), Paget provided a potential explanation for organ selectivity by proposing that the characteristics of the primary tumour and its disseminated products (the "seed") are not the only determinants of successful metastasis. More importantly, the properties of potential secondary sites (the "soil") would make different tissues more or less "fertile" ("congenial") for the settlement and proliferation of incoming cancer cells, such that "one remote organ is more prone to be the seat of secondary growth than another". Paget notes that 241 breast cancer patients (out of 735) had metastases to the liver, while only 17 to the spleen. Among 244 cases of women with cancer of the uterus, 35 had secondary disease in the liver, in contrast to 1 in the spleen, 8 in the lungs, and 6 in the kidneys and suprarenals (SR).

If, therefore, the location of invasion is not just a matter of chance, what are the factors that influence this process? Paget's hypothesis consists in a botanical analogy: "When a plant goes to seed, its seeds are carried in all directions; but they can only live and grow if they fall on congenial soil". So, what are exactly the components that make of a given bodily site a "fertile" soil? Are they constitutive elements of a given tissue (which we propose to name "constitutive soil"), for example, or do they emerge from this tissue later in the process ("induced soil"), or perhaps do they come to this tissue at some point in the metastatic process ("externally modified soil")?

A conceptual examination of these hypotheses and of Paget's numerous citations may help understand the historical dynamics of such debates concerning the causality of metastatic tropism, as well as the emergence and relevance of temporally-and spatially-situated investigations.

b) Historical bibliography as a scientific tool

It is widely recognised that uncovering the mechanisms of organ tropism will be essential to understand and prevent metastasis [START_REF] Izraely | Site-specific metastasis: A cooperation between cancer cells and the metastatic microenvironment[END_REF]. The history and conceptual implications of Paget's legacy may directly participate to shaping current research hypotheses concerning metastatic tropism, as the "seed and soil" analogy is frequently cited and re-interpreted in the scientific literature.

Its premises and consequences could moreover benefit from a revisited analysis in the light of recent clinical and experimental observations. In particular, the evidence of distant "pre-metastatic niche" (pMN) preparation reveals anticipatory signalling in the dissemination process, through the establishment of a tumour-promoting milieu in the secondary organ before the arrival of cancer cells (Liu & Cao, 2016). This involves both tumour-derived factors and pre-existing host components, thus refining our consideration of secondary organ specificity and its complexity (Figure 4). (Liu & Cao, 2016) Mobilisation of host components (including bone marrow-derived and stromal cells) during cancer progression and the establishment of a pre-metastatic niche in targeted secondary organs, orchestrated by primary tumourderived factors (including extracellular vesicles). Top red arrow indicates the switch from localised disease to an efficiently metastatic tumour, capable of systemic signalling and initiation of the pMN at distant sites. BMPC bone marrow progenitor cell; ECM extracellular matrix; "self-seeding", return of tumour cells to the primary mass.

It is interesting to note that Paget's account, although published well before the dissection of those signalling pathways, in fact already suggested a strong connection between the causal factors of secondary site specificity and their spatial context. It thus becomes clear that investigating "seed and soil" heritage and typology in metastasis research could contribute to fruitful conceptual discussions on "seed" and/or "soil" -based explanations of organ tropism.

Role of the immune system in metastasis and organ tropism

Crucial in our reappraisal of Paget's analogy is the aim to decipher the implication of the immune system in cancer progression, as pre-metastatic processes are frequently associated with immune cell recruitment and inflammation. Indeed research done in the last decades has shown that immune components can actively foster "seed" persistence and enable distant metastasis by establishing a hospitable and/or attractive environment in future "soils" (Y. Wang et al., 2019). Therefore, although immunity was not an integral part of Paget's original "seed and soil" hypothesis, its involvement in this process may in fact turn out to be essential. Hence our aim to determine the exact role of host immunity in metastasis causality, within the scope of an interventionist framework (J. Woodward, 2010a): to what extent, and how, do the immune actors of cancer progression contribute to the preparation and specificity of secondary sites? a) Overview of immune involvement in metastasis i.

Immunological dysregulation as a hallmark of cancer Immune presence and regulation is now recognised as a central characteristic of cancer development [START_REF] Hanahan | Hallmarks of cancer: The next generation[END_REF], as pro-and anti-tumour immunity shapes disease progression from the start. Indeed the dual role of the immune system in cancer is responsible for two conflicting responses.

On the one hand, anti-tumour activity is due to the organised and coordinated action of cells of innate and adaptive immunity. This includes the cytotoxic function of T (CD8 + and helper subsets 1 and 17) and natural killer (NK) lymphocytes, as well as some myeloid subsets (such as macrophages, eosinophils and cytotoxic dendritic cells), all activated by the cancer context (i.e., systemic reactivity to tumour antigenicity and primary tumorigenesis) to target and eliminate tumour cells.

On the other hand, tumour-induced immunosuppression is linked to the accumulation of immunosuppressive cells (such as regulatory T lymphocytes Tregs and myeloid suppressive cells) and pro-inflammatory actors (notably tumour-associated macrophages and T helper 2 cells), which fuel, protect and stimulate tumour progression through the production of specific factors (e.g. growthpromoting and pro-invasive molecules), the downregulation of anti-tumoral activities (dampened by immunosuppressive cells) and the existence of direct (and eventually supportive) interactions with cancer cells. Chronic inflammatory responses (such as those occurring in inflammatory bowel disease for instance) may also contribute to cancer promotion and development.

However, the pro-versus anti-tumoral effects of immune cells directly depend on the environmental context (nature and abundance of specific cytokines and tumour-derived growth factors, for example), and in fact those immune cells show remarkable plasticity in their reactivity to and management of cancer progression, according to existing and evolving spatio-temporal conditions. Indeed the inflammatory background and/or particular balance between leukocyte subsets may dictate and modulate their cancer-related functionalities (for instance between Treg and Th17 phenotypes, or between type 1 and 2 macrophages or neutrophils).

Immune cells mobilised in a pro-tumoral context, which necessarily hinder systemic responses to cancer progression and the efficacy of targeted therapies, are recruited and sustained by tumourinduced hijacking of physiological pathways [START_REF] Flavell | The polarization of immune cells in the tumour environment by TGFβ[END_REF][START_REF] Mantovani | Macrophage polarization: Tumor-associated macrophages as a paradigm for polarized M2 mononuclear phagocytes[END_REF][START_REF] Ondondo | Home sweet home: The tumor microenvironment as a haven for regulatory T cells[END_REF]. This dysregulation persists well into the evolution to and through metastasis, as various subsets of immune cells participate to the invasiveness, migration and settlement of circulating cancer cells traveling from the primary site to metastatic tissues [START_REF] Blomberg | Immune regulation of metastasis: Mechanistic insights and therapeutic opportunities[END_REF].

ii.

Immune implication throughout tumour progression

Immune regulation of cancer progression is shaped by a fine balance between pro-and anti-tumour responses from innate and adaptive populations. These are classically viewed as determining tumour status through the succession of three phases [START_REF] Dunn | The three Es of cancer immunoediting[END_REF][START_REF] Mittal | New insights into cancer immunoediting and its three component phases-Elimination, equilibrium and escape[END_REF]: elimination, due to efficient immunosurveillance; equilibrium, where cancer and immunity cohabit without clinical manifestation; and escape, when resistant and edited tumours grow.

If and when dissemination occurs, several types of immune cells may be involved in the different steps of the so-called "invasion/metastasis cascade", as outlined in the following description.

-Invasion and remodelling of the extracellular matrix: Various tumour-associated immune cells (e.g. macrophages, neutrophils and mast cells) secrete key matrix-degrading proteases (such as metalloproteinases MMPs and cathepsins), which favour local invasion and the diffusion of pro-tumoral signalling molecules [START_REF] Cox | Remodeling and homeostasis of the extracellular matrix: Implications for fibrotic diseases and cancer[END_REF][START_REF] Gocheva | IL-4 induces cathepsin protease activity in tumor-associated macrophages to promote cancer growth and invasion[END_REF].

-Stimulation of (lymph)angiogenesis: TAMs, mast cells and regulatory T (Treg) cells may promote the development of new or growing blood and lymphatic vessels [START_REF] Alitalo | Lymphangiogenesis in development and human disease[END_REF][START_REF] Ribatti | Immune cells and angiogenesis[END_REF], thus enabling cancer cell migration, nutrient enrichment in the microenvironment and inflammatory infiltrations [START_REF] Hamzah | Vascular normalization in Rgs5-deficient tumours promotes immune destruction[END_REF].

-Survival and migration of circulating cancer cells: Immune cells present in the circulation support tumour cell persistence in several ways, from platelet-mediated protection [START_REF] Palumbo | Platelets and fibrin (ogen) increase metastatic potential by impeding natural killer cell-mediated elimination of tumor cells[END_REF] to Treg-mediated survival signalling [START_REF] Tan | Tumour-infiltrating regulatory T cells stimulate mammary cancer metastasis through RANKL-RANK signalling[END_REF], and through migrationenhancing clustering with neutrophils (Szczerba et al., 2019).

-Extravasation and settlement in distant organs: Besides stimulating the epithelialmesenchymal transition (EMT) of cancer cells to promote migration [START_REF] Suarez-Carmona | EMT and inflammation: Inseparable actors of cancer progression[END_REF], immune cells also play an important role in tumour cell adhesion and colonisation, such as neutrophil-mediated extracellular trapping (Cools-Lartigue et al., 2013) and physical association with monocytes (B. [START_REF] Qian | A distinct macrophage population mediates metastatic breast cancer cell extravasation, establishment and growth[END_REF].

-Preparation of the pre-metastatic niche (pMN): Ever since the primary tumour -driven recruitment of bone marrow -derived cells (BMDCs) in future metastatic sites was demonstrated (Kaplan et al., 2005), the involvement of immune cells (in particular of the myeloid lineage) in the site-specific establishment of a permissive and attractive niche for metastasis has been extensively documented, as described in the next section. b) Immune actors of metastasis preparation and specificity i.

Immune recruitment in the pre-metastatic niche

It is now well established and documented that systematic level -signals released from the primary tumour (specific cytokines and extracellular vesicles) profitably interact with bone marrow and stromal components at different sites, to orchestrate the mobilisation and activity of metastasis-promoting immune cells before the arrival of cancer cells in the secondary tissue [START_REF] Becker | Extracellular vesicles in cancer: Cell-to-cell mediators of metastasis[END_REF]Peinado et al., 2017). This aberrant amplification and recruitment of immature haematopoietic cells leads to the formation of a highly attractive environment for circulating tumour cells in particular locations, through the release of chemoattractive molecules and remodelling of the stroma into a permeable and inflamed environment [START_REF] Hiratsuka | Tumour-mediated upregulation of chemoattractants and recruitment of myeloid cells predetermines lung metastasis[END_REF]Liu & Cao, 2016;[START_REF] Wculek | Neutrophils support lung colonization of metastasis-initiating breast cancer cells[END_REF].

Added to these newly arrived immune cells, pro-tumoral resident and/or transient populations may also participate to creating a fertile "soil" for metastatic cells, notably through growth-promoting crosstalks and a facilitated access to the colonised tissue (regulatory pathways presented in Figure 5).

The exact reasons why, however, a given pre-metastatic niche is established in certain specific locations, still remain partially unresolved.

ii.

Role of myeloid cells in metastatic niches and tropism Pre-metastatic niche formation is closely linked to dysregulated myelopoiesis triggered by primary tumour signalling, as myeloid cell generation and release from the bone marrow are hijacked [START_REF] Casbon | Invasive breast cancer reprograms early myeloid differentiation in the bone marrow to generate immunosuppressive neutrophils[END_REF][START_REF] Kitamura | Monocytes differentiate to immune suppressive precursors of metastasis-associated macrophages in mouse models of metastatic breast cancer[END_REF]. Resulting populations of immature myeloid-derived cells of the granulocytic and monocytic lineages then actively participate to neoangiogenesis, ECM remodelling and tumour cell attraction [START_REF] Hiratsuka | MMP9 induction by vascular endothelial growth factor receptor-1 is involved in lung-specific metastasis[END_REF][START_REF] Kowanetz | Granulocyte-colony stimulating factor promotes lung metastasis through mobilization of Ly6G+ Ly6C+ granulocytes[END_REF][START_REF] Qian | CCL2 recruits inflammatory monocytes to facilitate breast-tumour metastasis[END_REF], as detailed in Figure 6.

They may notably create a highly immunosuppressive environment, thus enabling cancer cells to escape immune surveillance and efficiently grow to overt metastases [START_REF] Giles | Activation of hematopoietic stem/progenitor cells promotes immunosuppression within the pre-metastatic niche[END_REF][START_REF] Sceneay | Hypoxia-driven immunosuppression contributes to the pre-metastatic niche[END_REF], while possibly stimulating cancer cell stemness and proliferative potential through the promotion of EMT (Cui et al., 2013). They may also favour the potential reactivation of dormant tumour cells that may have remained latent in the tissue [START_REF] Yadav | The Biology and Therapeutic Implications of Tumor Dormancy and Reactivation[END_REF] as long as the "soil" was uncongenial.

This invites us to potentially conceive different "layers" of organ specificity or tropism, that may be variably sequential, non-exclusive and/or causally linked:

-the selective attraction, homing, persistence and development of tumour cells in specific organs, that may be triggered by the following points:

-the initial recruitment of immune cells to pre-metastatic niche(s), where they reshape the "soil" and produce chemo-attractive cytokines for tumour cells, prior to metastatic settlement;

-the possibility of anticipatory "preparation" of immune-attractive sites by tumour-derived factors such as exosomes (Tung et al., 2019) and systemic signalling from the bone marrow and lymphoid organs.

CHAPTER 1: HISTORICAL ANALYSIS

A) Methodological introduction

With the aim to explore the scientific community's understanding of secondary site specificity in metastasis and to connect initial hypotheses with subsequent updates, we carried out a comparative analysis of the different meanings and types of references to Paget's "seed and soil" analogy since 1889. In particular, what are their common and distinguishing features, and how to characterise the underlying intentions of the authors? This may well uncover key questions concerning "seed"-and "soil"-type actors of metastasis, including their causal role, spatiality and temporality. Importantly also, what is the impact of these interpretations on shaping research? Through a systematic analysis of Paget's numerous citations (total numbers graphed in Figure 7), we conducted successive filtering of reference typologies by searching for specific notions and definitions developed in the various papers (reading grid presented in the figure). This amounted to a tripartite reflection based on three main "soil"-focused questions, strategically chosen as appropriate epistemological instruments for thoroughly reporting "seed and soil" heritage, as extensively detailed in the following section (a more synthetic version, intended for publication in a history and philosophy of science journal, is also proposed in Annex 3).

Introduction

i) Presentation of Paget's seminal paper

Historically, a first thorough description of organ specificity of metastasis (i.e. the apparent tropism of cancer cells from a given primary tumour to grow in particular secondary sites) corresponds to the "seed and soil" hypothesis of metastasis, suggested by British surgeon Paget at the end of the 19 th century (Paget, 1889). Paget's core claim is that patterns of tissue specificity are not uniquely dependent on properties inherent to the primary tumour. Instead, he suggests, they may be due to favourable interactions between circulating tumour cells (the "seed") and specific microenvironments encountered during their dissemination (the "soil"). Metastasis research in the early twentieth century seems to have initially relied on mechanical explanations mostly based on vascular flow and connectivity, but Paget's long-neglected metaphor has since been extensively cited in the field (Figure A), notably by resurfacing, especially during the 1980s, as an appropriate and testable account for secondary organ selectivity (Fidler, 2003). Indeed, the botanical analogy as formulated by Paget over 100 years ago uncovers crucial (and still largely unresolved) questions and challenges about cancer progression and metastatic tropism, which are still relevant today:

-"When a plant goes to seed…" is the description of a process that implies a certain filiation between primary tumour ("plant") and departing cell ("seed"), which is at the heart of past and present investigations on metastatic heterogeneity and clonality

-"…its seeds are carried in all directions" echoes present-day questioning of how passively and/or randomly tumour cell dissemination (via blood or lymphatic routes) occurs prior to arrest, extravasation and metastatic implantation

-"… but they can only live and grow" points to the importance and typology of interactions with the new environment, be they stimulating or inhibiting secondary tumour development -"… if they fall on congenial soil" calls for a careful consideration of the (future) metastatic tissue as suitable, favourable and/or selective ii) Citations and bibliographical evolution:

Although poorly cited and discussed in the few decades immediately following its publication, Paget's paper was revived in the early 1930s and significantly from the 1980s, in particular through the work of I. J. Fidler and colleagues, who have since continued to cite Paget profusely. They have indeed been recognised for popularising the critical role of seed/soil compatibility [START_REF] Bielenberg | The contribution of angiogenesis to the process of metastasis[END_REF], by experimentally testing multi-site metastatic implantations in mice that confirmed the "tendency for tumors of a certain histological type to metastasize to particular organs" [START_REF] Hart | Metastatic behavior of a murine reticulum cell sarcoma exhibiting organ-specific growth[END_REF]. (Fidler, 2003))

Fidler and others' incentive was accompanied by a burst of references to -and reinterpretations ofthe "seed and soil" analogy still ongoing to this day, which may directly participate to shaping current research hypotheses concerning metastatic tropism (Figure B). Hence our interest in mapping the numerous (and sometimes equivocal) meanings of secondary site specificity put forth by Paget's citators, i.e.:

-Why a shift from "non-random" distribution to "organ-specific" growth and preparation?

-How has Paget's analogy been understood, tested and reassessed since its initial formulation?

-How may underlying key questions concerning the "seed"-and "soil"-type actors of metastasis help decipher their causal role, spatiality and temporality?

The premises and consequences of Paget's proposal could moreover benefit from a revisited analysis in the light of recent clinical and experimental observations. In particular, the evidence of distant "premetastatic niche" (pMN) preparation reveals anticipatory signalling in the dissemination process, through the establishment of a tumour-promoting milieu in the secondary organ before the arrival of cancer cells (Liu & Cao, 2016). This involves both tumour-derived factors and pre-existing host components, thus refining our consideration of secondary organ specificity and its complexity. In other words, how does our current understanding of these early modifications in future metastatic sites (including, but not limited to, this consideration of the pMN) confirm, complete, or infirm the "seed and soil" framework in which metastasis research is still embedded?

Thus, we are interested in three main ideas here:

-what Paget exactly said;

-how what he said was used and reinterpreted over the last 130 years;

-and to what extent what Paget said is still valid and fruitful in today's cancer research.

Given these objectives, our analysis must begin with a close review of Paget's original paper.

iii) Analysis of 1889 report and reinvestigation of Paget/Ewing debate Paget's 1889 autopsy report describes, and is entitled, the "distribution of secondary growths in cancer of the breast" resulting from tumour progression to metastasis (Paget, 1889). The author pinpoints a particular relationship between the "character" of the primary mass and the "situation" of the secondary lesion, as underlying "non-random" tissue specificity. In this framework, distant organs cannot be "passive" nor "indifferent" regarding the efficiency of metastasis outgrowth, as they do not appear as "equally ready to receive and nourish" disseminated tumour cells.

Based on his medical experience and on citing certain predecessors, he recalls a botanical analogy through the phrase "When a plant goes to seed, its seeds are carried in all directions; but they can only live and grow if they fall on congenial soil". Paget then mentions two main historical hypotheses that preceded his work, as tentative explanations for non-equiprobability of dissemination site: secondary organ "predisposition" (reference to Fuchs) and/or "diminished resistance" (reference to Cohnheim).

Interestingly, before developing his observations on metastatic distribution in diseased cancer patients, Paget first focuses on an equally striking statement about "associated tendencies to other outgrowths" in women affected by breast cancer (Figure C). The comparison thus shifts from metastatic site relative to primary tumour type (i.e., analysing preferred secondary organ location depending on initial lesion) to co-existing disease in a given cancer-bearing host (i.e., assessing the nature of pre-existing abnormalities in certain cancer patients who also suffer from metastasis).

Surprisingly, this aspect of Paget's analysis has mostly been neglected by subsequent interpretations of the "seed and soil". Quantification of specific affections (uterus fibroid tumour and polypus, ovarian cysts and dermoid ovarian cysts) present in cancer patient autopsies (breast, uterus or intestine cancer) as observed and listed by (Paget, 1889) According to Paget's analysis, metastatic "predisposition" could be attributed to selected organs in a particular organism-level context, while contrasting with the relative "immunity" enjoyed by nonmetastatic sites such as the spleen (despite ample blood flow) and certain bone types (despite the occurrence of osseous metastases elsewhere). This evidently contradicts the simpler "theory of embolism" previously put forth by Virchow and others, as the "great disproportion" in secondary growths cannot be explained by organ vascularisation alone, and seems conditioned by cancer form (typology and characteristics of the primary tumour).

Paget's concluding remark concerns the "dependence of the seed upon the soil", as a common feature with other diseases.

How was Paget's view received and interpreted? It is often contrasted, in retrospect, with other and competing views. In particular, prevalent in the current scientific and medical literature on metastasis research (e.g., Hou et al., 2011;Mowers et al., 2017;Pienta et al., 2013) are references to what is described as a conceptual debate between Stephen Paget's "seed and soil" analogy, which focuses on the compatibility between circulating tumour cells and site(s) of secondary outgrowth, and James

Ewing's so-called "mechanistic" explanation, which is based solely on the anatomy of vascular routes connecting the primary tumour to further organs (Ewing, 1928).

However, this is to a large extent a retrospective and distorted representation. Reanalysing Ewing's chapter on metastasis (which is incidentally devoid of any reference to Paget) reveals that his famous phrase about the contemporaneous absence of "evidence that any one parenchymatous organ is more adapted than others to the growth of embolic tumour cells" is immediately followed by an observation about spleen "escape with peculiar frequency". As a matter of fact, this same paragraph begins with the notion of "genius loci", defined as the "particular susceptibility of a tissue to develop secondary tumours". Ewing also acknowledges the phenomenon of tumour recurrence, accompanied by the hypothesis of "local predisposition" when describing a certain kind of tumour-initiated "excitation state" prone to neoplastic regrowth.

In other words, Ewing's alleged contradiction of organotropism and "seed and soil" interactions does not feel as forceful and/or intentional as some reconstructed chronologies seem to portray (Fidler, 2003). Indeed, his manuscript carries interesting discussions about the concepts of metastatic tissue "resistance", "immunity", "susceptibility", "predisposition" and potential "preparation".

What is most crucial for our purposes here is that our historical analysis shows that several of Paget's claims have since been largely overlooked in the field of cancer metastasis, despite their undeniable relevance across the decades of scientific progress on this topic. In particular, reinvestigating the forgotten notions of "predisposition" and/or "diminished resistance" when describing the (future) metastatic site could still contribute to current efforts on secondary cancer diagnosis, prevention and therapy. Similarly, including the assessment of "associated tendencies" encompasses the concern for overall patient status and co-morbidities, as well as a potential role for disease interactions.

iv)

Our main thesis and outline of this historical section:

The central question underlying Paget's work undeniably still holds today, as it may be formulated in this way: how does metastasis proceed, and why do primary cancers tend to disseminate to certain secondary organs more than to others?

From reviewing chronological references to the "seed and soil" analogy in the scientific literature, we feel that our main hypothesis serving a conceptually and historically relevant bibliographical analysis should be the following: Citing Paget's analogy when describing metastasis amounts to questioning our definition(s) of the "soil".

In order to demonstrate that this re-examination, once clarified and properly understood, could be very useful for current research questions on cancer and metastasis, we choose to address three complementary inquiries that both encompass the spatiotemporal complexity of metastatic tropism and offer interesting opportunities for novel avenues:

-Where to locate the "soil" during cancer progression?

i.e., how to characterise the soil at different sites and at the level of the organism?

-When is the "soil" causally important in metastasis?

i.e., how to define the soil temporally and how does this affect our understanding of the idea of "predisposition"?

-How does the soil count as "fertile" for seed development?

i.e., how to compare the invaded soil with unaffected tissues in order to better predict and prevent the metastatic process?

Each axis will include an overview of the corresponding historical account, a description of its biological implications, and the resulting proposals for conceptual discussion.

Where to locate the "soil" during cancer progression?

What exactly counts as "soil" and where do we find "soils" in an organism? Paget defines the "soil" as the local organ environment encountered by disseminated tumour cells prior to their definitive settlement at the chosen metastatic site. Further accounts and discussions, however, sometimes enlarge this description to the notion of "tumoral soil" at the primary site and/or to later attributes of the secondary tissue. Although seemingly subtle, these semantic nuances about soil spatiality may have important consequences in terms of disease comprehension and targeting.

a) How to characterise the nature of the "soil"?

Pre-1980s citations of Paget qualify his proposal as a "biochemical" or "metabolic" conception relative to the secondary site [START_REF] Fisher | The organ distribution of disseminated 51Cr-labeled tumor cells[END_REF][START_REF] Willis | Metastatic tumours in the thyreoid gland[END_REF], while simultaneously acknowledging the role of physical factors in metastasis causality, be they vascular or linked to tissue resistance and/or local pressure. Surprisingly, the main tenant of "mechanical-circulatory" exclusiveness in the first half of the 20 th century seems to be the prolific, yet later forgotten, Dale Rex Coman [START_REF] Coman | Mechanisms responsible for the origin and distribution of blood-borne tumor metastases: A review[END_REF][START_REF] Coman | Factors Affecting the Distribution of Tumor Metastases Experiments with V2 Carcinoma of Rabbits[END_REF][START_REF] Coman | Studies on the mechanisms of metastasis. The distribution of tumors in various organs in relation to the distribution of arterial emboli[END_REF], who precedes Ewing as the highly (and quantitatively more) cited reference contradicting Paget's views. He is indeed mentioned for stipulating that "metastatic pattern depends on the numbers of viable cancer cells delivered to target organs; the delivery patterns being determined by anatomic considerations" [START_REF] Weiss | Target organ patterns of tumors in mice following the arterial dissemination of B16 melanoma cells[END_REF].

The following decades come with an increasing focus on certain aspects of cancer cell circulation, with the importance of angiogenesis [START_REF] Fidler | Angiogenesis and cancer metastasis[END_REF][START_REF] Kirsch | Angiogenesis, metastasis, and endogenous inhibition[END_REF][START_REF] Moss | Matrix metalloproteinases: Changing roles in tumor progression and metastasis[END_REF], site-specific endothelial adhesion [START_REF] Farnsworth | Vascular remodeling in cancer[END_REF][START_REF] Mccarthy | Heterogeneity of the endothelial cell and its role in organ preference of tumour metastasis[END_REF][START_REF] Nemeth | Severe combined immunodeficient-hu model of human prostate cancer metastasis to human bone[END_REF][START_REF] Orr | Interactions between cancer cells and the endothelium in metastasis[END_REF][START_REF] Pauli | Organ preference of metastasis. The role of organ-specifically modulated endothelial cells[END_REF][START_REF] Schlüter | Organ-specific metastatic tumor cell adhesion and extravasation of colon carcinoma cells with different metastatic potential[END_REF][START_REF] Suva | Bone metastasis: Mechanisms and therapeutic opportunities[END_REF][START_REF] Volk | Motility and adhesive properties of high-and low-metastatic murine neoplastic cells[END_REF] and initial arrest [START_REF] Gassmann | The tumor cell-host organ interface in the early onset of metastatic organ colonisation[END_REF][START_REF] Ribatti | The role of microenvironment in tumor angiogenesis[END_REF][START_REF] Shibue | Metastatic colonization: Settlement, adaptation and propagation of tumor cells in a foreign tissue environment[END_REF][START_REF] Weiss | Organ vascularity and metastatic frequency[END_REF][START_REF] Weiss | Target organ patterns of tumors in mice following the arterial dissemination of B16 melanoma cells[END_REF].

Describing the "seed" may then refine its definition to "circulating tumour cells" (or "disseminated", in the later steps) often found as embolic clusters (Hou et al., 2011;[START_REF] Książkiewicz | Epithelial-mesenchymal transition: A hallmark in metastasis formation linking circulating tumor cells and cancer stem cells[END_REF][START_REF] Orr | Interactions between cancer cells and the endothelium in metastasis[END_REF][START_REF] Perlikos | Key molecular mechanisms in lung cancer invasion and metastasis: A comprehensive review[END_REF], while that of the circulatory "soil" (or of the mobile "seed" entity as a whole) may encompass "co-disseminating" stromal [START_REF] Eichler | The biology of brain metastases-Translation to new therapies[END_REF][START_REF] Mareel | Cancer invasion and metastasis: Interacting ecosystems[END_REF][START_REF] Suva | Bone metastasis: Mechanisms and therapeutic opportunities[END_REF] and/or blood-borne cells. This may for example concern the protective role of platelets as proposed in [START_REF] Koumoutsakos | The fluid mechanics of cancer and its therapy[END_REF][START_REF] Price | Evidence that the process of murine melanoma metastasis is sequential and selective and contains stochastic elements[END_REF][START_REF] Rusciano | Why do cancer cells metastasize into particular organs?[END_REF][START_REF] Yamori | Growth stimulating activity of lung extract on lung-colonizing colon 26 clones and its partial characterization[END_REF], or of other immune cells promoting survival and migration [START_REF] Suva | Bone metastasis: Mechanisms and therapeutic opportunities[END_REF]. Even the transitory endothelial "soil" becomes active when described as a "source of the pro inflammatory cytokines S100A8 and S100A9 that recruit CD11b+ myeloid cells to the niche, and secrete other factors that stimulate the migration of tumor cells" (J. P. Sleeman, 2012).

When discussing metastatic causality, most authors across periods generally recognise the spatiotemporal compatibility between soil congeniality, required for efficient engraftment at distant sites, and mechanistic factors, essential for local spread from the primary tumour [START_REF] Duffy | The biochemistry of metastasis[END_REF][START_REF] Knisely | Relationship between size and distribution of "spontaneous" metastases and three sizes of intravenously injected particles of VX2 carcinoma[END_REF][START_REF] Koumoutsakos | The fluid mechanics of cancer and its therapy[END_REF][START_REF] Nicolson | Preferential organ attachment and invasion in vitro by B16 melanoma cells selected for differing metastatic colonization and invasive properties[END_REF][START_REF] Perlikos | Key molecular mechanisms in lung cancer invasion and metastasis: A comprehensive review[END_REF]Pienta et al., 2013;[START_REF] Proctor | Rat sarcoma model supports both" soil seed" and" mechanical" theories of metastatic spread[END_REF][START_REF] Reyes | The biology and treatment of oligometastatic cancer[END_REF][START_REF] Sleeman | Tumor lymphatics[END_REF][START_REF] Steeg | Targeting metastasis[END_REF][START_REF] Sugarbaker | The organ selectivity of experimentally induced metastases in rats[END_REF][START_REF] Termuhlen | Sitespecific differences in pp60c-src activity in human colorectal metastases[END_REF] From the 2000s onwards, papers gradually insist on the biological distinction between primary tumorigenesis and secondary growth [START_REF] Bird | Biology of colorectal liver metastases: A review[END_REF], thus gradually abandoning the (previously strong) belief that the behaviour of metastatic cells would be solely determined by the nature of their tissue of origin. Several authors also highlight the case of intra-organ heterogeneity (e.g. between different parts of the brain, initially described in [START_REF] Fidler | Biologic heterogeneity of cancer metastases[END_REF][START_REF] Graf | Site preference of metastatic tumours of the brain[END_REF]), thus complexifying the spatial specificity of metastasis [START_REF] Fidler | The organ microenvironment and cancer metastasis[END_REF][START_REF] Fidler | The role of the organ microenvironment in the biology and therapy of cancer metastasis[END_REF][START_REF] Gassmann | In vivo tumor cell adhesion in the pulmonary microvasculature is exclusively mediated by tumor cell-endothelial cell interaction[END_REF] and suggesting the possibility of sub-organ tropism (rather than broader organ tropism).

. b) How to consider the "soil" at different sites, from initial TME to secondary milieu?

Interestingly, an enlarged definition of the "soil" present in several publications encompasses stromal cells, extracellular matrix components, vessels and growth factors (e.g. in [START_REF] Nicolson | Paracrine and autocrine growth mechanisms in tumor metastasis to specific sites with particular emphasis on brain and lung metastasis[END_REF]). This can include the primary tumour milieu as one possible interpretation of Paget's focus on the role of the local environment (e.g. [START_REF] Mccawley | Tumor progression: Defining the soil round the tumor seed[END_REF][START_REF] Mueller | Friends or foes-Bipolar effects of the tumour stroma in cancer[END_REF][START_REF] Suva | Bone metastasis: Mechanisms and therapeutic opportunities[END_REF]; more specifically [START_REF] Laconi | The evolving concept of tumor microenvironments[END_REF] discusses intrinsic and modified "primary soil"). Similarly, Paget is often reinterpreted as being the first to suggest the importance of the "microenvironment" at various stages and/or that of interactions with host cells [START_REF] Altrock | The mathematics of cancer: Integrating quantitative models[END_REF][START_REF] Anton | Targeting the tumor stroma in cancer therapy[END_REF][START_REF] Ferraro | Adult stem cels and their niches[END_REF][START_REF] Moss | Matrix metalloproteinases: Changing roles in tumor progression and metastasis[END_REF][START_REF] Roorda | Bone marrow-derived cells and tumor growth: Contribution of bone marrow-derived cells to tumor micro-environments with special focus on mesenchymal stem cells[END_REF][START_REF] Shain | The tumor microenvironment as a determinant of cancer cell survival: A possible mechanism for de novo drug resistance[END_REF][START_REF] Voogj | Stem celsand theniche: Adynamic duo 325[END_REF][START_REF] Yang | Whole-body subcellular multicolor imaging of tumorhost interaction and drug response in real time[END_REF], although this notion of microenvironment is actually much broader than the initial meaning of the botanical "soil".

Fidler also builds on Paget's work to propose an enlarged "modern definition" of the seed and soil, based on the principles of neoplastic heterogeneity, metastasis selectivity and the role of host homeostatic mechanisms [START_REF] Fidler | Rationale and methods for the use of nude mice to study the biology and therapy of human cancer metastasis[END_REF]. At times, the "seed and soil" is even considered to be consistent with the authors' latest hypotheses, for example concerning cancer stem cells [START_REF] Vermeulen | Cancer stem cells-Old concepts, new insights[END_REF] or self-seeding [START_REF] Navin | Tracing the tumor lineage[END_REF], which might seem surprising as the content of these hypotheses is often quite remote from Paget's claims and Paget could naturally not have anticipated them. Furthermore, some articles mention the concept of "basal homeostasis", described as the noncancerous or pre-tumoral situation that physiologically maintains territorial and functional integrity [START_REF] Horak | Analysis of organ-specific effects on metastatic tumor formation by studies in vitro[END_REF], where "single cells within tissues maintain homeostasis in spite of an uncertain environment over the organism's lifetime" [START_REF] Nelson | Of extracellular matrix, scaffolds, and signaling: Tissue architecture regulates development, homeostasis, and cancer[END_REF].

Experimentally, the main consequence of secondary soil definition is the indispensable orthotopic implantation of tumour cells in animal models, i.e., the injection of cancer cells directly into the primary site to mimic the initiation of tumorigenesis. This ensures the "natural" organ specificity of metastasis, as defended in most papers starting from the 1980s [START_REF] Fidler | Orthotopic implantation is essential for the selection, growth and metastasis of human real cell cancer in nude mice[END_REF][START_REF] Fodstad | A new experimental metastasis model in athymic nude mice, the human malignant melanoma LOX[END_REF][START_REF] Kleinerman | Suppression of human bladder cancer growth by increased expression of C-CAM1 gene in an orthotopic model[END_REF][START_REF] Mclemore | Comparison of intrapulmonary, percutaneous intrathoracic, and subcutaneous models for the propagation of human pulmonary and nonpulmonary cancer cell lines in athymic nude mice[END_REF][START_REF] Nakamura | Gene expression profile of metastatic human pancreatic cancer cells depends on the organ microenvironment[END_REF][START_REF] Nemeth | Severe combined immunodeficient-hu model of human prostate cancer metastasis to human bone[END_REF][START_REF] Rembrink | Orthotopic implantation of human prostate cancer cell lines: A clinically relevant animal model for metastatic prostate cancer[END_REF][START_REF] Shirasaka | Antitumor activity of 1 M tegafur-0.4 M 5chloro-2,4-dihydroxypyridine-1 M potassium oxonate (S-1) against human colon carcinoma orthotopically implanted into nude rats[END_REF][START_REF] Togo | Host organ specifically determines cancer progression[END_REF].

In the clinic, defining the "soil" in terms of host components at different sites implies that treating metastasis cannot be conceived without the aim to target non-tumoral actors in the colonised tissues (e.g. as discussed in [START_REF] Ellis | Angiogenesis and breast cancer metastasis[END_REF][START_REF] Hanna | The tumour microenvironment: A novel target for cancer therapy[END_REF][START_REF] Kim | Simultaneous blockade of platelet-derived growth factor-receptor and epidermal growth factor-receptor signaling and systemic administration of paclitaxel as therapy for human prostate cancer metastasis in bone of nude mice[END_REF]). Indeed, acknowledging the growth-promoting and hospitable characteristics of the secondary stroma means that it should be included in inhibitory strategies, to complement cancer cell-directed therapies (for example by targeting immune suppression or neoangiogenesis).

Conceptually, it is interesting to note that, as mentioned above, although early papers are rather faithful to Paget's consideration of the metastatic "soil", later ones seem to hint at a definitional enlargement comprising the primary site. Indeed certain post-2000 "seed and soil" citations shift to an appraisal of Paget being the first to propose a role for the microenvironment (or "TME") in tumour progression as a whole [START_REF] Tripathi | Understanding the role of stromal fibroblasts in cancer progression[END_REF]. What is more, growing evidence about early recruitment of stromal components might even suggest that "metastasizing tumor cells (seeds) may bring their own host cells (soil) in metastasis" [START_REF] Eichler | The biology of brain metastases-Translation to new therapies[END_REF], which calls for more integrative approaches to the control of cancer progression, beyond the locality of an established metastatic lesion. c) How is the "soil" defined at the level of the organism?

Initial reports citing the one from 1889 often rely on clinical cases and autopsies, which renders the authors' analysis inseparable from host-level considerations and from the concern for "systemic factors" [START_REF] Farrow | The influence of androgenic and estrogenic substances on the serum calcium: In cases of skeletal metastases from mammary cancer[END_REF] -notably endocrine or immune context [START_REF] Hartmann | Gastroduodenal metastases from carcinoma of the breast. An adrenal steroid-induced phenomenon[END_REF], since they observe the human body in its entirety. Many experimental articles then choose the bone as a case study for organ specificity, meaning that humoral and haematopoietic actors present in the marrow -and potentially communicating with distant tissues, enter the balance [START_REF] Elte | Osteolytic bone metastases in breast carcinoma pathogenesis, morbidity and biphosphonate treatment[END_REF][START_REF] Guise | Parathyroid hormone-related protein and bone metastases[END_REF][START_REF] Manishen | Resorbing bone stimulates tumor cell growth. A role for the host microenvironment in bone metastasis[END_REF][START_REF] Yoneda | Cellular and molecular mechanisms of breast and prostate cancer metastasis to bone[END_REF]. This may have contributed to promoting an acknowledgement of host involvement beyond the immediate vicinity of tumour cells.

Including "normal" cells in the assessment of metastatic specificity also fosters frequent parallels with other tissue-tropic events such as those involved in inflammatory responses, development and repair [START_REF] Coman | Mechanisms responsible for the origin and distribution of blood-borne tumor metastases: A review[END_REF][START_REF] Hill | Interactions between endothelial selectins and cancer cells regulate metastasis[END_REF][START_REF] Horak | Analysis of organ-specific effects on metastatic tumor formation by studies in vitro[END_REF][START_REF] Liekens | CXCL12-CXCR4 axis in angiogenesis, metastasis and stem cell mobilization[END_REF][START_REF] Nemeth | Severe combined immunodeficient-hu model of human prostate cancer metastasis to human bone[END_REF][START_REF] Sargent | Growth Regulation of Cancer Metastases by Their Host Organ[END_REF][START_REF] Shibue | Metastatic colonization: Settlement, adaptation and propagation of tumor cells in a foreign tissue environment[END_REF][START_REF] Strieter | Chemokines: Not just leukocyte chemoattractants in the promotion of cancer[END_REF][START_REF] Tarin | The fallacy of epithelial mesenchymal transition in neoplasia[END_REF][START_REF] Wang | Inhibition of tumor growth and metastasis of human breast cancer cells transfected with tissue inhibitor of metalloproteinase 4[END_REF], in particular "lymphocyte homing or embryonic patterning, in which cells must travel long distances to occupy a specific site selectively" [START_REF] Zetter | The cellular basis of site-specific tumor metastasis[END_REF]. These functional analogies have indeed contributed to the understanding of certain molecular mechanisms underlying migration and selective arrest: as [START_REF] Frost | Clinical implications of metastatic process[END_REF] extrapolate, there is "nothing that a metastatic cell can do that is not a routine task for normal cells such as lymphocytes, monocytes, and leucocytes". In that sense, it might be fruitful to seek for inspiration from these physiologically regulated organ-specific processes when aiming to control site-selective metastatic progression.

Interestingly, Paget's analogy is sometimes coined "soil hypothesis" in the oldest papers [START_REF] Coman | Studies on the mechanisms of metastasis. The distribution of tumors in various organs in relation to the distribution of arterial emboli[END_REF][START_REF] Fisher | Experimental studies of factors influencing hepatic metastases. II. Effect of partial hepatectomy[END_REF][START_REF] Hartmann | Gastroduodenal metastases from carcinoma of the breast. An adrenal steroid-induced phenomenon[END_REF][START_REF] Knisely | Relationship between size and distribution of "spontaneous" metastases and three sizes of intravenously injected particles of VX2 carcinoma[END_REF], whereas later references re-focus on seed/soil "compatibility", with an equal contribution of both seed properties and matching soil [START_REF] Anasagasti | Interleukin 1-dependent and -independent mouse melanoma metastases[END_REF][START_REF] Cavanaugh | Purification and some properties of a lung-derived growth factor that differentially stimulates the growth of tumor cells metastatic to the lung[END_REF][START_REF] Fodstad | A new experimental metastasis model in athymic nude mice, the human malignant melanoma LOX[END_REF][START_REF] Graf | Site preference of metastatic tumours of the brain[END_REF][START_REF] Nicolson | Tumor metastasis is not due to adaptation of cells to a new organ environment[END_REF][START_REF] Nicolson | Organ specificity of metastatic tumor colonization is related to organ-selective growth properties of malignant cells[END_REF]. The scope of "soil" components considered in the literature has gradually become finer and more precise (i.e., locally cellular and molecular) since the beginning of the 20 th century, possibly accompanied by a certain oversight of broader organismal factors. Recent advances concerning pre-metastatic niche (pMN) preparation, however, have updated the role of long-distance communication between remote sites and with noncancerous lymphoid organs (Peinado et al., 2017;J. P. Sleeman, 2012;[START_REF] Steeg | Targeting metastasis[END_REF].

Host-level research questions uncover crucial clinical implications, such as the importance of using spontaneous metastasis models (arising from orthotopic implantations, rather than systemic injections) and the complexity of optimizing combination therapies (e.g. as alluded in [START_REF] Brabletz | Roadblocks to translational advances on metastasis research[END_REF] about model systems, synergistic toxicities, dosage and schedule).

Integrating the systemic dimension of pre-metastatic niche (pMN) signalling also offers prognostic and preventive opportunities, such as those aimed at analysing whole-TME landscapes [START_REF] Allen | Jekyll and Hyde: The role of the microenvironment on the progression of cancer[END_REF] to predict metastatic outcome, patterns, and response to therapy, or at targeting premetastatic remodelling (J. P. Sleeman, 2012) to hinder potentially irreversible disease progression.

Considering the extent of host involvement in progression to metastasis, some authors suggest to describe cancer as a "systemic" disease (Chen et al., 2015;[START_REF] Fisher | Laboratory and clinical research in breast cancer-a personal adventure: The David A. Karnofsky memorial lecture[END_REF][START_REF] Mareel | Cancer invasion and metastasis: Interacting ecosystems[END_REF]. When dysregulated, certain physiological processes (such as cell migration, epithelial-mesenchymal transition (EMT) or tissue repair) are hijacked to manifest inappropriately in a pathological context [START_REF] Gassmann | The tumor cell-host organ interface in the early onset of metastatic organ colonisation[END_REF][START_REF] Hoon | Molecular mechanisms of metastasis[END_REF][START_REF] Nieto | The epithelial-mesenchymal transition under control: Global programs to regulate epithelial plasticity[END_REF][START_REF] Orr | Tumor-bone interactions in skeletal metastasis[END_REF][START_REF] Tse | Mechanisms of metastasis: Epithelial-to-mesenchymal transition and contribution of tumor microenvironment[END_REF] -which also renders their resolution difficult, as molecular targeting "could potentially cause many unexpected or unwanted complications in vivo" [START_REF] Hill | Interactions between endothelial selectins and cancer cells regulate metastasis[END_REF].

About immunology in particular, inflammatory events have long been included in the description of tumour development and spread. This is apparent since the 1980s [START_REF] Fidler | Biologic heterogeneity of cancer metastases[END_REF][START_REF] Jacob | Spread of prostatic carcinoma to bone[END_REF], and has often been linked to wound healing [START_REF] Ceelen | Surgery, wound healing, and metastasis: Recent insights and clinical implications[END_REF][START_REF] Cheng | Tumors and Their Microenvironments: Tilling the Soil: Commentary re: AM Scott et al., A Phase I Dose-Escalation Study of Sibrotuzumab in Patients with Advanced or Metastatic Fibroblast Activation Protein-positive Cancer[END_REF] and/or to ECM (extracellular matrix)-mediated "interplay between tumor and stromal cells" [START_REF] Lukanidin | Building the niche: The role of the S100 proteins in metastatic growth[END_REF]. It seems that "inflammation" may be all or partially a characteristic, cause and/or consequence of invasive cancer (even a "hallmark" in [START_REF] Allen | Jekyll and Hyde: The role of the microenvironment on the progression of cancer[END_REF][START_REF] Didonato | NF-κB and the link between inflammation and cancer[END_REF]). These options can each impact disease comprehension and management, especially if "inflammation plays a major role in preparing distant sites in the body for colonization by metastatic tumor cells" [START_REF] Chow | Macrophage immunomodulation by breast cancer-derived exosomes requires Toll-like receptor 2-mediated activation of NF-κB[END_REF], and if some of the currently available or novel immune-based diagnostic and therapeutic techniques could include an early control of local and/or systemic inflammation.

Such discussion also points to the possibility of considering additional seed-promoting actors beyond those included in the "soil" (i.e., participating in so-called "fertilisation" events), such as those (discussed below) involved in anticipatory signalling.

When is the "soil" causally important in metastasis?

Paget suggests that soil-dependent causality begins when tumour seeds start interacting with neighbouring stroma once they have arrested in the circulation. Coupled with the reference to tissue "predisposition", this temporal definition of the "soil" may benefit from a revisited analysis in the light of recent advances, in particular those concerning the role and kinetics of pre-metastatic niche (pMN) preparation.

a) How to understand organ "tropism" and soil "preparation"?

The term "organotropism" referring to metastasis specificity was first proposed in the 1980s [START_REF] Benke | Changes in tumor cell adhesiveness affecting speed of dissemination and mode of metastatic growth[END_REF] and extensively used since (notably "osteotropism"), thus suggesting an active role for circulating "seed" in the choice of optimal "soil". This may be an example of misinterpretation when coupled to citing Paget, as the latter seemingly gave more weight to soil properties than to any type of seed determinism. Around the same time, oncologists were also deciphering tumour dormancy, early dissemination and further metastases derived from secondary growths (reviewed in [START_REF] Frost | Clinical implications of metastatic process[END_REF][START_REF] Jacob | Spread of prostatic carcinoma to bone[END_REF]), thus adding complexity to the temporal regulation of site-specific metastasis and to the scope of "soil" development. Exploring the "seed and soil" from a temporal viewpoint seems, therefore, critical.

The 1990s onward came with the discovery of chemo-attraction as a possible mechanism for cancer cell tropism to particular tissues [START_REF] Brabletz | Roadblocks to translational advances on metastasis research[END_REF][START_REF] Strieter | Chemokines: Not just leukocyte chemoattractants in the promotion of cancer[END_REF][START_REF] Vicari | Chemokines in cancer[END_REF] based on the "combination of locally produced chemokines and chemokine receptors expressed on the surface of tumor cells" [START_REF] Shibue | Metastatic colonization: Settlement, adaptation and propagation of tumor cells in a foreign tissue environment[END_REF], alongside an increasing focus on the post-extravasation phase [START_REF] Chambers | Clinical targets for anti-metastasis therapy[END_REF][START_REF] Kuo | Liver colonization competence governs colon cancer metastasis[END_REF][START_REF] Morris | Effects of the disintegrin eristostatin on individual steps of hematogenous metastasis[END_REF][START_REF] Steeg | Targeting metastasis[END_REF]. This may have participated in paving the way for a notable shift to "soil"-oriented research questions [START_REF] Tse | Mechanisms of metastasis: Epithelial-to-mesenchymal transition and contribution of tumor microenvironment[END_REF] and the inclusion of preliminary events happening at the future metastatic site.

Starting in 2000, the authors citing Paget have begun to discuss the relevance of cancer stem cells in metastasis, as well as "niche" typology and the growing evidence for early BMDC (bone marrowderived cells) recruitment. This amounted to the creation of the "pre-metastatic niche" (pMN) concept in 2005 by Kaplan -then frequently cited when discussing Paget's analogy, as an illustration of "soil" prevalence in metastasis causality (Chen et al., 2015;J. P. Sleeman, 2012).

Interestingly, however, Kaplan does not refer to Paget in his founding paper about VEGFR1+ cell mobilization and fibronectin deposition (Kaplan et al., 2005). Most pMN mentions in more recent "seed and soil" citations conceptually associate both ideas: for example (Hirakawa et al., 2007) describes the pMN model as a "new twist" to the seed and soil, while (Psaila & Lyden, 2009) states that the pMN model "builds on Paget's seed and soil hypothesis by suggesting a temporal evolution for the development of the soil […and that] formation of a hospitable microenvironment is essential -not just permissive". Others nevertheless use it as a critique to the "too simplistic" 1889 metaphor (Buijs & van der Pluijm, 2009;J. Kim et al., 2005;[START_REF] Lu | which confirms that conflicting views about the connection between the "seed and soil" and the[END_REF].

In this framework, early niche "preparation" by tumour-derived and host components is described as a considerable transformation of (or addition to) Paget, who is interpreted as having rather concentrated on late interactions between circulating tumour cells and local milieu. Indeed some authors formulate this discrepancy through the novel idea that "'the seed' may be able to prepare the 'soil' even before its arrival" (Buijs & van der Pluijm, 2009), and that the pMN is "unique as it proposes that the primary tumour preconditions specific organ sites for future metastatic disease (that is, before CTC [circulating tumour cell] arrival) via tumour-derived factors" (Peinado et al., 2017). Discussing the relevance of Paget's hypothesis within current models also encourages some authors to imagine new concepts, such as when speculating that "after tumor cells arrive at the pMN, they may further modify the local microenvironment to make it an even more hospitable niche for colonization-the mature metastasis niche (MMN)" [START_REF] Lu | which confirms that conflicting views about the connection between the "seed and soil" and the[END_REF].

b) How does the pMN framework influence our temporal consideration of the "soil"?

The concern for precisely defining the "soil" at distinct steps may also serve practical purposes: both in research and for therapy, the now widely accepted pMN model encourages us to focus on (future) secondary sites early in cancer progression. This may be the case for orthometastatic implantation experiments, where tumour cells are directly implanted into preferential secondary sites [START_REF] Mcmillin | The role of tumour-stromal interactions in modifying drug response: Challenges and opportunities[END_REF], and the growing concern for replacing bolus injection with regular cell streaming dissemination, where pre-metastatic niche formation is allowed [START_REF] Steeg | Targeting metastasis[END_REF].

Another example is the use of bisphosphonates targeting the bone environment in order to modulate pre-metastatic remodelling [START_REF] Chiang | Molecular basis of metastasis[END_REF][START_REF] Conte | Delay in progression of bone metastases in breast cancer patients treated with intravenous pamidronate: Results from a multinational randomized controlled trial. The Aredia Multinational Cooperative Group[END_REF][START_REF] Koeneman | Osteomimetic properties of prostate cancer cells: A hypothesis supporting the predilection of prostate cancer metastasis and growth in the bone environment[END_REF][START_REF] Schneider | Bone turnover mediates preferential localization of prostate cancer in the skeleton[END_REF]. This particular strategy, focused on modifying potentially deleterious tissue remodelling by incoming tumour cells, overtly aims at "rendering the bone a less hospitable environment" (or "less conducive") than its' constitutive characteristics initially pave for metastatic cells [START_REF] Gnant | Direct and indirect anticancer activity of bisphosphonates: A brief review of published literature[END_REF][START_REF] Suva | Bone metastasis: Mechanisms and therapeutic opportunities[END_REF]. In short, "inhibition of stromal progression in metastatic sites as well as the disruption of metastatic niches are possible new approaches to the treatment of metastatic disease" (J. P. Sleeman, 2012).

Moreover, thoroughly accounting for the premature egress of cells, vesicles and molecules from the primary tumour would require highly sensitive detection techniques and systematic analyses of circulating elements at different times. Indeed cancer-secreted exosome content is currently emerging as a promising candidate for biomarker and therapeutic target potential [START_REF] Chow | Macrophage immunomodulation by breast cancer-derived exosomes requires Toll-like receptor 2-mediated activation of NF-κB[END_REF][START_REF] Rak | Extracellular vesicles-biomarkers and effectors of the cellular interactome in cancer[END_REF][START_REF] Steeg | Targeting metastasis[END_REF][START_REF] Syn | Exosome-mediated metastasis: From epithelial-mesenchymal transition to escape from immunosurveillance[END_REF], as they participate to the "crosstalk between the primary tumour and BMDCs, leading to the homing of both cell types to sites of metastasis" [START_REF] Peinado | Melanoma exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype through MET[END_REF].

Alongside these discoveries, it may be interesting to argue that certain organ-specific elements of the metastatic cascade such as recruited BMDCs or signalling exosomes could in turn be exploited for therapeutic targeting of the pMN, through manipulative reprograming (as hinted in [START_REF] Brabletz | Roadblocks to translational advances on metastasis research[END_REF]) or by investing their endogenously inhibitory counterparts (for example (Peinado et al., 2017) wonder whether "non-metastatic tumours, their EVs or secreted factors exert systemic inhibitory effects on tissues to block metastasis").

In line with the practical challenges uncovered by such advances, some conceptually-oriented reviews citing Paget open fruitful inquiries about niche preparation, such as: "Are they newly initiated, or do preexisting 'inducible niches' exist at certain sites?"; "is there diversity between tumour types in their requirement for premetastatic conditioning for dissemination to occur?" (Psaila & Lyden, 2009). The "niche" concept is sometimes also extended to that of cancer stem cells [START_REF] Ferraro | Adult stem cels and their niches[END_REF][START_REF] Vermeulen | Cancer stem cells-Old concepts, new insights[END_REF], of competing haematopoietic stem cells in the bone marrow [START_REF] Ren | Bone metastasis and the metastatic niche[END_REF][START_REF] Shiozawa | Cancer stem cells and their role in metastasis[END_REF], or of vascular environments [START_REF] Clezardin | Bone metastasis: Pathogenesis and therapeutic implications[END_REF][START_REF] Hirakawa | From tumor lymphangiogenesis to lymphvascular niche[END_REF].

Initially, the "soil" was most likely thought as an ensemble of tissue characteristics in their intrinsic form, met by circulating tumour cells during cancer progression. Recent advances in metastasis research now discuss "soil" modification in a pathological context, which means the terrain encountered by migrating cells is different from its physiological form. Indeed "tumour cells do not land in a foreign site and colonize it as it is; instead, they extensively modify the environment, recruiting bone marrow-derived cells and immune cells and activating wound response programmes in the tissue" [START_REF] Steeg | Targeting metastasis[END_REF]. How then should those anticipatory changes be thought relative to the botanical analogy: conceptual evolution, scientific completion, or direct refutation?

Furthermore, Paget argues that the "seed" is strewn broadly and randomly throughout the organism, but that its efficient outgrowth is site-specific. The chemo-attraction "homing" theory, and some elements of the pMN model, however, seem to defend earlier non-randomness, in the possibility of directional cancer cell migration. Nevertheless, this claim also depends on how we define and interpret niche preparation: does it represent an actively attractive site for primary and/or circulating tumour cells, or does its' stromal and immune remodelling render it particularly hospitable for cancer cells that happen to reach it during general dissemination? c) How relevant is the notion of metastatic "predisposition"?

Early 20 th century papers citing Paget mention the idea of metastatic "predisposition of altered tissue" [START_REF] Willis | Metastatic tumours in the thyreoid gland[END_REF], and the notion that "pre-existing abnormalities", such as inflammatory or traumatic conditions, may represent facilitating conditions for cancer development [START_REF] Farrow | The influence of androgenic and estrogenic substances on the serum calcium: In cases of skeletal metastases from mammary cancer[END_REF][START_REF] Fisher | Experimental studies of factors influencing hepatic metastases. II. Effect of partial hepatectomy[END_REF][START_REF] Hartmann | Gastroduodenal metastases from carcinoma of the breast. An adrenal steroid-induced phenomenon[END_REF][START_REF] Roberts | Clinical significance of cancer cells in the circulating blood: Two to five-year survival[END_REF][START_REF] Willis | Metastatic tumours in the thyreoid gland[END_REF]. This concept of growth-activating terrain has since been verified mostly in terms of primary tumorigenesis, whereas

Paget and his first citations concentrate on post-dissemination homing and proliferation.

Starting in the 1990s, metastatic "predisposition" becomes more frequently attributed to the primary tumour or its' invasive cells, with the suggestion that a "pre-defined pattern" of secondary outgrowth may be genetically determined before migration (already present in [START_REF] Nicolson | Tumor metastasis is not due to adaptation of cells to a new organ environment[END_REF]), and potentially linked to the "inherent nature of the tissue origin of a particular tumour" [START_REF] Frost | Clinical implications of metastatic process[END_REF]. This potential misinterpretation (or indirect contradiction) of the "seed and soil" analogy seems to persist well into the 2000s, where tumour cells are said to show tissue "preference", "predilection"

or "propensity", due to the existence of "intrinsic predisposing factors" [START_REF] Gupta | Cancer metastasis: Building a framework[END_REF]) that make them "predestinated to establish metastases in specific organs already at the initial stages of tumor development", sometimes linked to a "sufficient" effect of the primary microenvironment [START_REF] Książkiewicz | Epithelial-mesenchymal transition: A hallmark in metastasis formation linking circulating tumor cells and cancer stem cells[END_REF]. These allegations contrast with rarer comments about the "predisposition of congenial soil" [START_REF] Cheng | Tumors and Their Microenvironments: Tilling the Soil: Commentary re: AM Scott et al., A Phase I Dose-Escalation Study of Sibrotuzumab in Patients with Advanced or Metastatic Fibroblast Activation Protein-positive Cancer[END_REF] or of "certain body sites or organs" [START_REF] Brabletz | Roadblocks to translational advances on metastasis research[END_REF][START_REF] Jiang | Tissue invasion and metastasis: Molecular, biological and clinical perspectives[END_REF][START_REF] Koumoutsakos | The fluid mechanics of cancer and its therapy[END_REF] .

Although initially presented as "non-random", cancer spread increasingly takes on the term "organspecific" and/or site-"selective", as metastatic growth is said to depend on "organ-specific cytokines/growth factors and organ-specific endothelial cells" [START_REF] Fidler | Chemotherapeutic drugs-More really is not better[END_REF]. The incentive here may also be to criticize the biased definition of metastasis focused on the "evidence of the endpoint of the process", while arguing that the "concept that certain tumors "go" to specific target organs thus should more properly be replaced with the concept that certain tumors "grow" in specific target organs" [START_REF] Chambers | Clinical targets for anti-metastasis therapy[END_REF].

Asking the question of "who is predisposed?" in metastasis (seed, soil, or beyond?) thus invites us to balance primary tumour cell and secondary organ -centric investigations. In particular, enlarging the notion of "predisposition" to potentially future metastatic sites means that the physiological landscape and history of a given organ may contribute to its' susceptibility (e.g. when considering tissue fibrosis in [START_REF] Cox | Molecular pathways: Connecting fibrosis and solid tumor metastasis[END_REF]). Enlarging it to the cancer patient as a whole encourages us to consider individual background and pathologies when assessing metastatic risk.

Conceptually, niche preparation and organ predisposition are strongly (perhaps causally) linked.

Indeed, in the framework of stromal and/or immune "fertilisation" of the pre-metastatic soil, a future secondary site may be either "basally" predisposed (in terms of intrinsic tissue properties), predisposed in the particular context of cancer (as host-level changes start early), or predisposed to welcoming the "intermediate" agents that participate to pro-metastatic remodelling (i.e., particularly receptive to recruited pMN actors).

How does the soil qualify as "fertile" for seed development?

According to Paget, a given organ environment must be "congenial" to the growth of tumour cells for it to be eligible as metastatic "soil". This raises the question of how to consider and characterise terrains that would, in contrast, be potentially "uncultivable". This may apply to initial sites (perhaps certain primary soils are "preventive" in that they make cancer cell growth impossible or at least extremely unlikely) as well as distant tissues (perhaps certain secondary soils are "inhibitory" in that they can never or rarely be invaded by metastases).

a) Why should we care about unaffected tissues?

Paget and early followers show interest in non-metastatic sites, considered as "resistant" to tumour growth and possibly endowed with physiological suppressive capacities. For example [START_REF] Horak | Analysis of organ-specific effects on metastatic tumor formation by studies in vitro[END_REF] hypothesize that "normal organs can usually suppress the formation of tumor metastases" while [START_REF] Parks | Brief communication: Organ-specific metastasis of a transplantable reticulum cell sarcoma[END_REF] suggests that "cells emigrate more readily from a non-preferred site", and [START_REF] Weiss | Haematogenous metastastic patterns in colonic carcinoma: An analysis of 1541 necropsies[END_REF] writes about a "non-specific 'soil' effect" when describing generally spared tissues. Coman himself even describes them as an "unfavourable soil" for migrating cells [START_REF] Coman | Factors Affecting the Distribution of Tumor Metastases Experiments with V2 Carcinoma of Rabbits[END_REF]. In the 1980s, authors citing Paget still seem to care about the apparent "exclusion" of certain sites (S. C. [START_REF] Jacob | Spread of prostatic carcinoma to bone[END_REF], and some mention the intriguing case of cancer patients who do not develop metastases [START_REF] Tarin | Clinicopathological observations on metastasis in man studied in patients treated with peritoneovenous shunts[END_REF].

Starting in the 1990s, "resistance" to metastasis per se seemingly becomes rarely addressed. Authors insist on metastatic "inefficiency" [START_REF] Bielenberg | The contribution of angiogenesis to the process of metastasis[END_REF][START_REF] Budczies | The landscape of metastatic progression patterns across major human cancers[END_REF][START_REF] Eichler | The biology of brain metastases-Translation to new therapies[END_REF][START_REF] Hill | Interactions between endothelial selectins and cancer cells regulate metastasis[END_REF][START_REF] Lokeshwar | MMP inhibition in prostate cancer[END_REF][START_REF] Patel | Mechanisms of cancer cell metastasis to the bone: A multistep process[END_REF][START_REF] Weiss | Haematogenous metastastic patterns in colonic carcinoma: An analysis of 1541 necropsies[END_REF][START_REF] Witzel | Breast cancer brain metastases: Biology and new clinical perspectives[END_REF][START_REF] Zetter | The cellular basis of site-specific tumor metastasis[END_REF] found in the late steps of progression, to account for the possible absence of secondary outgrowth despite substantial exit from the primary site and further lodgement at various destinations [START_REF] Doerr | Clonal growth of tumors on tissuespecific biomatrices and correlation with organ site specificity of metastases[END_REF][START_REF] Horak | Analysis of organ-specific effects on metastatic tumor formation by studies in vitro[END_REF][START_REF] Jacob | Osteonectin promotes prostate cancer cell migration and invasion: A possible mechanism for metastasis to bone[END_REF]. Although very interesting, this phenomenon is supposed to apply to all organs, thus forgetting the distinction between favourable and resistant sites.

From 2000 onward, the soil is seldom described as "non-permissive", although some authors do mention growth-inhibiting "microenvironmental conditions in metastasis-free organs" [START_REF] Suzuki | Dormant cancer cells retrieved from metastasis-free organs regain tumorigenic and metastatic potency[END_REF] and the idea that "normal tissue microenvironment is not permissive for the growth of altered cells" [START_REF] Laconi | The evolving concept of tumor microenvironments[END_REF] or that distant sites may be hostile if too different from the primary milieu (Mowers et al., 2017;[START_REF] Shibue | Metastatic colonization: Settlement, adaptation and propagation of tumor cells in a foreign tissue environment[END_REF][START_REF] Yilmaz | Distinct mechanisms of tumor invasion and metastasis[END_REF]. Discoveries about pre-metastatic niches and specificity may also reignite the proposal to better characterise growth-suppressive environments in areas showing intra-organ heterogeneity for metastatic deposition [START_REF] Patel | Mechanisms of cancer cell metastasis to the bone: A multistep process[END_REF]Peinado et al., 2017;J. P. Sleeman, 2012).

Furthermore some post-2010 references actually suggest that the notion of established "metastatic niche" is distinct from that of pMN, as "additional microenvironmental remodeling may be required once a DTC [disseminated tumour cell] has become established in situ to convert either the endogenous organ microenvironment or a partially remodeled pre-metastatic niche into a fully competent outgrowth-supporting metastatic niche" (J. P. Sleeman, 2012). Here "in contrast to the metastatic niche, which is initiated and shaped upon CTC [circulating tumour cell] arrival, the pMN represents an abnormal, tumour growth-favouring microenvironment devoid of cancer cells" (Peinado et al., 2017). Conversely, could we also propose to define "basal niches", where potentially endogenous tissue properties may favour or prevent metastasis independent of anticipatory signalling?

If the existence of so-called uncultivable soils was to be verified, this may significantly contribute to reshaping certain research protocols and some aspects of patient management or diagnosis, through better "understanding how cancer cells in some organs fail to make metastases when cells from the same tumor succeed in other organs in the same host" [START_REF] Suzuki | Dormant cancer cells retrieved from metastasis-free organs regain tumorigenic and metastatic potency[END_REF].

For example, in experiments based on animal models of cancer, it may be interesting to monitor nonmetastatic organs in parallel to metastatic ones, in order to assess possible resistance mechanisms and/or altered response to pMN-related "fertilisation" attempts. The initial working question of why certain sites are metastatic would thus be reversed to that of why others are not, i.e., what does not happen or happens differently there that could help explain organ tropism?

The overarching goal and clinical translation may then become those of rendering certain sites "undesirable" for tumour growth or enhancing metastasis inefficiency (e.g. as alluded in [START_REF] Blansfield | Combining agents that target the tumor microenvironment improves the efficacy of anticancer therapy[END_REF][START_REF] Cox | Molecular pathways: Connecting fibrosis and solid tumor metastasis[END_REF][START_REF] Gavrilovic | Brain metastases: Epidemiology and pathophysiology[END_REF]).

Depending on where and when we place our interest for unaffected tissues, "preventive" primary soil or "inhibitor" secondary could be conceptualised, and this may have important consequences when thinking about causality in cancer progression. For example, increasing our consideration of normal tissue development and maintenance might help understand how "the local microenvironment provides extrinsic barriers that are evolutionarily conserved to preserve normal tissue structure and function" [START_REF] Gupta | Cancer metastasis: Building a framework[END_REF].

It might also be fruitful to reconsider the universal description of "seed affinity for soil". Various authors citing Paget insist on the reciprocity of interactions between tumour cells and metastatic environment [START_REF] Condon | The role of the stromal microenvironment in prostate cancer[END_REF][START_REF] Yoneda | Crosstalk between cancer cells and bone microenvironment in bone metastasis[END_REF], consider the effect of cancer cells on the metastatic tissue [START_REF] Fitzgerald | Reactive glia are recruited by highly proliferative brain metastases of breast cancer and promote tumor cell colonization[END_REF], and describe seed adaptation to [START_REF] Gavrilovic | Brain metastases: Epidemiology and pathophysiology[END_REF] or effect on [START_REF] Beacham | Stromagenesis: The changing face of fibroblastic microenvironments during tumor progression[END_REF] soil. Once again, our historical enquiry leads us to suggest potential research avenues for current biology and medicine -that may have been neglected but could prove to be very fruitful. To go further here for instance, could we attempt to reverse the question towards studying the affinity of a given soil for different types of seed (cancerous or not), in order to better account for "soil susceptibility" to pathology in a particular host-level context?

b) What are the implications for prevention and prediction of metastasis? Some of the early papers citing Paget discuss the fact that soil (un)congeniality directly depends on the "nature of host factors" [START_REF] Fidler | Rationale and methods for the use of nude mice to study the biology and therapy of human cancer metastasis[END_REF], and that the organism as a whole is changed by the tumoral context. Together, these ideas suggest the possibility of defining the "soil" at the level of the whole organism. Although this broad definition of host-level "soil" seems to lose mention and/or recognition later on, it may still be relevant today, indeed partly relating to our previous comments about the notion of patient-dependent "basal" or "physiological" terrain and predispositions.

Starting around 1990, the majority of articles that include clinical perspectives suggest that it would be crucial to focus on "early diagnosis" and/or "predictive markers" of metastasis [START_REF] Zetter | The cellular basis of site-specific tumor metastasis[END_REF].

Authors then build on some examples and suggestions to illustrate this incentive, such as the search for immune, biochemical or histological patterns in potential niches. For instance (Psaila & Lyden, 2009) propose that "immunohistological features of the premetastatic niche such as myeloid cell clusters, activated fibroblasts or stromal fibronectin may be used to identify a propensity to develop metastatic disease earlier than current prognostic techniques", and more generally (J. P. Sleeman, 2012) suggests that "by monitoring processes that foster the formation of metastatic niches, it may be possible to identify new and powerful biomarkers that allow metastatic progression to be detected before overt metastasis form".

Taken together, these thoughts about organ-dependent susceptibility and patient uniqueness may serve to revise certain classification methods for cancer types and patient groups. Could some of these, for example, shift from a primary tumour-based nomenclature to one relying on metastatic:

-location (type of secondary tissue or organ),

-distribution (distinguishing multi-organ from organ-specific colonisation, e.g. in [START_REF] Steeg | Targeting metastasis[END_REF] about chemokine expression patterns),

-character (structural relationship with new environment)

-and/or kinetic (timing and order of appearance, e.g. as proposed in (Morgan-Parkes, 1995))?

In parallel, it could be interesting to revisit the trending idea that tumour cells encountering an unfamiliar microenvironment seek to re-construct stromal and histological characteristics of the primary site by adapting their local behaviour (present in [START_REF] Budczies | The landscape of metastatic progression patterns across major human cancers[END_REF][START_REF] Horak | Analysis of organ-specific effects on metastatic tumor formation by studies in vitro[END_REF][START_REF] Sargent | Growth Regulation of Cancer Metastases by Their Host Organ[END_REF]). Rather, how to explain the apparent niche remodelling conducted by early disseminating cancer cells? (J. P. Sleeman, 2012) for example suggests that "one of the most important functions of metastatic niche formation is to foster the formation of an inflammatory microenvironment that recapitulates the tumor-stroma interactions that drive primary tumor growth".

Of note, thinking about metastasis specificity at the level of the organism and with some consideration of unaffected organs opens the reflection to potentially fruitful connections with similar directional processes occurring in other diseases. Reminiscent of Paget's comment about the common "dependence of the seed upon the soil" in various pathologies, parallels can be made for example with abnormal cell dissemination in endometriosis, organotropic colonisation and replication of certain viruses [START_REF] Tarin | Cell and tissue interactions in carcinogenesis and metastasis and their clinical significance[END_REF] or tissue-specific fibrosis in chronic inflammation [START_REF] Książkiewicz | Epithelial-mesenchymal transition: A hallmark in metastasis formation linking circulating tumor cells and cancer stem cells[END_REF].

Ideally, such reflections on the role and nature of the "soil" may inspire more clinically-oriented perspectives (to build with other scientists, medical doctors and philosophers) on metastasis prediction and prevention. Based on a patient's (and maybe some of his or her organs'?) background, history and co-morbidities, it would be very useful to be able to refer to a set of criteria predicting the potential occurrence of metastasis at certain sites, with the aim to diagnose early and to define adapted spatiotemporal targets accordingly.

For instance about pMN formation, (Peinado et al., 2017) suggest that "there are other tumourindependent pathological and physiological processes involved, such as the effects of surgery, infection and ageing (that is, the ageing bone marrow), which alter the local milieu and help to create a microenvironment that is sufficiently receptive to colonization by CTCs".

In particular, individual pathology (such as chronic inflammation or tissue trauma) and/or disease history (e.g., other organ-specific affections or previous suffering) could indeed participate to, and serve, patient-level predictions about metastatic development.

Discussion:

To conclude, our general aim, incidentally underlying both Paget's work and current research on metastasis, is to better understand organ specificity (and eventually, patient susceptibility). Through the bibliographical analysis of references to the "seed and soil", we worked to demonstrate that the way Paget presented and investigated this question in 1889 is still operative today. Let's discuss our main conclusions on "seed and soil" heritage, the relevance of such historical work, and potential caveats and perspectives.

i) Main conclusions on "seed and soil" heritage

To recapitulate our observations on Paget's citations and their evolution, it is clear that the "seed and soil" has undergone revived interest from the 1980s (with the success of cellular investigations and a shift from mechanical hypotheses), followed by sustained growth of references, which include some proposals for revisiting the analogy in the light of contemporaneous discoveries (e.g., on tumour cell dormancy, stemness, or early crosstalk with distant sites).

From analysing the chronology and typology of citations, we found that Paget's proposal has been validated and recognised as a major reference and milestone in cancer research. Nevertheless, many authors have either overlooked, misinterpreted or seemingly contradicted the initial meaning of the "seed and soil" analogy -for example with an extension to the role of the primary TME, the generalisation to host/tumour interactions, or a focus on cancer cell deterministic "tropism".

As a whole, choosing Paget's thesis as a framework for our bibliographical and conceptual analysis of metastasis specificity amounted to a thorough investigation of where, when and how to define the "soil", thus generating fruitful discussion of experimental and clinical implications.

ii) Relevance of historical analysis and novel avenues Following this detailed exploration of Paget's work and heritage, we feel that the key notions uncovered by our analysis are those of basal soil, tissue predisposition and resistance to metastasis.

Hence to conclude this section, we explain what these ideas mean and why they seem central to us.

Asking the "where" question opens the scope of seed/soil interactions beyond the local metastatic environment (e.g., role of the circulatory milieu and factors involved in tumour cell arrest), and it reinforces the importance of host-level considerations when investigating metastasis causality and specificity. We propose the notion of basal soil as an ensemble of characteristics potentially defined at different spatial levels (tissular to systemic) and accounting for the particularities of a given organism in its susceptibility to cancer development, response to primary tumorigenesis and management of metastatic progression. This "intrinsic" soil may later be transformed by tumoral context and progression, which may reshape its pro-or anti-metastatic properties.

Asking the "when" question encourages careful examination of early signalling triggered by disease onset, as the future metastatic "soil" is extensively modified by primary tumour -derived messengers and their subsequent mobilisation of host components (notably involved in the preparation of premetastatic niches before cancer cell settlement). Here, the notion of soil predisposition (often restricted to that of the "seed" by authors citing Paget) may contribute to the ongoing (and crucial) shift towards early analysis and targeting of pre-metastatic remodelling and its regulation.

Asking the "how" question requires to study unaffected sites for their resistance to metastasis: this recalls Paget's forgotten notion of non-metastatic "soil", and motivates a reversed investigation directed towards deciphering the mechanisms responsible for avoidance or delay of metastasis (be they endogenous or shaped by the tumoral context), which may also lead to rethinking organ specificity both in terms of susceptibility and hostility to metastasis. We may also define different types of soil "resistance", for instance by distinguishing "natural" (inherent) and "acquired" (e.g., via immune-mediated mechanisms) kinds.

We propose some examples of novel avenues suggested by our re-examination of Paget's hypothesis:

-Practical implications: using the same experimental question or technique redirected For instance, there possibly exists a conceptual tension between the initial meaning of the "seed and soil" and our current understanding of pre-metastatic processes and niche construction, in particular concerning the early timing and long reach of seed/soil communication and compatibility. Given this revision, we may then ask when and how (possibly via immune-mediated mechanisms) the soil becomes fertile or resistant, which contrasts with Paget's consideration of "static" and/or "constitutive" soil.

Another inquiry may be, should "seed" and "soil" be defined only in a metastatic context? This is a very open question, and possibly too large, but such discussion could include trying to pinpoint the concepts of pre-existent inducible or suppressive niches, and of non-tumoral disseminating entities.

Furthermore, are there supplementary actors (beyond the "seed" and the "soil") necessary for metastatic "success" (such as, for example, immune components)? One example could be the notion of "fertilisers" (possibly complemented with that of "pollination"?) and their potential activity or effect on both soil (e.g., extracellular matrix remodelling, establishment of a growth-enhancing milieu, interaction with stromal cells) and seed (e.g. protective in circulation, aiding migration and arrest, local cell contact and chemoattraction).

C) Transition to scientific project

To conclude on this historical report, metastasis is to be understood as both a temporal and a spatial process. In this framework, the "seed and soil" analogy is particularly useful to capture these two aspects at once, and its heritage invites us to question the purely "intrinsic" view of cancer by placing the microenvironmental "soil" at the centre of investigations. Paget's proposal may act as a valid resource-concept, that has undergone various reinterpretations after its suggestion (and depending on the research question). At the very least, the "seed and soil" concept remains useful as a critical tool and reminder of multifactorial causality in metastasis, notably in terms of better analysing and understanding secondary organ specificity.

In particular, the immune system, although not central as such in Paget's analysis, has proven to be a crucial element in the "revival" of the hypothesis since the 1970s, and its importance in metastatic progression and tropism has continued to strengthen.

This opens interesting questions about immune involvement in cancer progression, including:

-Do these factors systematically (and/or necessarily) participate to metastasis, and if so how?

-How do they (in)directly contribute to the preparation and/or specificity of secondary sites?

-How do they differentially behave and interact according to the spatiotemporal context?

We propose to complement this historical and conceptual examination with an experimental approach using a mouse model of lung-metastatic breast cancer, where a particular subpopulation of suppressive myeloid cells may orchestrate an early immune "fertilisation" of the "soil".

Our case-study on the characteristics and plasticity of immunosuppressive myeloid cells (known as protumoral and participating in the premetastatic niche), inspired by our analysis of Paget's heritage in the scientific literature, aims to conduct host-level analyses starting at early timepoints and including several tissues, in order to best access the complex factors involved in anticipatory signalling.

CHAPTER 2: EXPERIMENTAL WORK

A) Presentation of myeloid suppressive cells

The immunosuppressive myeloid landscape occurring in cancer hosts is extremely heterogeneous, being composed of many cell subpopulations at different stages of differentiation. These include tumour-associated macrophages (TAMs), tumour-associated neutrophils (TANs), tolerogenic dendritic cells (tDCs) and widely studied "myeloid-derived suppressor cells" (MDSCs), a term encompassing morphologically, phenotypically and functionally highly heterogeneous subsets of immature myeloid cells blocked at early stages of differentiation (Gabrilovich et al., 2012). In certain pathological contexts such as cancer, they accumulate in the blood and lymphoid, tumoral and metastatic tissues from early time points in disease evolution (Veglia et al., 2021).

They have been studied in human samples and preclinical animal models for their role in cancer progression and escape from immune surveillance, since they are able to inhibit innate and adaptive anti-tumoral responses, while also demonstrating pro-angiogenic, pro-invasive and pro-migratory activities. These cells sign poor clinical outcome and hinder immunotherapeutic efficiency. Considering such properties and their early recruitment at future metastatic sites, they may also actively participate to pre-metastatic niche preparation. As suggested above, this can be interpreted as an early immune fertilisation of the "soil", making it more hospitable to metastatic cells.

i. Typology and mobilisation

In general, myeloid suppressive cells can be subdivided into two subpopulations: polymorphonuclear or granulocytic MDSCs (PMN-or G-MDSCs) have phenotypic and morphological characteristics similar to neutrophils, and monocytic MDSCs (M-MDSCs) are more similar to monocytes [START_REF] Gabrilovich | Myeloid-derived suppressor cells[END_REF].

In mice, PMN-MDSCs are identified by a CD11b + Ly6G + Ly6C low phenotype, whereas M-MDSC are CD11b + Ly6G -Ly6C high (Ly6G and Ly6C being membrane molecules forming the Gr1 marker, expressed on monocytes, neutrophils, some macrophages and dendritic cells). In humans, PMN-MDSC are defined by the CD14 -CD11b + CD15 + (or CD66 + ) phenotype, and M-MDSC by CD14 + CD11b + CD15 -HLA-DR -/low [START_REF] Gabrilovich | Myeloid-derived suppressor cells[END_REF]. Of note, recent data (in particular from single cell RNA sequencing) has questioned the relevance of the term "MDSC" itself, as our understanding of the myeloid landscape becomes more complex (Hegde et al., 2021). For instance the very nature of PMN-MDSCs may considerably overlap with suppressive TANs (tumour-associated neutrophils), and certain features of M-MDSCs closely resemble that of TAMs (tumour-associated macrophages).

Driven by tumour-produced factors, these cells of marrow origin accumulate in the tumour microenvironment (TME), secondary lymphoid organs and blood [START_REF] Veglia | Myeloid-derived suppressor cells coming of age[END_REF][START_REF] Zhang | The role of myeloid-derived suppressor cells in patients with solid tumors: A meta-analysis[END_REF]. This mobilisation depends on two groups of signals. The first is responsible for the expansion of immature myeloid cells, via stimulation of myelopoiesis by tumour-derived factors such as granulocyte/monocyte colony stimulating factors GM-, G-and M-CSF [START_REF] Marvel | Myeloid-derived suppressor cells in the tumor microenvironment: Expect the unexpected[END_REF].

The second involves several cytokines produced within the tumour microenvironment (such as interleukins IL6, IL1β, IL13, IL4 or tumour-necrosis factor TNFα), leading to a blockage of the terminal differentiation of these cells into pro-inflammatory neutrophils and monocytes, and a stimulation of their immunosuppressive activity [START_REF] Gabrilovich | Myeloid-derived suppressor cells[END_REF].

Myeloid suppressive cells have various pro-tumoral functions. As their name indicates, they exert an immunosuppressive activity toward anti-tumoral immune cells; and they are also endowed with "nonimmunological" characteristics (not directly linked to immune cell interactions) such as pro-angiogenic and pro-metastatic activities (Figure 8). ii.

Immunosuppressive properties

The immunosuppressive activity of these cells leads to the inhibition of anti-tumour immune responses and relies in part on the production of immunosuppressive enzymes that deprive the environment of nutrients, such as IDO (Indoleamine 2,3-Dioxygenase) or arginase, which are responsible for the depletion of tryptophan and arginine (respectively), essential for the activation and effector functions of T lymphocytes [START_REF] Ochoa | Arginase, prostaglandins, and myeloid-derived suppressor cells in renal cell carcinoma[END_REF] (Figure 9a).

Myeloid suppressive cells can also produce NO (nitric oxide) via the expression of iNOS (inducible Nitric

Oxide Synthase), or superoxide and other reactive oxygen species (ROS) [START_REF] Gabrilovich | Myeloid-derived suppressor cells[END_REF][START_REF] Wu | Oleate but not stearate induces the regulatory phenotype of myeloid suppressor cells[END_REF]. These molecules are also capable of acting synergistically, as their combination generates peroxynitrite (PNT) which inhibits T cells by interacting with the T cell receptor (TCR) [START_REF] Marvel | Myeloid-derived suppressor cells in the tumor microenvironment: Expect the unexpected[END_REF][START_REF] Molon | Chemokine nitration prevents intratumoral infiltration of antigenspecific T cells[END_REF].

In addition, MDSCs exert their immunosuppressive function by producing immune-inhibitory factors such as IL10 or TGFβ [START_REF] Gabrilovich | Myeloid-derived suppressor cells[END_REF][START_REF] Marvel | Myeloid-derived suppressor cells in the tumor microenvironment: Expect the unexpected[END_REF] (Figure 9b). They can also express ligands to certain death receptors such as Fas-ligand or pro-apoptotic factors such as perforins (which cause the death of activated T cells), and they are able to induce pro-tumoral, immunosuppressive, regulatory T cells from naive T lymphocytes [START_REF] Zhou | Myeloid STAT3 promotes lung tumorigenesis by transforming tumor immunosurveillance into tumor-promoting inflammation[END_REF]. iii.

Non-immunological roles

In addition to their direct roles in the control of antitumor immunity and in the mechanisms of cancer immune escape, myeloid suppressive cells appear as multitasking cells equipped with multiple additional tumour-promoting activities. Indeed, they stimulate neo-angiogenesis and tumour microenvironment remodelling through the production of VEGF (vascular endothelial growth factor), βFGF (fibroblast growth factor) and MMP8/9, factors that allow vascularization and expansion of the primary tumour [START_REF] Veglia | Myeloid-derived suppressor cells coming of age[END_REF].

Furthermore, the stimulation of the metastatic process occurs via several mechanisms. Importantly, myeloid suppressive cells have been shown to promote the epithelial-mesenchymal transition (EMT) of tumour cells (essential for their systemic dissemination) through the production of growth factors TGFβ (Ishay-Ronen et al., 2019), EGF, HGF [START_REF] Toh | Mesenchymal transition and dissemination of cancer cells is driven by myeloid-derived suppressor cells infiltrating the primary tumor[END_REF], and IL6 [START_REF] Oh | A mutual activation loop between breast cancer cells and myeloid-derived suppressor cells facilitates spontaneous metastasis through IL-6 trans-signaling in a murine model[END_REF]. Myeloid suppressive cells also play a crucial role in blood vessel intravasation then extravasation at distant sites by invasive cancer cells, as well as in direct interactions with CTCs (neutrophils and PMN-MDSCs may associate with them as heterophilic clusters, thus protecting them from shear pressure and immune attack in the bloodstream) (Szczerba et al., 2019).

Finally, they participate to the "preparation" of distant organs for the arrival of metastatic tumour cells [START_REF] Gabrilovich | Myeloid-derived suppressor cells[END_REF][START_REF] Marvel | Myeloid-derived suppressor cells in the tumor microenvironment: Expect the unexpected[END_REF].

iv. Metabolism

The involvement of energy metabolism in the control of immune cell functions has been demonstrated quite recently [START_REF] Wegiel | Metabolic switch in the tumor microenvironment determines immune responses to anti-cancer therapy[END_REF]. In this context, the metabolic characteristics of myeloid cells and their suppressive activity are tightly linked, as metabolic pathways control energy levels and nutrient consumption, thus directly impacting protein and metabolite production, and influencing extracellular communication. Indeed, inhibitors of different types of energy pathways (glycolysis, β-oxidation or mitochondrial respiration) such as metformin (Uehara et al., 2019), rapamycin [START_REF] Deng | MTOR-mediated glycolysis contributes to the enhanced suppressive function of murine tumor-infiltrating monocytic myeloid-derived suppressor cells[END_REF][START_REF] Wu | MTOR masters monocytic myeloid-derived suppressor cells in mice with allografts or tumors[END_REF] or etomoxir (Hossain et al., 2015) can impact myeloid suppressive function.

However, it should be noted that these agents, while targeting the metabolism and activity of myeloid suppressive cells, also have effects on other cell types (including cancer cells themselves). These data suggest that targeting the metabolism of myeloid suppressive cells may be a promising therapeutic approach to complement current therapies. The links between energy metabolism and the different pro-tumour functions (immunosuppressive, pro-metastatic, pro-angiogenic) of myeloid suppressive cells remain to be clarified and have not been extensively explored so far.

v. Experimental project

The accumulation of suppressive myeloid cells in a tumour context is now well documented in animal models and in humans, but the kinetics of appearance of these cells in different organs, and particularly in pre-metastatic sites over the course of tumour development, remains poorly understood. Moreover, the energy metabolism of these cells seems to impact their pro-tumour functions, but its spatiotemporal evolution (modification over time, metabolic differences between MDSCs present in different tissues) remains poorly studied. Similarly, although the possibility that tumour-induced, tumour-promoting myeloid cells may promote the EMT and cancer stemness, the role of distinct dedicated subsets over time and depending on their location has never been evaluated.

Given these questions and background, we sought to complete three main objectives, based on an experimental model of lung-metastasising breast cancer (murine 4T1 cell line) known to show early and specific accumulation of myeloid suppressive cells in lymphoid and (pre)-metastatic organs (Alizadeh et al., 2014), in order to better understand their context-dependent characteristics, plasticity and role in metastatic tropism and pMN preparation:

- 

Introduction

Multiple populations of immune cells contribute to the complex immunosuppressive networks that allow tumours to escape from immune detection and elimination, among which are cells of the myeloid lineage play a central role [START_REF] Binnewies | Understanding the tumor immune microenvironment (TIME) for effective therapy[END_REF]. Induced by soluble or membrane-bound tumour-derived factors and endowed with the capability to suppress innate and adaptive immunity these tumourpromoting myeloid cells accumulate in primary tumour beds, secondary lymphoid tissues, blood and at the pre-and post-metastatic sites [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF]. This immunosuppressive myeloid landscape occurring in cancer hosts is extremely heterogeneous, being composed of many cell subpopulations at different stages of differentiation. These include tumour-associated macrophages (TAMs), tumourassociated neutrophils (TANs), tolerogenic dendritic cells (tDCs) and widely studied "myeloidderived suppressor cells" (MDSCs), a term encompassing morphologically, phenotypically and functionally highly heterogeneous subsets of immature myeloid cells blocked at early stages of differentiation [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF].

It is noteworthy that the heterogeneous nature and high degree of plasticity of these myeloid cells, with some likely phenotypical and functional overlaps between subsets, remain a major challenge in the field, preventing the unequivocal identification of distinct subpopulations ( [START_REF] Hegde | MDSC: Markers, development, states, and unaddressed complexity[END_REF][START_REF] Veglia | Analysis of classical neutrophils and polymorphonuclear myeloid-derived suppressor cells in cancer patients and tumor-bearing mice[END_REF] and Blaye et al, submitted manuscript). Importantly, increased frequency of immunosuppressive myeloid cells correlates with a negative prognostic and with tumour progression in patients with many types of cancer [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF][START_REF] Hegde | MDSC: Markers, development, states, and unaddressed complexity[END_REF][START_REF] Kiss | Myeloid cell heterogeneity in cancer: not a single cell alike[END_REF].

Functionally described and identified by their cardinal immunosuppressive activities, enabling them to suppress most immune effectors, including anti-tumoral CD4 + T helper cells, CD8 + cytotoxic T lymphocytes or NK cells, these cells thus represent major impediments for immune-based interventions, while their elimination and/or inactivation/reprogramming foster responses to immunotherapies [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF][START_REF] Alizadeh | Chemotherapeutic Targeting of Cancer-Induced Immunosuppressive Cells[END_REF][START_REF] Alizadeh | Doxorubicin eliminates myeloid-derived suppressor cells and enhances the efficacy of adoptive T-cell transfer in breast cancer[END_REF][START_REF] Zhang | Tumor-associated macrophages correlate with phenomenon of epithelial-mesenchymal transition and contribute to poor prognosis in triplenegative breast cancer patients[END_REF][START_REF] Law | Myeloid-Derived Suppressor Cells as a Therapeutic Target for Cancer[END_REF].

Beyond their critical role in tumour immune escape, many subpopulations of immunosuppressive myeloid cells are also equipped with a wide variety of "immune-unrelated" tumour-promoting functions, making them very versatile cell types. Indeed, many such myeloid subsets can directly promote primary tumour cell survival and proliferation, foster tumour neoangiogenesis, participate to local tissue invasion by cancer cells and enhance cancer metastasis. The role of cancer-induced myeloid cells in resistance to chemotherapy, radiotherapy as well as endocrine therapy has also been described ((8, 10-15), Blaye et al, submitted).

The phenotype, functions, roles and underlying mechanisms of induction, recruitment and tumourpromoting activities of myeloid suppressive cells associated with tumours have mainly been explored at terminal and limited endpoints, but scarcer information is available on the spatiotemporal dynamics of distinct myeloid subset mobilization. The current study defines differential recruitment kinetics of three distinct subsets of myeloid cells endowed with different immunosuppressive abilities (monocytic, CD45 + CD11b + CD11c -Ly6G -Ly6C high ; granulocytic Ga, CD45 + CD11b + CD11c -Ly6G + Ly6C -and Gb, CD45 + CD11b + CD11c -Ly6G + Ly6C int ) in different tissues (spleen, blood, primary tumour, pre-and post-metastatic lungs, non-metastatic liver) in the mouse 4T1 breast cancer model.

Our study particularly highlights an initial recruitment of the Gb subset in the pre-metastatic lungs, before seeding of cancer cells, and then the accumulation of cells of the Ga subset. These early arriving granulocytic myeloid cells could represent major instances of the long-sought "fertilizers"( 16) believed to make a secondary "soil" prone to subsequent invasion by metastatic cells, contributing to explain Paget's venerable observations about organotropism [START_REF] Paget | The distribution of secondary growths in cancer of the breast. 1889[END_REF] by the immunological transformation of the future metastatic organ [START_REF] Gupta | Cancer metastasis: building a framework[END_REF]. Our obtained data also provide insights into the metabolic and lipidomic profile of these tumour-induced myeloid subsets using MALDI mass spectrometry imaging. Additionally, we determined that these three distinct subsets of tumour-induced myeloid suppressive cells promote cancer stemness, with however a different efficacy depending on tumour stage and tissue location.

Material and Methods

Animals and tumour cell lines

Six to eight week-old Balb/c female mice were purchased from Charles River Laboratory. Mice (800,000 cells per mouse). Mice were euthanized and tumours, spleens, livers, blood and lungs were harvested [START_REF] Veglia | Analysis of classical neutrophils and polymorphonuclear myeloid-derived suppressor cells in cancer patients and tumor-bearing mice[END_REF][START_REF] Alizadeh | Doxorubicin eliminates myeloid-derived suppressor cells and enhances the efficacy of adoptive T-cell transfer in breast cancer[END_REF][START_REF] Schmid | Myeloid cells in the tumor microenvironment: modulation of tumor angiogenesis and tumor inflammation[END_REF][START_REF] Qian | Macrophage diversity enhances tumor progression and metastasis[END_REF][START_REF] Gupta | Cancer metastasis: building a framework[END_REF] or 21 days after tumour cell inoculation for further analysis.

Bioluminescence imaging

Tumour-bearing animals were injected intraperitoneally with D-luciferin (Xenolight D-Luciferin Potassium salt from Perkin-Elmer, 150mg/kg resuspended in PBS) for primary tumour visualization in live mice. Mice were anesthetized using isoflurane (1.5 L/min oxygen with 5% isoflurane, 50% O2 and 50% air) on a heating pad and kept in an induction chamber (2% isoflurane).

Images were captured with a photonIMAGER TM (RT Biospace lab, France). Light emission was measured over an integration time of 1 minute, 20 minutes after injection of luciferin. Luciferase activity was analysed using the M3Vision Software to quantify tumour region flux (photons per second) and primary growth. Organs freshly extracted from euthanized animals were incubated for 5 minutes in diluted luciferin before imaging (integration time of 3 minutes) in order to detect the presence of luciferase-expressing metastatic cells.

Flow cytometry

Spleens were mechanically dissociated through a 70µm strainer and red blood cell lysed with ACK lysis buffer (Gibco). Tumours and lungs were minced and digested in DNase (50µg/mL, Sigma)

and collagenase (1mg/mL, Sigma) (45 min, 37°C, under agitation). Tissue fragments were dissociated on a 70µm strainer and red cells were lysed with ACK lysis buffer (Gibco). After successive washes, cells were resuspended in 40% Percoll and added onto an 80% Percoll solution.

Following centrifugation (20 min, 2000 rpm, no brake), immune cells were collected in a ring at the interface between the two density gradient phases. Cells were then washed, pre-incubated with purified anti-mouse CD16/32 and labeled with Zombie Green (Fixable Viability kit, Biolegend), anti-CD45 APC Cy7 (clone 30-F11), anti-CD11b BV605 (clone M1/70), anti-CD11c APC R700

(clone N418), anti-Ly6G BV510 (clone 1A8) (all from BD Biosciences) and anti-Ly6C PC7 (clone HK1.4, Biolegend) antibodies before acquisition on a Fortessa flow cytometer (BD LSR) and analysis using the Flowjo software.

Proliferation and suppression assays

Organs were harvested on days 7, 14 and 21 post-4T1 tumour cell inoculation, and dissociated as described above. Immune cells were labelled with the same antibodies as those used for flow cytometry analysis, and were then FACS-sorted (BD FACSAria™ cell sorter) into three distinct subpopulations of myeloid cells: CD45 + CD11c -CD11b + Ly6C -Ly6G + , CD45 + CD11c - CD11b + Ly6C int Ly6G + and CD45 + CD11c -CD11b + Ly6C + Ly6G -. These purified myeloid subsets (or total splenocytes from tumour-free naïve mice as control) were individually cultured for 3 days with total T lymphocytes from naïve mouse spleen (magnetically sorted using the mouse Pan-T cell isolation kit, Miltenyi) that were stained with Cell Trace Violet (CTV, ThermoFisher Scientific) and stimulated with 20ng/mL murine IL2 (Peprotech) and anti-mouse CD3/CD28conjugated microbeads (mouse T cell activation/expansion kit, Miltenyi, 2 beads for 1 T cell). After 3 days of co-culture in a 96-well U-bottom plate (initial seeding of 100 000 T cells per well for 100 000 or 50 000 myeloid cells), cells were collected and stained with anti-C4 PE (clone RM4-5

from Biolegend) and anti-CD8 PC7 (clone 53-6.7 from Fisher Scientific), before analysis of CTV dilution on a Loki cytometer (BD Canto).

Real-time quantitative PCR

RNA from individually FACS-sorted myeloid subsets at days 7, 14 and 21 post-4T1 cell inoculation was extracted using the TRI Reagent (TR118-100, Euromedex) and retro-transcribed using High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Scientific) following the manufacturer's instructions. Resulting cDNAs were analysed using either EurobioProbe or EurobioGreen master mix (Eurobio Scientific), and AriaMx Real-Time PCR System (Agilent).

Primer sequences are indicated in Supplementary Table 1. Expression of gene of interest was calculated using 2 -ΔΔCt method and normalized to mouse Tuba1a gene.

Metabolic analyses

Organs were harvested on days 7, 14 and 21 post-4T1 tumour cell inoculation, and dissociated as described above. Myeloid cells of the granulocytic lineage were sorted using the magnetic MDSC isolation kit (mouse, Miltenyi Biotec) based on Ly6G expression, according to the manufacturer's instructions. These cells were kept in red phenol-free DMEM medium supplemented with 25mM glucose, 1mM pyruvate and 2mM glutamine. They were then plated (300 000 per well, 4 to 6 replicates per sample) in a XF96 Cell Culture Microplate previously coated with poly-L-lysine to enable adhesion. Two measures were acquired simultaneously by the Seahorse XFe96 Analyser:

the Oxygen Consumption Rate (OCR, linked to the intensity of mitochondrial respiration) and the Extra-Cellular Acidification Rate (ECAR, linked to the release of lactate by anaerobic glycolysis).

Subsequent analyses were carried out using the Wave XF Software.

Immunofluorescence staining and immunohistochemistry

Organs were harvested on days 7, 14 and 21 post-4T1 tumour cell inoculation, plunged in CMC freezing medium (carboxymethyl cellulose salt resuspended in distilled water, 20-50mg/mL) on a plastic cassette, snap-frozen in liquid nitrogen and kept at -80°C. Tissue blocks were then cut into thin slices (10 to 16µm) using a cryomicrotome (Cryostar NX70, Thermo Scientific), and set on Histobond glass slides further kept at -20°C. For immunofluorescence staining, these frozen sections were first fixed in 100% cold methanol and washed 3 times in PBS 1X before saturation with a PBS /10% FCS blocking solution at room temperature in a humid chamber for 1 hour. Slides were then incubated overnight at 4°C with Ly6G-AF647 (5µg/mL, clone 1A8 from Biolegend) fluorescently-labelled primary antibody diluted in PBS-FCS 10%. The sections were further washed 3 times in TBS buffer 1X and counterstained with ProLong™ Gold Antifade Mountant containing DAPI (Invitrogen) for nuclear staining. Images were acquired using a wide-field microscope (Leica DM5000) and the Metamorph software.

Mass Spectrometry Imaging

For the MALDI-MSI (matrix-assisted laser desorption/ionisation) analysis of fatty acids, a homogenous matrix layer of 1,5-diaminonaphthalene (DAN, Sigma-Aldrich) was deposited using a home-built pneumatic sprayer [START_REF] Bouschen | Matrix vapor deposition/recrystallization and dedicated spray preparation for high-resolution scanning microprobe matrix-assisted laser desorption/ionization imaging mass spectrometry (SMALDI-MS) of tissue and single cells[END_REF]. Briefly, 150 µL of a 5 mg/ml of DAN matrix diluted in 70% acetone (30% mQ water) was applied to the tissues under the following optimized conditions: a 0.05 mL/min matrix solution flow rate and 0.9 bar of nitrogen gas flow rate. The matrix solution was supplemented with 1-palmitoyl-d31-2-oleoyl-sn-glycero-3-phosphate (16:0-d31-18:1 PA, Avanti Polar Lipid) at 0.2 mg/ml used as internal mass calibration during MS acquisition (the selected peak with the strongest signal was 16:0-d30-18:1 PA, [M -H]-m/z 703.6697 ± 0.003).

MALDI-MSI acquisitions were performed using a high performance atmospheric pressure imaging ion source named AP-SMALDI5 AF (TransMIT GmbH) connected to an orbital trapping mass spectrometer (QExactive Orbitrap, Thermo Fisher Scientific) (20). This latter was operated in negative ion mode at a mass resolution of 70 000 at m/z 400 over a mass range of m/z 190-2000.

The ion source was equipped with a diode laser (Flare NX343, λ = 343 nm), operating at a repetition rate of 2 kHz. Imaging data were acquired in high-speed continuous mode with a pixel size of 18 µm and a speed rate of 3.7 pixels/s. Fatty acid annotation was performed using the Human Metabolome Data Base (HMBD) [START_REF] Palmer | FDR-controlled metabolite annotation for high-resolution imaging mass spectrometry[END_REF] and METASPACE software [START_REF] Robichaud | MSiReader: an open-source interface to view and analyze high resolving power MS imaging files on Matlab platform[END_REF] based on peak exact mass and isotope profiles. MALDI images were generated using MSiReader software.

Tumour sphere formation assays 4T1 cancer cells (1000 cells per well) were seeded in flat-bottom 96-well plates, previously coated with 10% poly-2-hydroxyethyl methacrylate (polyHEMA, Sigma-Aldrich), to prevent cell adhesion. Cells were incubated (37°C, 5% CO2) in serum-free DMEM F12-Glutamax medium, supplemented with 0.3% glucose, 1% N2-supplement (all from ThermoFisher Scientific), 20ng/mL fibroblast epithelial growth factor, 20 ng/mL basic fibroblast growth factor and 5 μg/mL insulin (Sigma-Aldrich). Each purified subset of tumour-induced immunosuppressive myeloid cells (sorted from lung, spleen and tumour of tumour-bearing mice at days 7, 14 and 21 post-4T1 inoculation) was added separately (5000 cells per well) immediately after tumour cell seeding (initiation). Ten wells were set-up for each condition. The number of tumour spheres was determined in each well, 2 days post-myeloid cell addition. Tumour spheres were counted using an inverted light microscope (Nikon, Eclipse Ts2, objective 20X).

Statistical Analysis

Results are expressed as mean ± SEM (standard error of the median). Data analysis and statistical tests were carried out using the GraphPad Prism software version 8.0.2 (La Jolla, CA, USA).

Kruskal-Wallis (for Seahorse assay), one-way Anova (for immunosuppression assay and tumour sphere analysis) and Student t (for Mass Spectometry quantification) tests were applied to experiments harbouring sufficient measure replicates.

Results

Phenotypically distinct subsets of myeloid cells differentially accumulate in the primary tumour beds, metastatic lungs and lymphoid organs during 4T1 breast cancer development

In most reports, the analysis of immunosuppressive myeloid cell phenotype, function and accumulation has largely been focused on terminal endpoints, which does not allow to appreciate the entire spatiotemporal modifications of this myeloid landscape that occur during cancer development. We thus sought to provide new insights into this yet unanswered question. Therefore, to accurately monitor the dynamics of myeloid cell subset accumulation during mouse 4T1 breast cancer progression without restricting the analysis to endpoint status, we assessed the occurrence of these cells in different sites (spleen, blood, primary tumour, pre-and post-metastatic lungs, nonmetastatic liver) and at different times (from day 4 to 21 post-inoculation of 4T1 cells, through regular 3 to 4 -day intervals).

When gating on live CD45 + CD11b + CD11c -cells, three myeloid subsets were discriminated based on the differential expression of the Ly6G and Ly6C markers (Figure 1A). Our results indicate that, in the lungs, total CD11b + CD11c -cell presence strongly increased throughout disease progression. Consistent with these data, the frequency of T lymphocytes within CD45 + cells decreased over time, but the proportion of CD4 + , CD8 + and γδ T cells among total CD3 + T lymphocytes remained unchanged over time (Supplemental Figure 1). A CD45 + CD11b + CD11c - Ly6G -Ly6C high population (monocytic, "M") accumulated steadily, but at a low level, while total CD45 + CD11b + CD11c -Ly6G + Ly6C int/-granulocytic cells substantially expanded over time.

Interestingly, within this granulocytic cell pool two subpopulations, CD45 + CD11b + CD11c - Ly6G + Ly6C -(named "Ga") and CD45 + CD11b + CD11c -Ly6G + Ly6C int (named "Gb") could be phenotypically distinguished, with a different accumulation behaviour over time (Figure 1A and 1B). Indeed, the granulocytic Gb population first expanded in the lungs from day 0 to 7 (the percentage of the Gb subset increased from approximately 40 to 80% while the Ga subset remained under 10%). Secondarily, from day 11, the Ga population gradually increased, leading to equivalent frequencies of both subsets (~50%) on days 18 and 21 (Figure 1A and1B). It is noteworthy that no luciferase-expressing 4T1 cancer cells was detected in the lungs before day 11 (Figure 1C).

Then small metastatic nodules appeared in the lungs from day 14, leading to fully metastatic disease by day 21 (Figure 1C). Lungs were the only metastatic sites (spleen, pancreas, liver, ovaries and kidneys consistently show no bioluminescent signal over the course of cancer progression).

Altogether, these data indicate that a granulocytic Gb subset first colonizes the pre-metastatic lungs before arrival and seeding of cancer cells, and then a second phenotypically distinct Ga subset secondarily accumulates in the metastatic lungs.

A similar profile was observed in the spleen of 4T1 tumour-bearing animals, with a progressive switch from Gb to Ga from day 11. As observed in the lungs, the monocytic M subset remained relatively low compared to granulocytic Ga and Gb (Figure 1B, right panels). However, in primary tumour beds, this myeloid landscape behaved very differently, with predominance of the Gb population throughout cancer progression (around 50%), while Ga never exceeded 25%. The Our data (Figure 2B) indicate that all three myeloid populations (Ga, Gb, M) were capable of impairing the proliferation of total T lymphocytes isolated from the spleen of tumour-free naïve mice and stimulated with anti-CD3/anti-CD28 and IL2, as compared to stimulated T lymphocytes cultured alone or with total splenocytes from tumour-free naïve mice as controls (Figure 2B top and bottom panels and Supplemental Figure 2). However, while both granulocytic subsets Ga and Gb completely abrogated T cell proliferation, their monocytic M counterparts were significantly less suppressive particularly at later stages of cancer progression (p<0,0001 when M is compared to Ga or Gb at day 21).

Similar results were obtained when gated separately on either CD4 + or CD8 + T lymphocytes post co-culture with myeloid cells (data not shown). No significant difference in subset immunosuppressive function was observed based on their location (spleen, tumour or lungs) or stage of cancer, except for the monocytic subset exhibiting a reduced suppressive activity at day 21 compared to day 7 and 14 (Figure 2B bottom panels and Supplemental Figure 2). Of note, because of very small tumour size and sparsity to these cells at early stages of the disease, tumoral Ga and M cells could not be isolated in sufficient amount on day 7.

Expression of immunosuppressive factors by suppressive myeloid cell subsets Ga, Gb and M during breast cancer development

We next analysed the expression of different membrane-bound and soluble factors, as well as enzymes involved in the suppressive function of myeloid cells. FACS-purified cells from spleen and lung at days 7, 14 and 21 post-tumour cell inoculation were analysed by RT-qPCR for the expression of different pro-tumoral and pro-metastatic genes. For all tested factors, splenic day 7

Gb subset was chosen as an internal reference to calculate fold change differences, since these cells were the first to accumulate in the lymphoid and pre-metastatic sites during tumour progression.

Consistent with the data depicted in Figure 2, our results indicate that, both Ga and Gb granulocytic subsets expressed higher level of nitric oxide synthase (Nos2) (Figure 3A), ectonucleotidases CD39 (Figure 3B) and CD73 (Figure 3C), as well as receptor for advanced glycosylation end products (RAGE) (Figure 3D) compared to their monocytic M counterparts. Interestingly, these genes were more expressed in lung compared to splenic subsets (fold change differences reaching up to 8), although the suppressive function of lung subsets was similar to that of their splenic counterparts (Figure 2). PDL1 expression was also increased in lung granulocytic subsets, but decreased from day 7 to day 21 post administration of 4T1 cancer cells (Figure 3E). Conversely, granulocytic Ga and Gb populations exhibited a decreased expression of lipid transporter CD36 transcript compared to the monocytic M subset (Figure 3F).

These results highlight a different immunosuppressive factor expression profile by cell subsets contributing to the suppressive myeloid landscape in 4T1 breast cancer -bearing mice.

Cytokine expression profile of suppressive myeloid cell subsets Ga, Gb and M during breast cancer development

To further explore the characteristics of each tumour-induced myeloid subset during cancer development, FACS-purified cells were analysed for the expression of different cytokines.

Transcript expression of TGFβ1, a key immunosuppressive cytokine involved in the regulation of many immune networks, was similar in Ga and Gb subsets, irrespective of their location (spleen or lungs) and stages of the disease (Figure 4A and data not shown). It is noteworthy that Ga and Gb TGFβ1 transcript expression levels were lower compared to that of the M subset (3 to 6 fold change difference at days 14 and 21). This result was surprising as this monocytic subpopulation M was less immunosuppressive than the Ga or Gb subsets (Figure 2). This suggests that the main mechanism(s) underlying the suppressive activity of the granulocytic subsets do(es) not primarily depend on TGFβ1, but rather on factors such as Nos2, CD39, CD73 and/or RAGE (Figure 3).

Along these lines, IL10 (anti-inflammatory and immunosuppressive cytokine) transcript expression by all myeloid subsets from the lungs was similar but higher than that of the splenic reference (with fold change differences ranking above 16) (Figure 4B). IL6 (potent inducer of acute reactivity to tissue damage) expression decreased over time in the splenic Gb subset and was lower in splenic Ga on day 14. Interestingly, similar to IL10, IL6 expression was higher in all myeloid-derived suppressive subpopulations purified from the lungs compared to their splenic counterparts (except for Ga on day 21) (Figure 4C). Likewise, TNFα (pro-inflammatory cytokine involved in tumour development) levels were significantly higher for all three subpopulations in the lungs, at each time point (8 to 40 fold change difference relative to splenic d7 Gb cells), while they gradually decreased in the spleen (Figure 4D).

These data suggest a possible role of these cytokines in the pre-metastatic and metastatic lungs.

IFNγ and IL4 expression was low in splenic suppressive myeloid cell subsets and decreased at later stages of cancer development (data not shown).

Expression of factors involved in cell invasion and tumour neoangiogenesis by suppressive myeloid cell subsets Ga, Gb and M during breast cancer development

As outlined above, beyond their immunosuppressive activity, tumour-induced myeloid cells also exert multiple tumour-promoting activities such as the promotion of cancer cell invasion and metastasis. MMP8/9 (matrix metalloproteinases 8 and 9, involved in extracellular collagen and protein degradation) and S100A8/9 (calcium-and zinc-binding proteins, regulating leukocyte migration and adhesion) expression by both Ga and Gb subsets was higher compared to that of the monocytic population in both lungs and spleen and for all analysed time points. However, no difference was observed between Ga and Gb (Figure 5A and5B).

Expression levels of VEGFα (vascular endothelial growth factor alpha, involved in tumour neoangiogenesis) and of CCL2 (CC chemokine ligand involved in leukocyte chemotaxis) were significantly higher in all three lung subsets compared to splenic subpopulations and across time (fold change differences to splenic day 7 Gb ranged from 2 to 64) (Figure 5C and5D).

Interestingly, however, lung monocytic M cells exhibited augmented expression of VEGFα compared to the two granulocytic subsets, while conversely splenic Ga and Gb expressed higher amounts of the transcripts for this cytokine (Figure 5C).

Of note, the expression of CCL2 by splenic Ga and Gb populations gradually increased over time (Figure 5D). Finally, the expression of CXCR2 (receptor for chemotactic factor IL8, involved in granulocyte recruitment, angiogenesis regulation, cancer cell growth, survival, migration and metastasis) was higher in the granulocytic subsets compared to their monocytic counterparts (Figure 5E). Surprisingly, CXCR2 expression was lower in lung compared to splenic subsets.

Metabolic profile of suppressive myeloid cell subsets during breast cancer development

We next sought to characterize the metabolic properties of each of the three identified myeloid subsets by analysing their expression of key enzymes over the course of tumour progression. The results depicted in Figure 6 indicate that both granulocytic subsets Ga and Gb expressed higher levels of Glut1 (glucose transporter involved in glucose uptake) and LDHA (lactate dehydrogenase, a glycolytic enzyme), both involved in enhanced glycolysis, compared to the monocytic subpopulation. Expression of LDHA by splenic and pulmonary Gb was more pronounced at late stages (day 21) of tumour progression (Figure 6B).

Conversely, the monocytic M subset exhibited increased expression of factors involved in oxygen consumption and oxidative pathways such as HIF1α (Hypoxia inducible factor 1 alpha) and CPT1

(carnitine O-palmitoyltransferase, involved in lipid oxidation) compared to the granulocytic subsets in the spleen (both genes) and lungs (HIF1α only, with fold change differences to splenic day 7 Gb ranging between 16 and 32) (Figure 6D and6E). In the lungs, CPT1 levels were less than half the internal reference.

In order to further determine potential metabolic specificities of the granulocytic Ly6G + subsets (Ga and Gb) that may contribute to their pro-tumoral properties at different sites and stages of tumour development, their basal oxidative and glycolytic activities were measured after isolation from the lungs, spleen and tumour at days 7, 14 and 21 post -4T1 cancer cell administration (Figure 6E). Granulocytic cells were cultured shortly in an enriched medium enabling ATP production through both mitochondrial respiration (quantified by OCR, oxygen consumption rates) and cytosolic glycolysis (quantified by ECAR, extracellular acidification rates).

The assessment of basal OCR demonstrated maximum oxygen consumption by cells collected at day 14, followed by a significant decrease at day 21 in all organs tested (Figure 6E). This decline in oxygen consumption may reflect a change of energetic metabolism by these cells between day 14 and 21, with a decreased activity of the mitochondrial respiratory chain at the latest stages of cancer progression. In parallel, basal ECAR gradually rose until day 14 for spleen and lung granulocytic cells, before a sharper increase at day 21 (Figure 6E).

As such, these Ly6G + myeloid cells seem to favour mitochondrial respiration at early stages, followed by a metabolic switch at day 14, from which glycolysis would be preferred. These last data thus suggest that myeloid granulocytic cells may shift from oxidative to glycolytic metabolism through the course of cancer progression.

Pre-metastatic lung tissues display particular distributions of cellular lipids

To visualise and better characterise the granulocytic subsets (Ga and Gb) in situ, we performed immunofluorescence labelling of Ly6G + cells on lung frozen sections at different stages of cancer progression (naïve mouse and days 7, 14 and 21 post-4T1 tumour cell inoculation). Consistent with our cytometry results (Figure 1), the abundance and distribution of granulocytic Ly6G + myeloid cells in the lungs evolved during tumour development: in a healthy context these cells were homogeneously and sparsely distributed, whereas they gradually accumulated and associated as clusters in the successive time points (Figure 7A).

To further explore potential specificities of the lung Ga and Gb subsets throughout metastatic progression, and as a follow-up of our metabolic studies, we sought to analyse adjacent sections by MALDI mass spectrometry imaging to detect the presence of specific lipids, notably linked to the key role of fatty acid metabolism in myeloid suppressive cell functionality [START_REF] Hossain | Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive Functions of Myeloid-Derived Suppressor Cells and Enhances Cancer Therapies[END_REF][START_REF] Zheng | Exogenous lipid uptake induces metabolic and functional reprogramming of tumor-associated myeloid-derived suppressor cells[END_REF]. Resulting images were processed to visualise the relative abundance of different lipid types (Figure 7B), in order to distinguish those that seemed to accumulate (potentially correlating with increased granulocytic cell presence) or disappear through time. Average signals, measured on three randomly chosen regions per slide, were quantified for the relative intensity of specific lipids in each tissue (Figure 7C).

As a whole, most detected lipids either showed no variation or seemed to be decreased between naïve lungs and lungs of tumour-bearing mice at different cancer stages (from day 7 to 21 post-4T1 cell administration), without specific identification of particular lipid typologies. Conversely, few molecules demonstrated increased abundance, such as some triglycerides (e.g. TG 54:12) and potentially inflammatory phospholipids (e.g. PG 44:12, PA 40:7, PG 38:4) (Figure 7C).

Ga, Gb granulocytic and M monocytic myeloid suppressor cells are endowed with differential capabilities to promote cancer stemness

Tumour-induced myeloid suppressor cells may be equipped with the capability to foster the acquisition of stem-like properties by cancer cells [START_REF] Cui | Myeloid-derived suppressor cells enhance stemness of cancer cells by inducing microRNA101 and suppressing the corepressor CtBP2[END_REF]. However, the possible differential influence of distinct subsets of myeloid cells on cancer stemness has not yet been elucidated. Similarly, possible dynamic changes in myeloid cell ability to promote cancer stemness during cancer

progression has yet to be determined.

Tumour sphere formation assays are widely used to evaluate cancer stem cell functional properties.

In serum-free, non-adherent (polyHEMA-coated plates) conditions, only CSCs (cancer stem cells) and progenitor cells can survive and proliferate, organizing into solid, round-structured tumour spheres. A tumour sphere arises from one CSC or progenitor cell. Each of the three myeloid subsets (Ga, Gb and M) were sorted from the lungs, tumour and spleen of 4T1 tumour-bearing mice at days 7, 14 and 21 post-4T1 tumour cell inoculation and were analysed for their ability to induce 4T1 tumour spheres in vitro. Our results indicate that all three populations isolated from lungs, spleen or tumour significantly triggered the formation of tumour spheres at early tumour stages, but to a different extent (Figure 8). Lung and spleen Ga and Gb subsets isolated on day 7 exhibited a relatively similar capacity at inducing 4T1 tumour sphere formation. Of note, at these early stages the small size of the tumours did not allow for the purification of sufficient amount of cells of the monocytic M subset. Lung and splenic Ga and Gb, and tumour Gb isolated on day 14 demonstrated a similar capability at promoting 4T1 stemness properties. Interestingly, at this cancer stage, the monocytic subset from all organs, and, to some extent, cells of the Ga subset from tumour beds, exhibited increased tumour sphere -promoting potential compared to granulocytic Gb subsets.

Surprisingly at late stages of tumour development (day 21), only cells of the Gb subset significantly promoted 4T1 stemness properties (Figure 8).

These results thus advocate for spatiotemporal modifications of cancer stemness-promoting properties of these three distinct subsets of tumor-induced immunosuppressive myeloid cells.

Discussion

The expansion of myeloid cells endowed with immunosuppressive activities and the impact of these cells on tumour development and response to therapies have been widely documented in many animal cancer models and in patients with malignancies. Likewise, ample evidence has shown that the targeting of these cells (elimination, inactivation, reprograming or modulation of their metabolism) can enhance the efficacy of immunotherapeutic strategies [START_REF] Gabrilovich | Coordinated regulation of myeloid cells by tumours[END_REF][START_REF] Hegde | MDSC: Markers, development, states, and unaddressed complexity[END_REF][START_REF] Alizadeh | Chemotherapeutic Targeting of Cancer-Induced Immunosuppressive Cells[END_REF][START_REF] Alizadeh | Doxorubicin eliminates myeloid-derived suppressor cells and enhances the efficacy of adoptive T-cell transfer in breast cancer[END_REF][START_REF] Law | Myeloid-Derived Suppressor Cells as a Therapeutic Target for Cancer[END_REF][START_REF] Hossain | Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive Functions of Myeloid-Derived Suppressor Cells and Enhances Cancer Therapies[END_REF][START_REF] Diaz-Montero | Increased circulating myeloid-derived suppressor cells correlate with clinical cancer stage, metastatic tumor burden, and doxorubicin-cyclophosphamide chemotherapy[END_REF][START_REF] Kodumudi | A novel chemoimmunomodulating property of docetaxel: suppression of myeloid-derived suppressor cells in tumor bearers[END_REF][START_REF] Michels | Paclitaxel promotes differentiation of myeloid-derived suppressor cells into dendritic cells in vitro in a TLR4independent manner[END_REF][START_REF] Montero | Myeloid-derived suppressor cells in cancer patients: a clinical perspective[END_REF]. In tumour-bearing mice, the markers CD45, CD11b, CD11c, and Ly6G, Ly6C have extensively been used to identify myeloid subsets. Typically, two main populations of myeloid suppressive cells have been distinguished: monocytic (Ly6G -Ly6C + ) and granulocytic (Ly6G + Ly6C low/-) cells, traditionally referred to as "monocytic myeloid-derived suppressor cells" (M-MDSCs) and "granulocytic or polymorphonuclear myeloid-derived suppressor cells" (G-or PMN-MDSCs). However, although the term "MDSC" has been useful to broadly include multiple, different myeloid subsets with many common characteristics (and sometimes ambiguous phenotypes), it has recently proved to be limiting and confusing insofar as it tends to mistakenly imply that MDSC are a unique cell population. The term "MDSC" also misses clear phenotypical and functional definitions, and does not fully reflect the degree of heterogeneity and complexity of the suppressive myeloid landscape in cancer ( [START_REF] Hegde | MDSC: Markers, development, states, and unaddressed complexity[END_REF][START_REF] Veglia | Analysis of classical neutrophils and polymorphonuclear myeloid-derived suppressor cells in cancer patients and tumor-bearing mice[END_REF] and Blaye et al, submitted manuscript). For instance, both phenotypically and functionally, "PMN-MDSCs" can hardly be distinguished from pro-tumoral immunosuppressive neutrophils, and M-MDSCs are closely related to immunosuppressive monocytes [START_REF] Bergenfelz | Systemic Monocytic-MDSCs Are Generated from Monocytes and Correlate with Disease Progression in Breast Cancer Patients[END_REF]. This heterogeneous nature of tumour-promoting myeloid cells, with some likely phenotypical and functional overlaps between subsets, thus remains a major challenge preventing the unequivocal identification of distinct subpopulations.

In tumour-bearing mice, suppressive granulocytic myeloid cells are usually and globally considered as Ly6G + Ly6C -/low without further discrimination. In our study, two distinct populations of such granulocytic cells were distinguished: CD45 + CD11b + CD11c -Ly6G + Ly6C -("Ga") and CD45 + CD11b + CD11c -Ly6G + Ly6C int ("Gb"). Analysis of the spatiotemporal dynamics of Ga, Gb and a CD45 + CD11b + CD11c -Ly6G -Ly6C high monocytic myeloid subset ("M") demonstrated a sequential accumulation of these three subsets over the course of 4T1 breast cancer progression.

The Gb subset was the first recruited in the lungs, before detection of metastatic cancer cells, and was followed by Ga, while cells of the M subset progressively but moderately expanded. The role of myeloid suppressor cells, particularly neutrophils and PMN-MDSC in the preparation of the premetastatic niches, has been reported in some studies [START_REF] Yan | Gr-1+CD11b+ myeloid cells tip the balance of immune protection to tumor promotion in the premetastatic lung[END_REF][START_REF] Wang | MDSCs: Key Criminals of Tumor Pre-metastatic Niche Formation[END_REF], but most were focused on total Gr1 + cells [START_REF] Yan | Gr-1+CD11b+ myeloid cells tip the balance of immune protection to tumor promotion in the premetastatic lung[END_REF] and accumulation kinetics over time of distinct myeloid subpopulation was not analysed.

Our results thus suggest for the first time that specific granulocytic myeloid subsets (Gb), recruited early in the pre-metastatic lungs, may be specialized in the preparation of the "soil", for seeding by metastatic cancer cells, followed by the subsequent accumulation of distinct granulocytic (Ga) and monocytic (M) cell subsets. Interestingly, the presence of Ga, Gb or M was not detected, at any stage of cancer development, in non-metastatic organs (such as the liver). The mechanisms explaining this differential recruitment of each subset, as well as the mechanistic bases underlying pre-metastatic lung preparation by these myeloid cells remain to be determined and may involve the production of MMP8/9, S100A8/9 and CXCR2 (Figure 5).

Likewise, we did not identify significant differences between Ga and Gb that may explain a possible functional specialisation of these two subsets and the functional significance of Gb initial recruitment remains to be clarified. Along these lines, it is noteworthy that each of these individual subsets are likely heterogeneous themselves and composed of functionally and phenotypically different cell types. Analyses by scRNAseq could bring essential new information to further decipher and appreciate the complexity and role of the different elements of this myeloid landscape.

Energetic metabolic pathways may contribute to the control of suppressive myeloid cell functions [START_REF] Hossain | Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive Functions of Myeloid-Derived Suppressor Cells and Enhances Cancer Therapies[END_REF]. We sought to further determine whether the myeloid Ga, Gb and subsets may be associated with different metabolic profiles and to explore possible modification(s) of the metabolic status of each population over time and in different organs. Our data indicate that the granulocytic subsets may preferentially use mitochondrial respiration during the early stages of tumour development, while glycolysis may represent an increasingly important part of their metabolic activity during tumour progression. Previous studies have conversely suggested that myeloid suppressive cells (or total CD11b + cells) from the primary tumour exhibit much stronger OCR and ECAR activities than their splenic counterparts but these reports only focused on few endpoints [START_REF] Hossain | Inhibition of Fatty Acid Oxidation Modulates Immunosuppressive Functions of Myeloid-Derived Suppressor Cells and Enhances Cancer Therapies[END_REF][START_REF] Uehara | Metformin induces CD11b+-cell-mediated growth inhibition of an osteosarcoma: implications for metabolic reprogramming of myeloid cells and anti-tumor effects[END_REF].

Further, lipidomic analyses of tumour-induced myeloid suppressive cell subsets by imaging mass spectrometry (MALDI-MSI) indicate that most detected lipids on total lung tissue either showed no variation or seem to be decreased between naïve lungs and lungs of tumour-bearing mice at different cancer stages, without specific identification of particular typologies. A small number of molecules displayed increased abundance, such as some triglycerides (which could sign an intensification of lipid reserve, through fatty acid anabolism and/or accumulation) and potentially inflammatory phospholipids.

Cancer stem cells (CSCs) correspond to a subpopulation of cancer cells within the tumour defined by self-renewal, asymmetrical division and differentiation properties, giving rise to more or less differentiated cells composing the tumour mass. CSC stemness properties are essential for both primary tumour growth and metastasis [START_REF] Abbaszadegan | Isolation, identification, and characterization of cancer stem cells: A review[END_REF][START_REF] Batlle | Cancer stem cells revisited[END_REF][START_REF] Nassar | Cancer Stem Cells: Basic Concepts and Therapeutic Implications[END_REF]. Importantly, because CSCs are more resistant than their differentiated cancer cell counterparts to conventional treatments such as chemotherapy and radiotherapy, they represent a major cause of disease relapse and recurrence [START_REF] Batlle | Cancer stem cells revisited[END_REF][START_REF] Nassar | Cancer Stem Cells: Basic Concepts and Therapeutic Implications[END_REF]. A primary hallmark of CSCs is their capability to metastasize, leading to disseminated disease in multiple organs. This property is controlled by the epithelial-to-mesenchymal transition (EMT) program in CSCs, allowing them to switch from an epithelial-like phenotype to a mesenchymal-like phenotype that contributes to increased tissue invasion, motility and metastatic spreading [START_REF] Singh | EMT, cancer stem cells and drug resistance: an emerging axis of evil in the war on cancer[END_REF][START_REF] Dongre | New insights into the mechanisms of epithelialmesenchymal transition and implications for cancer[END_REF][START_REF] Scheel | Phenotypic plasticity and epithelial-mesenchymal transitions in cancer and normal stem cells?[END_REF]. In recent studies, evidence has emerged that myeloid suppressive cells may also be equipped with the capability to promote the EMT program in tumour cells, which might convey stem-like properties to cancer cells [START_REF] Cui | Myeloid-Derived Suppressor Cells Enhance Stemness of Cancer Cells by Inducing MicroRNA101 and Suppressing the Corepressor CtBP2[END_REF]. However, only very limited data are currently available on the possible induction of cancer cell stemness by immunosuppressive myeloid cells and the underlying mechanisms still need to be comprehended.

We demonstrated for the first time that the two granulocytic subsets and the monocytic subset were capable of promoting the formation of tumour spheres. However, interestingly, this cancer stemness -promoting activity varies over time depending on tumour stage, and differ depending on myeloid cell subsets (Ga, Gb or M) and locations (spleen, lungs or tumours). This promotion of cancer stemness by tumour-induced myeloid suppressive cells is highly relevant, as CSCs are essential elements responsible for tumour heterogeneity and persistence, cancer invasion and metastatic dissemination, resistance to therapies and patient relapse. Importantly, these observations further highlight the multitasking nature of these myeloid suppressor cells, endowed with the capacity to exert many pro-tumoral activities. Along these lines, the differences observed between myeloid subsets may reflect the fact that each population may be equipped with distinct (and possibly complementary) specialized tumour-promoting functions.

This functional plasticity of tumour-associated myeloid cells over time and space may be essential to fulfil the specific needs of growing tumours at each of the sequential stages of their development:

in the primary tumour sites (promotion of tumour growth, EMT, invasion, angiogenesis, intravasation, immunosuppression, and production of chemokines involved in the recruitment of tumour-promoting cells); as circulating tumour cells in the bloodstream (shielding in heterophilic clusters); and in the pre-metastatic and metastatic niches ("soil" preparation, ECM remodelling, extravasation, chemoattraction, and immunosuppression). As a whole, our study demonstrates the differential accumulation through time, in murine premetastatic lungs, of distinct suppressive myeloid cell subsets that may be endowed with different "fertilising" capacities. From a purely definitional point of view, a "fertiliser" is a "chemical or natural substance added to soil or land to increase its fertility" (Oxford Languages dictionary). So, confirming and characterising these growth-enhancing (and/or potentially tumour cell -attractive) properties of particular cell types (notably here, the granulocytic Gb subpopulation), would necessitate additional and complementary approaches and experiments. Along these lines, the mechanistic bases underlying the selective accumulation of Gb then Ga in the metastatic lungs still need to be determined. Whether, and by which modalities, Gb may act as an immunologic "fertiliser" required for metastatic cancer cell seeding also remains an opened question.

In the framework of our novel kinetic protocol, several verifications and optimisations could be proposed. The ideal analysis following either total immune cell harvesting or cell sorting of the three described subsets (monocytic M and granulocytic Ga and Gb), at different time points and from different organs, would be to perform bulk and/or single-cell RNA sequencing, in order to best specify each profile. This would then have to be functionally validated by various mechanistic studies (e.g. cocultures with 4T1 cancer cells or other immune cells and characterisation of secreted factors, migration and invasion assays; pro-angiogenic testing).

This would enable us to (at least partially) answer the question: do these subsets correspond to distinct, functionally specified myeloid populations (e.g. particularly competent for immunosuppression, tumour cell attraction or pMN preparation), or are they intrinsically quite similar but acquire or lose certain capacities during cancer progression and/or between tissues?

Definitely qualifying these cell subsets (or other immune or stromal cells, as a matter of fact) as "fertilising" or as an integral part of the "soil", however, would require either their specific depletion or inhibition in vivo, or the realisation of adoptive transfers between tissues (e.g., to provoke metastasis in non-metastatic organs such as the liver) and/or between tumour-bearing mice at different cancer stages.

Our in vitro metabolic observations should be interpreted with caution, insofar as (similarly to other studies in the field) they represent "artificial" (ex vivo) conditions for myeloid cell analysis; should be repeated (with an eventual separation of Ga and Gb subsets); and seem different from some alternative data found in the literature. Nevertheless, the change in metabolism of Ly6G + cells observed in our work could be related to the change in the phenotype of cell populations during tumour progression. For example, the predominant Gb population during the early stages could be partly responsible for the metabolic profile observed at day 7, while the evolving balance Ga and Gb at day 14 could explain the observed profile (where cells seem to use both types of metabolism), and the high glycolysis-to-respiration ratio at day 21 could be explained by the increased presence of Ga.

Alternatively, such metabolic variations could also be due to factors derived from the primary tumour, independently of cell phenotypes. It would also be interesting to perform metabolic analyses on myeloid-cancer cell interactions, in order to specify potential phenomena of metabolic competition or complementarity.

Concerning our preliminary results on the lipidomics of (pre)metastatic lung, we are currently in the process of generating additional data. The same slides immuno-stained to identify areas enriched in Ga, Gb and M will be superimposed with Mass Spectrometry imaging data to extract the related molecular information. Indeed our observations will have to be repeated and specified by correlating the presence of particular lipids with the localisation of cancer-induced myeloid subsets in the pre-and post-metastatic lungs. If attributable to the mobilisation of granulocytic cells these results could have important implications for their immunosuppressive and pro-tumoral activities (Hossain et al., 2015).

What is more, such fine in situ approaches may also uncover the possibility of defining novel markers for myeloid suppressive cell identification and/or for monitoring metastatic progression.

Finally, our preliminary data on myeloid-induced cancer stemness suggests that some myeloid suppressive subsets may be more potent than others (or than those same cells at different times or localisations) at triggering tumour sphere formation, thus indicating potential specialisations of dedicated populations. The mechanisms underlying this interesting observation still need to be uncovered (e.g. concerning EMT stimulation, effect on dormancy or resistance to therapy). Likewise, the physiologic significance of this differential (and evolving) potential of dedicated suppressor cell subsets to modulate cancer stemness will need to be further elucidated.

To introduce our next section and open conceptual inquiries triggered by our experimental work: it has become clear that a better understanding of metastasis causality -indispensable for the design of efficient anti-cancer therapies -is still ridden with questions concerning the exact contribution of different pro-and anti-tumoral actors, including certain immune cell types. Acknowledging the crucial role of host tissue components, particularly in secondary organ specificity, thus contributes to a more thorough characterisation of pre-metastatic environments in cancer progression. For instance, the confrontation of "seed and soil" concepts with current data on pro-and pre-metastatic immunity, along with the examination of suppressive myeloid cell involvement in organ tropism, directly fuel a larger incentive to investigate the richness and diversity of causal processes in cancer.

CHAPTER 3: CONCEPTUAL DISCUSSION

Looking back, Paget's framework seems to potentially conflate two (related but distinct) questions about the causal roles of different locations in the metastatic process, versus those roles in explaining secondary organ specificity. Metastasis is indeed dividable into proximate spatial locations, all associated with facilitating and inhibiting factors.

Features of the location may play an important role at every step of the process, which means that we may possibly define many different types of soils, such as:

initial primary;

transformed primary;

circulatory; -pre-metastatic;

metastatic;

and/or the "uncultivable" (non-metastatic) kind;

all with important conceptual and clinical implications.

As a whole, the underlying question of both our historical and experimental approaches is that of causality and the link with spatiality and temporality. The "seed and soil" analogy acts as a founding hypothesis that typically lays complex questions about causality and retro-causality, in an intricate spatio-temporal context, which is exactly the object of our eLife article entitled Characterizing causality in cancer and published in November 2019 (see next page).

This paper proposes two main perspectives for our understanding of causality in cancer:

-Six general characteristics of cancer causality (multicausality, causal variability, causal necessity and/or sufficiency, causal intricacy, sequence-dependent causality, spatially-situated causality) and different types of causal relationships between tumour cell -intrinsic orextrinsic factors and the successive steps of cancer progression -A focus on the causal role of the pre-metastatic niche and the particular implication of the immune system in the preparation and maintenance of secondary growths at specific sites

Introduction

'W

hat causes cancer?' is perhaps the central question in cancer research. This question can be understood in various ways, including mechanistically (how does a tumor grow and spread within an organism?) and etiologically (what are the factors that initiate and favor cancer development?). In this article we focus on mechanistic questions, combining philosophical and biological insights to identify six key characteristics that can be used to explore causality in the context of cancer. We will not discuss etiological questions, though these remain of interest to philosophers working on biology and medicine (see, for example, [START_REF] Vineis | Causality in cancer research: a journey through models in molecular epidemiology and their philosophical interpretation[END_REF].

Philosophy of science has a long tradition of investigating the different aspects of causality, including causal inference, probability, counterfactuals and manipulability (Woodward, 2003).

Here, we build on this work -especially on cases in which philosophical analyses have been applied to cancer (Bertolaso, 2011;Plutynski, 2018) -to revisit the question 'what causes cancer?' in terms of the following six characteristics:

Multicausality: many different factors influence cancer initiation and dissemination. Causal variability: the factors that influence the formation and dissemination of tumors can vary significantly according to tumor type, local context, level of analysis, and the unique history of each tumor. Causal necessity and/or sufficiency: some factors may, by themselves, be sufficient to influence cancer initiation and dissemination, or they may be just one factor among many. (Indeed, it is now recognized that most cancers result from a combination of factors). Causal intricacy: the factors that influence the formation and dissemination of tumors interact in complex ways, so much so that it is difficult to attribute a specific causal role to a given factor. Sequence-dependent causality: cancer is an evolving process, with different factors having different roles at different stages. Spatially-situated causality: factors may operate within the tumor microenvironment, or they may operate from a distance. Because we aim to identify where and when to intervene in order to prevent the disease (Woodward, 2003), clarifying the spatial location of causal factors is crucial (Laplane et al., 2018;Laplane et al., 2019).

In what follows we will first consider causality in the formation of tumors, and then go on to discuss causality in the dissemination of tumors. Two main points will stand out. First, despite a frequent focus on tumor-cell-intrinsic factors, in many cases it is the interaction between the intrinsic and the extrinsic factors that is important. Second, although it might seem natural to equate the causality of cancer with its † These authors contributed equally to this work
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temporal sequence (that is, with the different steps of cancer progression), it will in fact be necessary to distinguish causality from sequence because of the presence of feedback loops and because some causal connections might go 'backwards'.

Causality in tumor formation

There are two main explanatory schemes for tumor formation (Figure 1): a tumor-cell-centric view, starting with an event within the cell which initiates an avalanche of secondary events; and a tumor environment-centric view, which emphasizes the multiplicity of interactions in the tumor environment and the reversibility of many cancer-related events. Here we examine two theoretical frameworks for these two views.

In the somatic mutation theory, which centers on the tumor cells, the default state of a cell is quiescence, and a tumor forms as a result of genetic mutations in a single cell [START_REF] Stratton | The cancer genome[END_REF]. In this theory, causality is due to a single factor, and causal variability exists because different oncogenic drivers may be found in different tissues. A good example is the onset of hematological malignancies such as chronic myelogenous leukemia, with the production of an aberrant BCR-ABL fusion protein. In the somatic mutation theory, sequence-dependent causality and causal intricacy have minimal roles, and distant causality does not have any role. However, the introduction of sequences of mutations (such as those seen in multistage carcinogenesis) can increase the causal complexity associated with this theory.

The tissue organization field theory, on the other hand, centers on the tumor environment. This theory involves multiple causalities at various levels, as well as causal variability, causal intricacy, sequence-dependent causality and spatially-situated causality [START_REF] Soto | The tissue organization field theory of cancer: A testable replacement for the somatic mutation theory[END_REF]. The disruption of tissue architecture is the critical causal event in this theory, while mutations (which are randomly distributed), are a consequence of this disruption.

Although these two theories have their strengths and weaknesses, we believe that recent work tends to support the tissue organization field theory more than the somatic mutation theory, at least for some cancers. In pancreatic cancer, for example, it has been shown that tissue architecture plays a decisive role in modulating the phenotypes of tumor cells [START_REF] Ligorio | Stromal microenvironment shapes the intratumoral architecture of pancreatic cancer[END_REF]. Furthermore, cancer-associated driver mutations are distributed in most of the organs that are perfectly normal [START_REF] Yizhak | RNA sequence analysis reveals macroscopic somatic clonal expansion across normal tissues[END_REF]. Other examples include the way interactions between the tumor, its microenvironment and the immune system have a key role in cancer progression, and the way tumor vascularization is critical for awakening dormant tumors and for tumor expansion. Evidence is also emerging for causal interactions between the tumor and its broader 'organismal environment', such as the microbiota or the central nervous system (Laplane et al., 2019). However, the tissue organization field theory also makes a causal connection between the disruption of the tissue architecture and mutations in the tumor cells, a concept that is debatable insofar as mutations may also occur randomly.

Causality in tumor dissemination

Tumor dissemination is a multistep process that involves the passage of tumor cells from the primary site to metastatic sites located in one or more distant organs. It is characterized by the following events (Figure 2): i) exit from the primary tumor, ii) circulation through the bloodstream or lymphatic system, and iii) colonization of the metastatic site (if the cells settle there). A comprehensive understanding of all these steps -which involve interactions between various tumor-cellintrinsic and tumor-cell-extrinsic factors -is crucial to the design of more efficient therapies. Historically, Paget's 'seed and soil' metaphor has been used to describe how dissemination results from favorable interactions between circulating tumor cells (the seed) and the specific microenvironments they encounter (the soil). This analogy is still used today, although we know much more about what happens at the cellular and molecular levels (Langley and Fidler, 2011). Here we discuss causality during the three stages of dissemination, and show how some or all of the six characteristics mentioned above are involved.

SMT TOFT MutaƟon/geneƟc rearrangement in the cell

Exit from the primary tumor

Different causal factors, both intrinsic and extrinsic to the tumor cell, are involved in the two processes that make up this step -the detachment of cancer cells from the tumor, and their journey towards an accessible blood or lymph vessel (which, depending on the size and vascularization of the primary tumor, may require invasion of the surrounding tissue, also known as local or loco-regional invasion). In particular, the epithelial-to-mesenchymal transition (EMT) enables cancer cells to lose intercellular adherence and acquire the mesenchymal properties that foster local invasion and migration. Other tumor-cellintrinsic mechanisms are involved, such as aberrant intracellular signaling (e.g., EGFR amplification or truncation), the loss of adhesion molecules (such as E-cadherin), the expression of transcription factors that regulate the transition, and the production of proteins that degrade the extracellular matrix.

Primary tumor formaƟon

Cancer cell disseminaƟon An example of an intrinsic factor acting at a given step (a type 'a' event) is the formation of clusters of tumor cells to enhance migration efficiency (2a, top), and an example of an extrinsic factor is the protection provided by vascular elements against immune attack and physical stress, during the same step (2a, bottom). Events during a given step can also exert an influence on a later step (type 'b' events): for instance, the initiation of the epithelial-to-mesenchymal transition (EMT) during step 1 of dissemination triggers the possibility of long-distance circulation in step 2 (2b, top). Events during a given step can also exert an influence on an earlier step (type 'c' events): for instance, the elements in the secondary tumor microenvironment (TME), which are part of step 3 of dissemination, also act as attractors for cancer cells during step 2 (2c, bottom). PMN: pre-metastatic niche.

Tumor-cell-extrinsic factors are also crucial for local invasion [START_REF] Quail | Microenvironmental regulation of tumor progression and metastasis[END_REF]. For instance, stromal cells produce pro-migratory factors that are required for tumor cell motility and for remodeling the extracellular matrix, as well as a signaling molecule called TGF-b (transforming growth factor beta) that stimulates the EMT. Conversely, interactions between stromal cells and cancer cells undergoing the EMT may influence the phenotypic and functional features of immune cells [START_REF] Chockley | Immunological consequences of epithelial-mesenchymal transition in tumor progression[END_REF]. This illustrates causal intricacy, and more specifically here, a reciprocity between two types of causal actors in invasion.

Local invasion also displays characteristics of causal necessity and/or sufficiency and sequence-dependent causality. For instance, the effects of TGF-b on cancer progression are highly dose-dependent and they may vary from step to step: for example, TGF-b can act as a tumor suppressor in one step, and then help to stimulate the EMT in a later step [START_REF] Bachman | Duel nature of TGFb signaling: tumor suppressor vs. tumor promoter[END_REF]. Moreover, some epithelial cells can enter the circulation without undergoing an EMT: this is possible due to the phenomena of clustered migration (where transitioned and nontransitioned cells move together) and the remodeling of the primary microenvironment by mesenchymal cells. This means that the EMT may be considered permissive rather than necessary for metastasis [START_REF] Jolly | EMT and MET: necessary or permissive for metastasis?[END_REF].

Circulation

To enter the bloodstream or the lymphatic system -a process known as intravasation -a cancer cell must cross an endothelial barrier. Again, this involves both tumor-cell-intrinsic factors (such as the expression of adhesion molecules and permeability factors) and tumor-cell-extrinsic factors (such as interactions with myeloid cells and endothelial cells, or feedback loops involving small signaling molecules called cytokines; [START_REF] Su | A positive feedback loop between mesenchymal-like cancer cells and macrophages is essential to breast cancer metastasis[END_REF]. An instance of causal intricacy here is the fact that the tumor vasculature can undergo its own EMT (called an endoEMT) and favor the transmigration of tumor cells into the circulation by disrupting the endothelial cell barrier during intravasation.

Once in the bloodstream, the survival of circulating tumor cells, their arrest in the capillaries, and their extravasation into the metastatic tissues, depend on the intrinsic properties of the cells (such as resistance to anoı ¨kis and their ability to avoid immune surveillance) and on various aspects of their local environment [START_REF] Strilic | Intravascular survival and extravasation of tumor cells[END_REF]. The cells can, for example, protect themselves by forming clusters, which may be homotypic (i.e., exclusively composed of tumor cells) or heterotypic (i.e., they can also contain neutrophils, myeloid suppressor cells or platelets; Szczerba et al., 2019).

When metastatic cells reach the vessels at the secondary site, their exit from the circulation relies on both intrinsic changes (such as the reversal of the EMT for cells that have transitioned) and extrinsic factors (such as another EndoEMT, this time linked to tumor cell extravasation). Neutrophil extracellular traps also have an important role in removing tumor cells so that they can undergo extravasation (Cools-Lartigue et al., 2013), as does the nature of the surface molecules expressed by endothelial cells at the metastatic sites.

Colonization of the metastatic site

The successful colonization of a secondary site depends on the early establishment of a 'premetastatic niche' (i.e., a local environment that is favorable to the seeding of circulating cancer cells). Again, both tumor-cell-intrinsic factors (such as cytokines and exosomes derived from the primary tumor; Tung et al., 2019) and tumor-cell-extrinsic factors (e.g., subsets of cells derived from the bone marrow; Gao et al., 2019) are involved. Moreover, the types of causal explanations for site-specific seeding are multiple and diverse. Some organs (such as the growth factor-enriched bone microenvironment) may manifest a certain predisposition for welcoming tumor cells. Other metastases rely mainly on specific organ chemokines binding to cancer cell receptors (such as CXCL12 binding to CXCR4; see also Liotta, 2001). Recent research also suggests that organ-specific angiocrine signaling from endothelial cells may be an important site-specific mechanism for metastasis.

In addition, the facilitating role of pro-colonization factors may be attributed to both tumorcell-extrinsic factors (such as immune cells of the pre-metastatic niche) and the cancer cells themselves. Indeed, metastatic cancer cells may cooperate with early migrating cells, whose 'inefficient' seeding could nevertheless create conditions that are more favorable for later waves of cells [START_REF] Bidard | A "class action" against the microenvironment: do cancer cells cooperate in metastasis?[END_REF].

Organ colonization by cancer cells can lead to two different fates: tumor expansion, or a period of dormancy followed by reactivation. Tumor expansion at a secondary site requires many interactions that are similar to those required for primary tumor growth, though these interactions are adapted to the new environment. Moreover, cross-talk between different metastatic sites may influence the development of secondary tumors.

Cancer cells and tumor-cell-extrinsic factors can also travel between the different environments involved in metastasis. It is likely that cancer cells leave the primary tissue early in tumor development, and that they may later migrate from established metastases in the case of further seeding at new sites [START_REF] Gundem | The evolutionary history of lethal metastatic prostate cancer[END_REF]. Metastatic cells and molecules can also travel back to the primary site, where they may contribute to continued growth of the primary tumor, the growth of new blood vessels, and the recruitment of stromal cells to the tumor [START_REF] Kim | Tumor self-seeding by circulating cancer cells[END_REF]. This phenomenon is called 'self-seeding' and, like the feedback loops discussed previously, is another example of how the causality involved in cancer is more complex than suggested by the classic sequential view of tumor formation and dissemination.

Conclusion

Exploring the multi-dimensional nature of causality in cancer -especially dimensions that tend to be neglected, such as sequence-dependent causality and spatiality-dependent causality -has the potential to improve our understanding of how the disease originates, develops and spreads. In particular, we draw attention to seven points: i. The explanatory power of conceptual frameworks: two philosophies of cancer, the tumor-cell-centric view and the environment-centric view, have critically shaped our physio-pathological understanding of cancer (Bissell and Radisky, 2001). Current research could benefit from a thorough consideration of the intricacy of these two frameworks and their complementarity. ii. The distinction between deterministic and stochastic causal explanations: while deterministic explanations may be sufficient in some cases, stochastic explanations will be required in others. iii. The relative strengths of the various causes or types of causes involved in cancer initiation and dissemination: if hierarchies of causal influences could be established, they could be used to prioritize targets for drug discovery research. iv. The existence of different causal explanations at different stages of the disease: identifying these different explanations, and determining if they are connected or not, will benefit researchers.

v. The organ-specific nature of metastatic colonization is usually an example of causal intricacy: in some cases, it will be possible to identify a single causal explanation, but most cases will require multiple explanations, because they result from a variety of interacting causes. vi. The nature of dormancy: how do dormant states differ from the normal physiological state, and how does causality intervene? vii. Causalities can be nonlinear: a complete understanding of cancer is likely to involve various feedback and feed-forward loops.

A greater awareness of the complexity of causality will, we strongly believe, lead to a deeper understanding of the disease by philosophers, scientists and clinicians alike.

Note

This Feature Article is part of the Philosophy of Biology collection.

More specifically, I have tried to address a question that can be conceived of as a double extension of Paget's original hypothesis: Does the immune system play an important role in the "seed and soil", and more specifically can it "fertilise" the future metastatic soil? It is indeed first a conceptual extension, because Paget thought that different soils were more or less "congenial" for metastases, but he did not investigate the concepts of fertiliser -which in fact may prove to be crucial in future research, as already suggested in the last five years in a variety of contexts [START_REF] Kos | Neutrophils create a fertile soil for metastasis[END_REF][START_REF] Kuzet | Fibroblast activation in cancer: When seed fertilizes soil[END_REF]Ng, 2019). It is also an extension of the biological actors under consideration, as Paget did not consider the role of the immune system in the metastatic process. This role has been increasingly recognised over the last decades, especially with the work on the "tumour microenvironment", in which immunology played historically a pivotal role (Laplane et al., 2018;[START_REF] Maman | A history of exploring cancer in context[END_REF].

Although it was not possible to address in our experimental work the above question in its entirety, I managed to explore some of its aspects by examining in a mouse model of lung metastasis the different waves of myeloid cells that reach a metastatic site. More specifically, we identified three distinct subsets of lung-infiltrating myeloid cells which accumulated early, specifically and with differential kinetics. Their genetic and functional characteristics open the possibility that certain dedicated subpopulations may actively participate in pre-metastatic niche preparation, thus taking on the role of soil "fertilisers" for the attraction and growth of metastatic seed.

From a philosophical point of view, I was struck by the fact that both our historical investigation on the "seed and soil" and our experimental work on the kinetics of myeloid cells in metastasis converged towards the fundamental question of the complexities of biological causality when a phenomenon happens at a distance both spatially and temporally. Indeed, understanding metastasis amounts to shedding light on a very complex process, the outcome of which, in many cases, is discovered long after the primary cancer, and in a site distant from that of the primary tumour. How to make sense of this complexity is undeniably a major challenge for all cancer experts (Lambert et al., 2017;Valastyan & Weinberg, 2011).

Naturally, I do not pretend that I have solved this problem; my much more modest aim has been to

show that classic considerations coming from philosophy and the philosophy of science could help us to better conceptualize and analyse the challenges of spatiotemporally distant causality. For example, discussions about multicausality, inter-causal interactions, and retrocausality may help cancer biologists to improve this classification and understanding of phenomena such as "self-seeding" [START_REF] Comen | Clinical implications of cancer self-seeding[END_REF][START_REF] Norton | Is cancer a disease of self-seeding[END_REF] Evidence that phenolic compounds may have a potential inhibitory effect on cancer invasion and metastasis is increasingly being reported in the scientific literature. Curcumin, resveratrol, and their related derivatives are the most studied compounds in this topic so far; gallic acid, chlorogenic acid, caffeic acid, carnosol, capsaicin, 6-shogaol, 6-gingerol, and their corresponding derivatives are also suggested to be the active members of the phenolic family on anti-invasion and anti-metastasis. Because metastasis occurs through a multistep process, these bioactives might act on a variety of stages of the metastatic process to prevent tumor cells from metastasizing. This review summarizes the common protein targets and signaling pathways for the inhibition of invasion and metastasis as well as past publications on the in vitro and in vivo effects and molecular mechanisms of phenolic acids, monophenol, polyphenol, and their derivatives, except flavonoids, on cancer invasion and metastasis. Based on these data, we conclude that the daily consumption of natural dietary components that are rich in phenolics could be beneficial for the prevention of cancer metastasis. (C) 2011 Elsevier Ltd. All rights reserved.
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The "seed and soil" hypothesis in cancer research:

Origins, reinterpretations, and future promises 

Introduction

Cancer remains one of the deadliest pathologies of our times, with around 8.8 million deaths every year (Wang et al., 2016). It is estimated that metastasisthe dissemination of cancerous cells to sites distant from where they originally aroseaccounts for 90% of cancer deaths (Valastyan & Weinberg, 2011). Yet metastasis is less intensively studied than the formation of primary tumors and many features and underlying mechanisms of metastasis remain poorly understood (Lambert et al., 2017). One particularly striking and ill-understood feature of metastasis is secondary site-specificity (Gao et al., 2019;[START_REF] Obenauf | Surviving at a Distance: Organ-Specific Metastasis[END_REF], i.e., the fact that, for a given tumor at a primary site, the likelihood that the patient develops metastases in different organs varies significantly (Fig. 1). For example, a woman with breast cancer is much more likely to develop metastases in the bone than in the liver. Why is that so? Why isn't there equiprobability of invasion of potential secondary sites?

Stephen Paget, a British surgeon, addressed exactly that question at the end of the nineteenth century and provided a potential explanation for this phenomenon with his "seed and soil" hypothesis (Paget 1889). In short, Paget proposed that secondary site-specificity is due not only to characteristics of the primary tumor and its disseminated products (the "seed")

but also to characteristics of potential secondary sites (the "soil"), as these characteristics make different sites more or less "fertile" ("congenial") for the settlement and growth of these products.

The aim of the present paper is three-fold. First, we offer an in-depth examination of Paget's hypothesis (Section 2). Second, we show that Paget's hypothesis was almost entirely forgotten for decades, before being rediscovered and frequently used in cancer research, especially starting from the 1980s, with a variety of interpretations and misinterpretations (Section 3). Third, we show that Paget's conceptual framework remains a rich source of inspiration for present and future biomedical research on metastasis (Section 4).

This paper complements work done in the blossoming field of history and philosophy of cancer. Strikingly, despite the diversity and richness of histories of cancer research (e.g., [START_REF] Aronowitz | Unnatural history: Breast cancer and American society[END_REF][START_REF] Cantor | Cancer in the twentieth century[END_REF][START_REF] Fujimura | Crafting Science: A Sociohistory of the Quest for the Genetics of Cancer[END_REF][START_REF] Löwy | Breast Cancer and the "Materiality of Risk": The Rise of Morphological Prediction[END_REF][START_REF] Löwy | Preventive strikes:women, precancer, and prophylactic surgery[END_REF][START_REF] Morange | From the Regulatory Vision of Cancer to the Oncogene Paradigm, 1975-1985[END_REF][START_REF] Morange | What history tells us XXVIII. What is really new in the current evolutionary theory of cancer[END_REF][START_REF] Rather | The genesis of cancer: A study in the history of ideas[END_REF][START_REF] Timmermann | A history of lung cancer: The recalcitrant disease[END_REF]), none of them examines Paget's seed and soil hypothesis. Here we use these previous historical accounts to put Paget's approach into its wider biomedical context and, reciprocally, we propose analyses that can enrich what historians of cancer have said about the diversity of accounts of the metastatic process from very intrinsic (including genetic) accounts to more contextual ones [START_REF] Morange | From the Regulatory Vision of Cancer to the Oncogene Paradigm, 1975-1985[END_REF][START_REF] Weiss | Metastasis of cancer: A conceptual history from antiquity to the 1990s[END_REF], the adoption of ecological approaches in oncology [START_REF] Pienta | Ecological Therapy for Cancer: Defining Tumors Using an Ecosystem Paradigm Suggests New Opportunities for Novel Cancer Treatments[END_REF], the use of metaphors in cancer research [START_REF] Fantuzzi | Cancer is a propagandist[END_REF][START_REF] Harrington | The use of metaphor in discourse about cancer: A review of the literature[END_REF], and related issues. Moreover, in our examination of Paget's seed and soil hypothesis we make use of recent work done by philosophers of science on cancer, especially about causality of cancer progression (Bertolaso, 2011;[START_REF] Malaterre | Making Sense of Downward Causation in Manipulationism: Illustrations from Cancer Research[END_REF]Plutynski, 2018), the multistep nature of metastasis seen from an evolutionary perspective [START_REF] Germain | Metastasis as supra-cellular selection? A reply to Lean and Plutynski[END_REF][START_REF] Lean | The evolution of failure: Explaining cancer as an evolutionary process[END_REF], the evaluation of risk of metastasis (Plutynski, 2018, Chapter 3), multi-level and systemic approaches to cancer [START_REF] Bertolaso | Towards an integrated view of the neoplastic phenomena in cancer research[END_REF][START_REF] Bertolaso | Philosophy of Cancer: A Dynamic and Relational View[END_REF][START_REF] Malaterre | Organicism and Reductionism in Cancer Research: Towards a Systemic Approach[END_REF][START_REF] Plutynski | What and How Do Cancer Systems Biologists Explain?[END_REF], and the utility and limits of the notion of "tumor microenvironment" for understanding the complexities of cancer progression and dissemination (Laplane et al., 2018(Laplane et al., , 2019)). In turn, we show how these philosophical analyses could be enriched by considering the seed and soil hypothesis, both in its original formulation and in its subsequent re-interpretations.

In sum, our question in this paper is "Why is there secondary site-specificity in metastasis?", and we contend that fully addressing that question requires an interdisciplinary combination of perspectives and tools coming from science, history of science, and philosophy of science. 2. Explaining the mystery of secondary site-specificity: Paget's (1889)

"seed and soil" hypothesis

Stephen Paget (1855Paget ( -1926)), an English surgeon, was the son of Sir James Paget, a very famous surgeon at the time. Paget worked in London, where he developed a strong interest for cancer research.

What is exactly Paget's "seed and soil" hypothesis and to what extent does it address the issue of why certain tumors tend to disseminate more to some bodily locations than to others now is done by those who, like Mr Balance and Mr Shattock, are studying the nature of the seed. They are like scientific botanists, and he who turns over the records of cases of cancer is only a ploughman, but his observations of the properties of the soil might also be useful (Paget, 1889).

Such quotes, along with others, confirm an important point: Paget sees his hypothesis about the role of the soil in secondary site-specificity as a complement, not a rival, to the dominant, seedcentered, view.

Paget's hypothesis raises a myriad of fascinating questions, including from a conceptual and methodological viewpoint (see Box 1). A key remark here is that Paget offers a mere observation (i.e., the fact of non-equiprobability of metastasis), not an explanation for that observation. Some of the most interesting and challenging questions, though, concern how to explain this phenomenon of non-equiprobability. For the sake of clarity, we have divided the major questions raised by Paget's hypothesis into three categories: definitions, epistemological status and methodology, and medical consequences (Box 1).

A. Definitions -Seed: * What counts as a "seed"? Several options exist, including the following ones: * Are seeds only cells of the primary tumor1 ? * Can seeds also be non-cellular components of the primary tumor? * Can seeds also be cells or non-cellular components that do not originate from the primary tumor? * Where are the seeds located? * When can a cell (or another component, if applicable) be considered a "seed"? Is that inherent to the cell, or does a cell (or another component) become a seed, and if so in which circumstances? -Soil:

* What counts as a soil? Is the soil necessarily a secondary site? * Where is the soil located in the organism? At which bodily levels (tissues, organs, "systems"?) are soil situated?

* When can a local tissue or environment be considered a "soil"? Is that inherent to the tissue or environment, or the result of a transformation? -How to make Paget's central terms operational and quantifiable? For example: how to define and measure "congeniality"?

B. Epistemological status and methodology

-What is exactly the epistemological status of the seed and soil hypothesis? What did Paget and his successors provide? A mere observation? An experimental demonstration of that observation? An explanation for the observed phenomenon (including entities and mechanisms involved?) -From an experimental viewpoint: How to experimentally demonstrate the role of the soil in secondary sitespecificity? Defining the "soil" is perhaps even more challenging still. Paget defines the "soil" as the local organ environment encountered by disseminated tumour cells prior to their definitive settlement at the chosen metastatic site. But what are exactly the components that make of a given bodily site a "fertile" soil? Are they constitutive elements of a given tissue (what we propose to dub "constitutive soil"), for example, or do they emerge from this tissue later in the process ("induced soil"), or perhaps do they come to this tissue at some point in the metastatic process ("externally modified soil")? An additional issue concerns the type and size of bodily component that can be considered a "soil". Paget remains open about the size and the spatial boundaries of the "soil"; in particular, he hesitates between the organ level and the sub-organ level. For example, he insists that it is not any bone that is attacked by metastasis after breast cancer: "Who has ever seen the bones of the hands or the feet attacked by secondary cancer?" He concludes: "Some bones suffer more than others; the disease has its 'seats of election'."

As we can see, Paget constantly connects the "why?" to the "where?": for him, providing a causal account of secondary site-specificity always amounts to situating potential causes into their spatiotemporal context. Is the explanation to be found in the "seed" or in the "soil", or both? This connection between causality and spatio-temporality has many echoes in the current scientific literature on metastasis, and deserves a thorough philosophical investigation [START_REF] Rondeau | Philosophy of Biology: Characterizing causality in cancer[END_REF]. iii) Third, and perhaps the most important principle for the design of new cancer therapies, is that metastases can only develop in specific organs. (…) Therapy of metastases, therefore, should be targeted not only against the cancer cells themselves, but also against the homeostatic factors that pro-mote tumour-cell growth, survival, angiogenesis, invasion and metastasis.

It is striking that, thus redefined, the seed and soil hypothesis presents at least three major differences with Paget's original proposal:

-Fidler transforms Paget's relatively specific claim about organ specificity of metastasis (i.e., the fact that, for a given primary tumor, "one remote organ is more prone to be the seat of secondary growth than another") into a sort of exclusivity principle of metastasis (i.e., the idea that some organs will never develop metastases).

-Fidler seems to at least partially move away from Paget's insistence on the causal role of the soil in the metastatic process and instead focuses on a cell-intrinsic interpretation of the "seed and soil", in which some pre-existing seeds are constitutively more likely to metastasize in certain organs ("metastasis favours the survival and growth of a few subpopulations of cells that pre-exist within the parent neoplasm").

-Fidler suggests interesting therapeutic applications of the "seed and soil" hypothesis, but he remains unclear as to whether one should try to intervene on the "homeostatic factors" of an organ that he mentions before this organ has been reached by metastases, or after. The latter option is interesting but is actually relatively standard, at least since clinicians have started to pay attention not just to metastatic cells but also to the metastatic microenvironment [START_REF] Izraely | The metastatic microenvironment: Brain-residing melanoma metastasis and dormant micrometastasis[END_REF][START_REF] Maman | The Metastatic Microenvironment[END_REF]. The first option, in contrast, is quite original and indeed fascinating, but it also seems very difficult to realize in practice: should doctors "preventively treat" all the organs that could be colonized by cancer cells, and if so how? How are we supposed to know what is the good "rheostat" of these different "homeostatic factors" mentioned by Fidler, and, even more problematically, how do we know how to intervene on such factors? This, in our view, constitutes a remarkable challenge for future researchers interested in exploring and strengthening the seed and soil hypothesis.

Although the 1980s mark a crucial turning point, especially with Fidler's work, it is striking that the most cited papers among those citing Paget's original article are more recent (mostly published after 2000) (See Table 1). This leads us to the question of what seems so 
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 1 Figure 1:The invasion-metastasis cascade(Fidler, 2003) 
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 2 Figure 2: Secondary site specificity of metastasis (adapted from (Wei & Siegal, 2018))
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 3 Figure 3: Illustration of Paget's autopsy report (built based on the results presented by (Paget, 1889))
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 4 Figure 4: Formation and characteristics of the pre-metastatic niche(Liu & Cao, 2016) 
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 5 Figure 5: Immune regulation of the (pre)-metastatic niche (adapted from (Blomberg et al., 2018))Diverse immune cell types, in conjunction with stromal cells and tumour-derived factors, participate to the formation and maturation of the pre-metastatic niche, through: (1) remodelling of the extracellular matrix (ECM), (2) stimulation of angiogenesis and vascular permeability, (3) pro-inflammatory activities and (4) suppression of anti-tumoral responses. Lox, lectin-like oxidised low-density lipoprotein receptor; Ang-2, angiopoietin 2; Bv8 or PROK2, prokineticin; PGF, placental growth factor; SAA3, serum amyloid A3; TLR4, toll-like receptor 4.
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 6 Figure 6: Myeloid cell involvement in tumour cell survival and growth at the metastatic site (adapted from (Swierczak & Pollard, 2020)) Tumour-derived exosomes recruit neutrophils to metastatic sites via epithelial cell -mediated signalling. These neutrophils then enhance tumour cell migration into the tissue and stimulate neoangiogenesis. Neutrophils, dendritic cells (DCs), eosinophils, and metastasis-associated macrophages (MAMs) suppress antitumor NK and T cell responses, while also expanding immunosuppressive Tregs. Recruited monocytes and bone marrow -derived macrophages (BMDMs) may differentiate into MAMs, which support tumour cell survival and induce their mesenchymal-to-epithelial transition (MET) of tumour cells.
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 7 Figure 7: Presentation of bibliographical analysis for citations to PagetLeft, evolution of number of references to(Paget, 1889) as sum of times per year (Web of Science source) and indication of the number of articles per decade. Right, categories of the question grid used to analyse those papers: type of study, conceptual hypotheses, description of "seed and soil" and biological implications.
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 A Figure A: Evolution of citations to Paget (1889-2017) Number of citations to Paget's 1889 paper (as sum of times per year) and bibliometric data (Web of Science)
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 B Figure B: Chronology of metastasis research post-Paget, as classically presented in the literature (adapted from
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 C Figure C: Illustration of Paget's analysis of "associated tendencies" in cancer patients
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 8 Figure 8: Pro-metastatic roles of myeloid suppressive cells (adapted from[START_REF] Marvel | Myeloid-derived suppressor cells in the tumor microenvironment: Expect the unexpected[END_REF])Illustration of the immunosuppressive activity on anti-tumoral lymphocytes (right panel), pro-angiogenic and proinvasive properties (left panel) and anticipatory pre-metastatic niche signalling (bottom panel) of myeloid suppressive cells in cancer.(ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; Th, T helper cell; CTL, cytotoxic T lymphocyte; Treg, regulatory T cell, NK, natural killer cell) 
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 9 Figure 9: Main pro-tumoral characteristics of myeloid suppressive cells (adapted from (Trovato et al., 2020)) Overview of the main interactions with immune cells (left panel) and with tumour cells (right panel) that underlie the pro-tumoral activities of myeloid suppressive cells. CD40L, CD40 ligand; HMGB1, high-mobility group box 1; IL1R, IL1 receptor; miR101, microRNA 101; CTBP2, C-terminal binding protein.

  Assess the spatiotemporal kinetics of myeloid cell accumulation in different sites and at different cancer stages -Analyse the differential properties of distinct myeloid subsets in several spatiotemporal contexts, notably in terms of pro-tumoral and immunosuppressive potentials -Gain insight into two currently growing aspects of myeloid suppressive cell functionality, that are specific metabolic pathways and promotion of cancer stemnessAs a direct illustration of our conceptual questions on organ specificity of metastasis and the crucial role of the "soil", the overarching aim of this study was to consider several locations (including nonmetastatic sites) at different stages of tumour progression (starting very early in cancer development), as presented in Figure10.
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 10 Figure 10: Mouse model and experimental setupMurine 4T1 breast cancer cells previously transfected to express luciferase (for bioluminescence imaging) were orthotopically injected into the mammary gland of Balb/c mice, and the presence of myeloid suppressive cells in blood, spleen, primary tumour, (pre)-metastatic lung and non-metastatic liver was monitored over the course of tumour progression, from day 4 to 21. Myeloid subsets were also sorted at different time points and from different tissues, in order to assess the evolution of their genetic and functional characteristics.

  were housed and cared for according to the University of Bordeaux Institutional Animal and Care Guidelines and Use Committee. The experimental procedures were performed at the University of Bordeaux A2 animal facility in accordance with animal experimentation and ethics guidelines of the EU (2010/63/EU) and were approved by a local ethics committee. 4T1, a murine mammary tumour cell line (Balb/c origin), was obtained from the American Type Culture Collection (ATCC) and transfected at the ImmunoConcEpT laboratory in Bordeaux for Luciferase and ZsGreen expression (lentiviral vector MND-Luc-IRES-ZsGreen obtained from Bordeaux vectorology platform Vect'UB, ID 1314 with infectious titer 2.23×10 8 particles/mL), before FACS sorting of ZsGreen + cells (BD FACSAria™ cell sorter) and expansion in vitro. These Luc-ZsGreen + 4T1 cells were orthotopically injected into the mammary gland of seven to ten week-old Balb/c female mice

  tumour-infiltrating monocytic M subset progressively accumulates during the course of tumour development to reach approximately 30% at day 21 (Figure 1B, right panels). In the liver (studied as a non-metastatic organ in this model, as evidenced in Figure 1C by the absence of luciferaseexpressing cancer cells during all stages of tumour evolution), all three myeloid subsets were present at very low and equivalent levels throughout the course of cancer development (Figure 1B, right panels). Thus, the composition and dynamics of the myeloid landscape substantially evolve over time and location during 4T1 breast cancer progression. The granulocytic (Ga and Gb) and monocytic (M) subsets of myeloid cells from spleen, lungs and tumour are endowed with an equivalent immunosuppressive function over the course of disease progressionWe next explored and compared the immunosuppressive activity (a cardinal function of tumourinduced suppressive myeloid cells) of each of these three subsets isolated by flow cytometry from lungs, spleen and primary tumours at different time points(days 7, 14, 21) during cancer development (experimental setup depicted in Figure2A).
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 1 Figure 1: Phenotypically distinct subsets of myeloid cells differentially accumulate over the
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 2 Figure 2: Immunosuppressive activities of tumour-induced myeloid subsets
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 3 Figure 3: Gene expression analysis of immunosuppressive factors by tumour-induced
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 4 Figure 4: Gene expression analysis of selected cytokines by tumour-induced myeloid subsets
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 5 Figure 5: Gene expression analysis of pro-invasive and pro-angiogenic factors by tumour-
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 6 Figure 6: Metabolic profile of tumour-induced myeloid subsets analysed by gene expression
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 7 Figure 7: Tissular organization and lipidomic analysis of lung myeloid subsets at different
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 8 Figure 8: Promotion of 4T1 tumoursphere formation by the three distinct myeloid subsets

Figure 1 .

 1 Figure 1. Two theories of tumor formation. In the somatic mutation theory (SMT; left) the default state of the cell is quiescence, and a genetic event in the cell triggers a unidirectional, irreversible and deterministic process that leads to tumor expansion and dissemination. In the tissue organization field theory (TOFT; right), the default state of the cell is proliferation, and a disruption of the tissue architecture leads to the diffusion of various mutations within the tumor and to the activation of the tumor microenvironment (TME). Through feedback mechanisms, this leads to further disruption of the tissue architecture, which promotes tumor expansion and dissemination.

Figure 2 .

 2 Figure 2. The influence of tumor-cell-intrinsic and tumor-cell-extrinsic factors on tumor formation and the dissemination of tumor cells. The main steps in the progression of cancer (carcinogenesis and the three steps of dissemination) are shown in the center panels, along with the key tumor-cellintrinsic factors (top; blue text) and tumor-cell-extrinsic factors (bottom; grey text) that influence progression. We will use step 2 of dissemination to explain the different types of causal relationships proposed in the figure.An example of an intrinsic factor acting at a given step (a type 'a' event) is the formation of clusters of tumor cells to enhance migration efficiency (2a, top), and an example of an extrinsic factor is the protection provided by vascular elements against immune attack and physical stress, during the same step (2a, bottom). Events during a given step can also exert an influence on a later step (type 'b' events): for instance, the initiation of the epithelial-to-mesenchymal transition (EMT) during step 1 of dissemination triggers the possibility of long-distance circulation in step2 (2b, top). Events during a given step can also exert an influence on an earlier step (type 'c' events): for instance, the elements in the secondary tumor microenvironment (TME), which are part of step 3 of dissemination, also act as attractors for cancer cells during step 2 (2c, bottom). PMN: pre-metastatic niche.
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 12 Fig. 1. Secondary site-specificity of metastasis
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 3 Fig. 3. The temporal steps of the metastatic process. (From (Fidler, 2003b))
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 3 Interpretations, misinterpretations and revisions of Paget's seed and soil hypothesis in cancer research from the beginning of the 20 th century to today Basic bibliometric data show that there was an eclipse of Paget's seed and soil hypothesis for almost a century (see graph of citations: Fig. 4).
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 4 Fig. 4. Graph of citations of Paget (1889-2021). (Source: Web of Science, accessed in February 2020).

  central to contemporary authors in Paget's hypothesis, and which leads them to cite this now very old paper. Why, in other words, is Paget's hypothesis perceived as still relevant and potentially fruitful for present and future research?

Table 1 .

 1 The 20 most cited papers among all papers citing Paget's original article. (Source: Web of Science).

  

  

  

  

  An important question to consider here is what does the "seed and soil" framework miss? In particular, what are the recent transformations of cancer research that are difficult, or perhaps even impossible, to capture with Paget's analogy?

	iii)	Beyond the "seed and soil": caveats and perspectives
		tropic phenomena (e.g., benign tumours or oligometastases, respectively) and/or from other
		site-specific physiological processes and their regulation (e.g., development, regeneration,
		inflammation and repair)
	-Applying the "basal soil" concept to diagnosis and prediction: a thorough consideration of
		patient history and organ-specific status and affections (i.e., tissue susceptibility,
		immune/inflammatory landscape, disease interactions) could help improve anticipation,
		targeting and prevention of metastasis

elsewhere than late-stage diseased tissue (e.g., starting from early time points in tumour progression; and including non-metastatic organs in the analysis, to better characterise or artificially render metastatic by testing different causal factors) -Hypotheses to benefit clinical strategies: potential inspiration from non-metastatic or non-

  .

  The mechanisms by which tumors metastasize to sentinel and distant lymph nodes, and beyond, are poorly understood. We developed transgenic mice that overexpress vascular endothelial growth factor-C (VEGF-C) and green fluorescent protein specifically in the skin and studied the effects of chemically-induced skin carcinogenesis in this model. We found that in contrast to VEF-A, VEGF-C does not increase the growth of primary tumors, but instead induces expansion of lymphatic networks within sentinel lymph nodes, even before the onset of metastasis. Once the metastatic cells arrived at the sentinel lymph nodes, the extent of lymphangiogenesis at these sites increased. Of importance, in mice with metastasis-containing sentinel lymph nodes, tumors that expressed VEGF-C were more likely to metastasize to additional organs, such as distal lymph nodes and lungs. No metastases were observed in distant organs in the absence of lymph node metastases. These findings indicate an important role of VEGF-C-induced lymph node lymphangiogenesis in the promotion of cancer metastasis beyond the sentinel lymph nodes. VEGF-C is therefore a good target to slow or even prevent the onset of metastasis. Autologous peripheral blood stem cell (PBSC)supported high-dose melphalan is now considered standard therapy for myeloma, at least for younger patients. The markedly reduced toxicity of allotransplants using nonmyeloablative regimens (mini-allotransplantations) may hold promise for more widely exploiting the well-documented graftversus-myeloma (GVM) effect. New active drugs include immunomodulatory agents, such as thalidomide and CC-5013 (Revimid; Celgene, Warren, NJ), and the proteasome inhibitor, PS 341 (Velcade; Millenium, Cambridge, MA), all of which not only target myeloma cells directly but also exert an indirect effect by suppressing growth and survival signals elaborated by the bone marrow microenvironment's interaction with myeloma cells. Among the prognostic factors evaluated, cytogenetic abnormalities (CAs), which are present in one third of patients with newly diagnosed disease, identify a particularly poor prognosis subgroup with a median survival not exceeding 2 to 3 years. By contrast, in the absence of CAs, 4-year survival rates of 80% to 90% can be obtained with tandem autotransplantations. Fundamental and clinical research should, therefore, focus on the molecular and biologic mechanisms of treatment failure in the high-risk subgroup. Cancer metastasis is the major cause of cancerrelated death, and chemoprevention is defined as the use of natural or synthetic substances to prevent cancer formation or cancer progress.
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Following Paget's view. 

Acknowledgements

I would like to warmly and sincerely thank all the PhD committee members for having accepted to read, evaluate and discuss my work.

In particular, thank you to Marcel Weber and Mary Poupot for their crucial role as examiners of my manuscript and presentation, as well as to Bernard Bonnotte and Darya Alizadeh for their generous interest and participation in this thesis defense.

My kindest thanks are also addressed to Thomas Pradeu and Nicolas Larmonier, truly exceptional supervisors of this interdisciplinary PhD.

Finally, thank you very much to our director Julie Dechanet-Merville and to every member of the ImmunoConcEpt laboratory for their precious accompaniement, guidance and care during these four years of research. Acknowledgements We thank Dorothe ´e Duluc, Lucie Laplane, Mae ¨l Lemoine and Jean-Franc ¸ois Moreau for discussions. TP is funded by the European Research Council (IDEM: Grant agreement ID: 637647). AB is funded by the Ligue National du Cancer, the Association for Cancer Research, the National Cancer Institute, INSERM (the Plan Cancer) and SIRIC (the COMMUCAN project). NL is funded by the Ligue Nationale du Cancer.

Grant support: Supported by Université de Bordeaux (ER), the French national "Ligue contre le cancer" and the SIRIC-BRIO (COMMUCAN and Plateform programs) (NL), SIRIC-BRIO (COMMUCAN) (TP)

B) Bibliographical development

The "seed and soil" hypothesis in cancer research: from Paget's proposal to the current understanding of metastasis specificity (E. Rondeau and T. Pradeu) Conflict of Interest: The authors declare no potential conflicts of interest.

Abstract

Equipped with a large diversity of cancer-promoting activities, immunosuppressive cells of myeloid origin represent central elements of the immune microenvironment in many cancers, and play a critical role in primary tumour growth, invasion, metastasis and resistance to therapies. This myeloid landscape is however extremely heterogeneous, made of cells at different stages of differentiation and exhibiting both specific and overlapping phenotypical and functional characteristics. Here we explore the spatiotemporal dynamics of distinct suppressive myeloid subsets during disease progression in a murine mammary cancer model. We determined that three distinct subsets of myeloid cells endowed with different immunosuppressive abilities were differentially recruited over time in different organs. Strikingly, a first population of granulocytic myeloid cells expanded early in the pre-metastatic lungs, before arrival and seeding by metastazing cancer cells, followed by a second, phenotypically distinct, granulocytic subset. The specific metabolic profiles of these tumour-induced myeloid subsets were further characterized and modifications of specific lipids, linked to fatty acid metabolism, were assessed by MALDI mass spectrometry imaging. In addition, we uniquely determined that each subset was endowed with the capability to promote cancer stemness, but to different degrees depending on their location and stages of the malignancy. These observations provide novel insights into an emerging additional tumour-promoting function of myeloid suppressor cells, and uniquely advocate for a possible timedependent specialisation of suppressive myeloid cell subsets.

replicates +/-SEM; statistical analysis using one-way Anova test for multiple comparison; p value p<0,0001(****), p<0,001(***), p<0,01(**), p<0,1(*)).
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CONCLUSION

This dissertation addresses one of the most pressing question in today's cancer research: How does the metastatic process work and, more specifically, why is there organ-specificity in metastasis? Why, in other words, isn't it the case that, for a given primary tumour, the probability of disseminating to various organs is the same? We have seen that this question has been with us since Stephen Paget, and that it remains as central as ever in today's oncology. Our overarching aim has been to show that this question can be illuminated by three different and complementary approaches: historical, biological, and philosophical (see Figure 11). is that Paget's legacy and long-lasting pertinence is best understood through a thorough consideration of the "soil" at different sites and times of cancer progression, with a particular focus on "constitutive" and host-level characteristics, tissue "predisposition" and the existence of "resistant" loci.

Biologically, I made use of Nicolas Larmonier's expertise in the laboratory on myeloid cells in cancer to better characterise the role of these cells in metastasis, building on a growing and fascinating literature (Hegde et al., 2021;[START_REF] Trovato | The Engagement Between MDSCs and Metastases: Partners in Crime[END_REF]Y. Wang et al., 2019), which may be enriched with carefully timed and spatialised investigations on early processes occurring at distinct sites.

Furthermore, thinking about metastatic causality in terms of manipulability (echoing the proposals made by several leading philosophers of science such as (J. [START_REF] Woodward | Causation in biology: Stability, specificity, and the choice of levels of explanation[END_REF][START_REF] Woodward | Causal Complexity, Conditional Independence, and Downward Causation[END_REF][START_REF] Woodward | Making things happen: A theory of causal explanation[END_REF]) may help scientists and medical doctors to focus, not so much on the infinite intricacies of the causal network of a process as complex as metastasis, but on the more limited number of causal "nodes" on which experimentalists and clinicians can actually intervene in current research in the lab and the clinic. ). This microfluidic device could accept inputs of whole blood, and its CTC capture efficiency was made highly quantitative (>97%) by designing capture channels with the appropriate widths and heights. The isolated CTCs were readily released from the mAB capturing surface using trypsin. The released CTCs were then enumerated on-device using a novel, label-free solution conductivity route capable of detecting single tumor cells traveling through the detection electrodes. The conductivity readout provided near 100% detection efficiency and exquisite specificity for CTCs due to scaling factors and the nonoptimal electrical properties of potential interferences (erythrocytes or leukocytes). The simplicity in manufacturing the device and its ease of operation make it attractive for clinical applications requiring one-time use operation.

(i.e., "secondary site-specificity")? A first thing to note is that Paget's (Paget, 1889) 

paper in

The Lancet, now widely cited, is primarily a short (less than 3 pages) autopsy report. The report is entitled "The distribution of secondary growths in cancer of the breast". Paget starts by asking: "What is it that decides what organs shall suffer in a case of disseminated cancer?"

Building on earlier work by Fuchs and others, Paget urges that "certain organs may be 'predisposed' for secondary cancer". Examining 735 autopsies after breast cancer, Paget finds evidence of "predisposition", i.e., that fact that "one remote organ is more prone to be the seat of secondary growth than another". For example, he notes that 241 women (out of 735) had metastases to the liver, while only 17 to the spleen. Among 244 cases of women with cancer of the uterus, 35 had secondary disease in the liver, in contrast to 1 in the spleen, 8 in the lungs, and 6 in the kidneys and suprarenals. In other words, Paget pinpoints a particular relationship between the "character" of the primary mass and the "situation" of the secondary lesion, as underlying tissue specificity. According to Paget, distant organs cannot be "passive" nor "indifferent" regarding the efficiency of metastasis outgrowth, as they do not appear as "equally ready to receive and nourish" disseminated tumour cells.

If, therefore, the location of invasion is not just a matter of chance, what are the factors that influence this process? Paget's hypothesis consists in a botanical analogy: "When a plant goes to seed, its seeds are carried in all directions; but they can only live and grow if they fall on congenial soil". Similarly, Paget suggests, the "soil" may play an important role in determining the site where metastasis occurs.

There are, in fact, two related components in Paget's hypothesis. First, he argues that the "soil" influences the location of the phenomenon of secondary growth. Second, he considers that the soil has not been sufficiently studied:

While many researchers have been studying 'the seeds', the properties of 'the soils' may reveal valuable insights into the metastatic peculiarities of cancer cases. . . . The best work in the pathology of cancer -Is the "seed and soil" a hypothesis or a theory? Moreover, is it a metaphor or an analogy?

C. Medical consequences/considerations

The seed and soil hypothesis started as a medical observation in the context of autopsies. But can it be useful today to better understand cancer as a disease, and can it be useful to generate novel research avenues in terms of diagnosis, etiology, and therapies? Box 1: Key questions raised by Paget's seed and soil hypothesis

Paget's analogy, despite its apparent simplicity, cannot be operative without a definition of its central terms. Providing rigorous definitions of "seed", "soil" (and related terms in Paget's framework such as "congenial", for instance) proves challenging, which is why part of the present paper's objective is to show that conceptual analysis typical of history and philosophy of science can help. We must clarify what those terms exactly meant for Paget, how their meanings have changed in subsequent cancer research, and whether these terms could potentially be defined in still other ways. For example, what is the "seed" evoked by Paget? For him, the "seeds" are cancer cells originating from the primary tumor. But when does a cell of the primary tumor "become" a seed? Is a cancerous cell of the primary tumor a "seed" if the cancer never disseminates? Paget's answer seems to be negative, which suggests that being "seed" is a retrospective definition (a cell turns out to have been a seed if and only if metastasis occurs). As we will see, such a retrospective characterization raises important issues. Moreover, metastasis is a complex and multistep temporal process (Fig. 3) (see also (Plutynski, 2018). At exactly which step does a cancerous cell of the primary tumor become a "seed": when it detaches from the primary tumor? When it goes into the circulation? When it reaches a secondary site? All these options are possible and interesting, but it seems important to clarify this issue, including for assessing the claim that the "seed" plays an important role in secondary site-specificity: when it is said that certain seeds are better than others at metastasizing, does that mean that they are better at every temporal step or at some of them, and how is this competency assessed?

How was the seed and soil hypothesis received and interpreted in the immediate decades after Paget? Paget's view is often contrasted, in retrospect, with other, competing views. In particular, prevalent in the current scientific and medical literature on metastasis research (Fidler, 2003b;Hou et al., 2011;Mowers et al., 2017;Pienta et al., 2013) are references to what is described as a conceptual debate between Stephen Paget's "seed and soil" analogy, which focuses on the compatibility between circulating tumour cells and site(s) of secondary outgrowth, and James Ewing's so-called "mechanistic" explanation, which is based solely on the anatomy of vascular routes connecting the primary tumour to further organs (Ewing, 1928).

However, this is to a large extent a retrospective and distorted representation. Reanalysing

Ewing's chapter on metastasis (which is incidentally devoid of any reference to Paget) reveals that his famous phrase about the contemporaneous absence of "evidence that any one parenchymatous organ is more adapted than others to the growth of embolic tumour cells" is immediately followed by an observation about spleen "escape with peculiar frequency". As a matter of fact, this same paragraph begins with the notion of "genius loci", defined as the "particular susceptibility of a tissue to develop secondary tumours". Ewing also acknowledges the phenomenon of tumour recurrence, accompanied by the hypothesis of "local predisposition" when describing a certain kind of tumour-initiated "excitation state" prone to neoplastic regrowth.

In other words, Ewing's alleged contradiction of organotropism and "seed and soil" interactions does not feel as forceful and/or intentional as some reconstructed chronologies seem to portray. Indeed his manuscript carries interesting discussions about the concepts of metastatic tissue "resistance", "immunity", "susceptibility", "predisposition" and potential "preparation".

Yet, at least in principle, it can be seen as a competing hypothesis, because it says that the key factor is not the properties of the potential secondary sites but the properties of the "intermediate", i.e., the circulation (Fig. 5). Overall, then, it seems fair to say that Paget's seed and soil hypothesis had very few genuine opponents, as well as very few proponents. How then did the hypothesis come back in the literature on cancer? Major figures such as Fidler (Fidler, 2003a;[START_REF] Fidler | The "seed and soil" hypothesis revisited[END_REF][START_REF] Hart | Role of organ selectivity in the determination of metastatic patterns of B16 melanoma[END_REF]Langley & Fidler, 2011;[START_REF] Poste | The pathogenesis of cancer metastasis[END_REF]) played a central role in the revival of the seed and soil hypothesis, starting from the 1980s. In a (rather informal) interview given in 2011, Fidler described the feeling of "reinventing the wheel" that he had when, after doing experimental work, he realized that Paget had had similar ideas almost a century before: The revival of the seed and soil hypothesis was clearly perceivedand made explicitby some of the key biologists and medical doctors of that time. As noted by Fidler (2003a):

In 1989, in his introductory remarks to the symposium commemorating the centenary of Paget's 'seed and soil' hypothesis, George Poste pointed out that: "There are few scientists, historically or contemporary, whose work will stand 100 years of scrutiny and not succumb to the depressing trend of modern publications -to ignore papers published more than five years ago".

In other words, these biologists and medical doctors were aware that their own work presented strong similarities with Paget's, and they prized Paget for what they saw retrospectively as his founding and even "revolutionary" work.

What is central for our argumentation here is that Paget offered a medical observation, whereas Fidler provided an experimental demonstration of the role of the "soil". Despite

Fidler's repeated claim that he has only "rediscovered" something that had already been said by Paget, there is a huge gap between simply making an observation and providing empirical evidence for that observation. In Fidler's (Fidler, 2003a) own words:

Experimental data to support Paget's 'seed and soil' hypothesis were derived from studies on the preferential invasion and growth of B16 melanoma metastases in specific organs. When mouse melanoma cells were introduced into the circulation of syngeneic mice, tumour growths developed in the lungs and in fragments of pulmonary or ovarian tissue that were implanted intra-muscularly. By contrast, metastatic lesions did not develop in implanted renal tissue, or at the site of surgical trauma. This indicates that sites of metastasis are determined not solely by the characteristics of the neoplastic cells but also by the microenvironment of the host tissue [ [START_REF] Hart | Role of organ selectivity in the determination of metastatic patterns of B16 melanoma[END_REF]]

In humans, Fidler (2003a) notes that the seed and soil hypothesis has been corroborated by the work of David Tarin and others:

David Tarin and colleagues studied metastasis in ovarian cancer patients whose ascites were drained into the venous circulation. Although palliation and minimal complications were reported in all patients, the procedure allowed the entry of viable cancer cells into the jugular vein. The autopsy findings from 15 patients substantiated the clinical observations that the shunts did not significantly increase the risk of metastasis to organs outside the peritoneal cavity. In fact, despite continuous entry of millions of tumour cells into the circulation, metastases to the lungthe first capillary bed encounteredwere rare. These results provided compelling verification of the venerable 'seed and soil' hypothesis.

But how exactly is the "seed and soil" hypothesis defined by Fidler? Fidler puts forward a characterization of the seed and soil that he presents as a simple "update"; yet this is much more than an update, as Fidler actually redefines the underlying principle of the hypothesis:

A current definition of the 'seed and soil' hypothesis consists of three principles: i) First, primary neoplasms (and metastases) consist of both tumour cells and host cells.

ii) Second, the process of metastasis is selective for cells that succeed in invasion, embolization, survival in the circulation, arrest in a distant capillary bed, and extravasation into and multiplication within the organ parenchyma. (…) Although some of the steps in this process contain stochastic elements, as a whole metastasis favours the survival and growth of a few subpopulations of cells that pre-exist within the parent

Examples such as the work on pre-metastatic niches illustrate at once the fecundity and the ambiguities of Paget's seed and soil hypothesis. It seems to us that the best way to make use of Paget's hypothesis for present and future research is not to "play" with the initial botanical metaphor of the seed and soil (as many authors do), but rather to formulate novel hypotheses that could be tested in practice and that could not have been formulated without this framework. This is certainly a demanding approach to the "utility" of the seed and soil, but we believe that this is the most fruitful one.

[In the rest of this section, we will present what we see as the most stimulating options for such novel hypotheses. One example has to do with our distinction above between the "soil" understood as constitutive elements of a given tissue ("constitutive soil"), or elements that emerge from this tissue later in the process ("induced soil"), or else elements that come to this tissue at some point in the metastatic process ("externally modified soil"). Although inspired by conceptual reflection, we believe that this distinction could give rise to interesting and testable questions, where constitutivity, inducibility and external modification could be assessed.] 

Conclusion