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INTRODUCTION

Liver fibrosis results from continuous injury to the liver, including viral hepatitis, alcohol abuse, metabolic diseases, autoimmune diseases, and cholestatic liver diseases. It is characterized by extensive deposition of extracellular matrix (ECM). Excessive deposition of ECM leads to destruction of the normal architecture and the loss of hepatocytes. Thus, the fibrogenic evolution progresses to cirrhosis, which is a major global healthcare burden. Mortality rates secondary to liver cirrhosis continue to increase, with no approved antifibrotic treatments currently available, and liver transplantation only accessible to few patients.

Myofibroblasts are activated in response to tissue injury with the primary task to repair lost or damaged ECM. Enhanced collagen secretion and subsequent contraction are part of the normal wound healing response and crucial to restore tissue integrity. Dysregulation of the normal repair process can lead to persistent myofibroblast activation and pathogenic ECM deposition. Therefore, myofibroblasts have attracted considerable interest as a potential therapeutic target for tissue fibrosis.

However, the precursors of myofibroblasts have yet to be identified. In most tissues, myofibroblasts are thought to originate from resident fibroblasts, but they may also be derived from other cell types, mostly of mesenchymal origin, such as pericytes, prevascular mesenchymal cells and mesenchymal stem cells (MSCs).

In the liver, as in other tissues, the origin of myofibroblasts is a matter of debate. Although different mesenchymal cell types have been proposed as the source of myofibroblasts following liver injury, the myofibroblasts presumably mainly derive from two different cell types, hepatic stellate cells (HSCs) and portal fibroblasts (PFs).

HSCs phenotypic change into myofibroblasts has dominated the focus of research on liver fibrosis since their discovery. A distinct subpopulation of liver myofibroblasts referred to as portal myofibroblasts (PMFs), have been identified by our group.

However, the precursors of PMFs are not yet been identified due to the lack of specific markers.

Mesenchymal stem cells (MSCs) were first isolated from the bone marrow on the basis of their self-renewal capacity and their ability to differentiate into multiple lineages. MSCs have been reported in almost all fetal and postnatal tissues and organs and proposed as a source of myofibroblasts in response to tissue injury in the several fibrosis of organs. Recent studies addressing the role of foucused on Gli1+ cells in liver showed the emerging role of MSCs in liver fibrosis.

Angiogenesis is a dynamic process leading to the formation of new vasculature from pre-existing vasculature. Evidence from both clinical and experimental conditions demonstrates that pathologic angiogenesis and sinusoidal remodeling are closely related to the progression of liver fibrosis. HSCs and portal myofibroblasts (PMFs) could act as the cellular source of angiocrine signals in the liver during fibrogenesis. However, whether intrahepatic angiogenesis represents a beneficial response for maintaining homeostasis or one that exerts pathological role leading to the progression of liver fibrosis and the mechanisms involved in angiogenesis during the progression of liver fibrosis are still poorly understood.

To better understand the role of PMFs and their procursors in liver fibrosis progression, this thesis aims to determine the cell atlas of portal mesenchymal cells, identify the precursors of PMFs, compare them with HSCs, and determine gene signatures of PMFs and their precursors. Specific objectives were:

1) Reveal the atlas of portal mesenchymal cells in normal mouse liver;

2) Set up the method to isolate and purify the precursors of PMFs;

3) Characterize of the stem cell features of the precursors of PMFs; 4) Identify transcriptomic signatures of the precursors of PMFs and HSCs, and their derived myofibroblasts.

In the first bibliographic review part, we will report the state of scientific knowledge on liver fibrosis, hepatic myofibroblasts, mesenchymal stem cells and angiogenesis. Then in a second part we will present the results of the work. To finish, in a third part we will conclude and discuss the results and perspectives provided by this work.

I) Liver fibrosis A) Functional anatomy of the liver

The liver is the largest solid organ in the body, constituting 2.5% of total body weight and serves as a central metabolic coordinator with a wide array of essential functions, including the regulation of glucose and lipid metabolism, protein synthesis [START_REF] Juza | Clinical and surgical anatomy of the liver: a review for clinicians[END_REF]. The liver cellular organization is based on the building block of the hepatic acinus, which contains all the cells of the liver arranged around point(s) of the entry (portal triads (hepatic artery, portal vein, and bile duct)) and exit (central veins) of blood. Blood flows into the liver lobe via the portal vein/portal artery and drains towards the central vein through sinusoids. Sinusoids are lined with fenestrated liver sinusoidal endothelial cells (LSECs). Between the hepatocytes and the LSECs is the space of Disse, which harbors the hepatic stellate cells (HSCs), whereas Kupffer cells (KCs) protrude in the lumen of sinusoids. Bile, produced by the hepatocytes and excreted in the bile canaliculi, flows in the opposite direction of blood towards the bile ducts in the portal area (Figure 1). Within the acinus, parenchymal cells (hepatocytes) account for 60% of the total cell population in human liver and nonparenchymal cells (NPCs) include cholangiocytes, LSECs, vascular endothelial cells, KCs, HSCs and other mesenchymal cells, such as portal fibroblasts and vascular smooth muscle cells (VSMCs), and diverse immune cell. Recently, the emerging of sensitive single-cell RNA sequencing (scRNA-seq) methods made possible to investigate the nature of liver cells with high resolution, providing a powerful tool for unraveling the complexity of liver cells in health and disease. 

B) Fibrogenesis

Recently, worldwide estimations suggested that over 840 million people suffer from chronic liver disease (CLDs), including cytolytic liver diseases, i.e. hepatitis B, hepatitis C, alcoholic liver disease (ALD), and non-alcoholic steatohepatitis (NASH), and cholestatic liver diseases, i.e. primary sclerosing cholangitis (PSC), primary biliary cholangitis (PBC), and secondary biliary cirrhosis (SBC) [START_REF] Bataller | Liver fibrosis[END_REF]. CLDs are a leading cause of morbidity and mortality globally, with two million deaths annually and a rising incidence [START_REF] Marcellin | Liver diseases: A major, neglected global public health problem requiring urgent actions and large-scale screening[END_REF]. Whatever the etiology, the main mechanism for the progression of CLDs is fibrogenesis.

Liver fibrogenesis is a dynamic process including quantitative and qualitative changes of the extracellular matrix (ECM), of which the most prominent is the deposition of type I collagen. These changes progressively disrupt normal liver architecture and prevent the liver from its normal synthetic and metabolic functions.

Thus, the fibrogenesis progresses to cirrhosis, liver failure, and hepatocellular carcinoma, which can have a poor outcome and high mortality (Figure 2). During fibrogenesis, the scar tissue gradually replaces dead hepatocytes leading to the development of fibrotic septa. Fibrosis develops with different spatial patterns according to the etiology, but predominantly progress from the portal area, even if the primary targets of injury are intralobular hepatocytes [START_REF] Clouston | Fibrosis correlates with a ductular reaction in hepatitis C: roles of impaired replication, progenitor cells and steatosis[END_REF][START_REF] Degott | Histopathological study of primary biliary cirrhosis and the effect of ursodeoxycholic acid treatment on histology progression[END_REF][START_REF] Nobili | Hepatic progenitor cells activation, fibrosis, and adipokines production in pediatric nonalcoholic fatty liver disease[END_REF]J. Xu et al., 2014). The stage of fibrosis is usually determined with the Metavir scoring system [START_REF] Group | Intraobserver and interobserver variations in liver biopsy interpretation in patients with chronic hepatitis C[END_REF] There is currently no specific treatment for hepatic fibrosis. The management of patients is based on the treatment of etiology (cessation of alcohol, anti-viral treatment, ect.) and on symptomatic treatments. At the stage of cirrhosis, the only treatment is liver transplantation, that concerns a limited number of patients.

C) Major experimental models of liver fibrosis 1) Toxic models

Carbon tetrachloride (CCl 4 ), is the most common toxic used to induce liver fibrosis and cirrhosis in mice and rats. Most often, 0.3-1 ml/kg body weight CCl 4 is injected intraperitoneally two to three times per week during 4-6 weeks [START_REF] Constandinou | Modeling liver fibrosis in rodents[END_REF]. Similarly, Thioacetamide (TAA) administration is another well-established model of liver fibrosis in rodents. TAA administration through i.p results in hepatic centrilobular necrosis, elevated transaminase activity, and intense liver fibrosis within six weeks [START_REF] Liedtke | Experimental liver fibrosis research: update on animal models, legal issues and translational aspects[END_REF].

2) Cholestatic models of liver injury

Different animal models mimicking cholestatic liver injury have been developed. Surgical common bile duct ligation (BDL) is well known to cause cholestatic injury and periportal biliary fibrosis in both mice and rats. BDL is a rapid and reproducible method causing to cholestatic liver injury. This model can be applied to transgenic mice easily, allowing the investigation of cholestatic injury in many different study designs [START_REF] Liedtke | Experimental liver fibrosis research: update on animal models, legal issues and translational aspects[END_REF]. Mouse multi-drug-resistant gene 2 (Mdr2) or ATP binding cassette subfamily B member 4 (Abcb4) is the homolog of the human genes MDR3/ABCB4, which encodes the transporter of phosphatidylcholine into bile [START_REF] Morita | Bile salt-stimulated phospholipid efflux mediated by ABCB4 localized in nonraft membranes[END_REF]. Mdr2-KO mice display deficiency in the excretion of phosphatidylcholine into bile, nonpurulent inflammatory cholangitis, portal inflammation, and ductular reaction, developing a phenotype resembling human PSC, with biliary fibrosis [START_REF] Mauad | Mice with homozygous disruption of the mdr2 Pglycoprotein gene a novel animal model for studies of nonsuppurative inflammatory cholangitis and hepatocarcinogenesis[END_REF]. In addition to the models mentioned above, dietary models causing cholestatic liver injury are also widely used. 3,5diethoxycarbonyl-1,4-dihydrocollidine (DDC) feeding leads to increased biliary porphyrin secretion. A robust ductular reaction can be induced after one week of DDC feeding. DDC feeding leads to pericholangitis with infiltration of inflammatory mononuclear cells and activation of fibrogenesis around bile duct, developing biliary liver fibrosis that resembles PSC [START_REF] Fickert | A new xenobiotic-induced mouse model of sclerosing cholangitis and biliary fibrosis[END_REF].

II) Hepatic myofibroblasts A) General characteristics of myofibroblasts 1) Definition and functions of myofibroblasts

In chronic fibro-inflammatory diseases, myofibroblasts are the main effectors of fibrosis, affecting multiple organs such as liver, lung, and kidney (S. L. Friedman et al., 2013). The myofibroblast possesses the feature of fibroblastic cells, such as the production of the ECM, with the contractile functions of the smooth muscle cells involved in tissue architecture distortion. α-SMA is the most commonly used marker of myofibroblasts, although this is not an absolute requirement for myofibroblast identification. There are other markers of myofibroblasts, such as F-actin, vinculin, and extra domain A-containing fibronectin. Myofibroblasts do not express markers of smooth muscle cells like the light chain of myosin or smoothelin and are therefore distinguished from smooth muscle cells.

Myofibroblasts are the major source of ECM proteins such as collagen type I as well as other proteins that constitute pathologic fibrous tissues (S. L. Friedman, 2008). They also secrete proteolytic enzymes, mainly matrix metallo-proteinases, that degrade the ECM. Thus, myofibroblasts are the main players of both fibrogenesis and fibrolysis, and fibrosis results from the imbalance of these two processes.

2) Origin of myofibroblasts

Myofibroblasts originate typically from mesenchymal precursor cells via transdifferentiation, often referred to as the term of "activation". Activation of myofibroblasts is regulated by cytokines synthesized by inflammatory and parenchymal cells, including transforming growth factor- (TGF), the main profibrotic factor.

Resident mesenchymal cells are the major source of myofibroblasts across multiple organs. Mesenchymal cells have been initially isolated based on adherence and capability to expand in vitro. The common feature of mesenchymal cells is the lack of endothelial (CD31) or hematopoietic (CD45) markers. Localization relative to the vasculature, as well as positive selection using a number of markers, further allows discrimination between distinct subsets of mesenchymal cells in various organs, including fibroblasts, pericytes, mesenchymal stem/stromal cells (MSCs) and others.

At homeostasis, fibroblasts, which are tissue-resident mesenchymal cells found in the interstitial space of all organs, play a key role in structural framework by generating ECM. Fibroblasts are morphologically and functionally distinct from myofibroblasts, as they do not express α-SMA and lack the contractile microfilamentous apparatus (i.e., stress fibers) observed in myofibroblasts. Increasing evidence demonstrates that the historically defined fibroblast is actually not one type of cell, but a general name to describe the heterogeneous populations of mesenchymal cells [START_REF] Di Carlo | The perivascular origin of pathological fibroblasts[END_REF].

In the microvasculature, ECs are wrapped by a discrete subset of contractile mesenchymal cells termed pericytes. These cells are embedded within the vascular basement membrane and establish close contacts with ECs [START_REF] Sims | The pericyte--a review[END_REF]. It is still a challenge to identify pericytes. Nevertheless, it can be addressed using a combination of criteria, including localization relative to ECs and the vascular basement membrane, morphology, lack of the lineage markers CD45 and CD31, and expression of markers such as PDGFRβ, CD146, RGS5, and NG2, even though none of these markers are unique to pericytes, and expression levels vary with pericyte state and vessel type [START_REF] Crisan | Perivascular cells for regenerative medicine[END_REF][START_REF] Murfee | Differential arterial/venous expression of NG2 proteoglycan in perivascular cells along microvessels: identifying a venule-specific phenotype[END_REF].

A growing body of research indicates that myofibroblasts can also derive from MSCs or MSC-like cells in multiple organs. This aspect will be developed in Section III.

It is well-established that the diverse types of mesenchymal cells in different organs contribute to the pool of myofibroblasts (Table 2). However, because of the lack of specific markers that discriminating the different mesenchymal cell populations. the relative contribution of distinct mesenchymal subsets to tissue homeostasis or damaged condition remains poorly understood.

Organ Mesenchymal cell type Positive markers Reference

Heart

Cardiac fibroblasts DDR2, Vimentin [START_REF] Ubil | Mesenchymal-endothelial transition contributes to cardiac neovascularization[END_REF] Cardiac fibroblasts Thy1, DDR2, COL1A1, PDGFRα [START_REF] Ali | Developmental heterogeneity of cardiac fibroblasts does not predict pathological proliferation and activation[END_REF] Cardiac fibroblasts COL1A1, PDGFRα, Vimentin, CD90 

Skeletal muscle

Fibro/adipogenic progenitors, multipotent mesenchymal progenitor cells Sca1, PDGFRα [START_REF] Joe | Muscle injury activates resident fibro/adipogenic progenitors that facilitate myogenesis[END_REF]) [START_REF] Lemos | Nilotinib reduces muscle fibrosis in chronic muscle injury by promoting TNF-mediated apoptosis of fibro/adipogenic progenitors[END_REF] Pericytes NG2, PDGFRβ, CD146 [START_REF] Birbrair | Type-1 pericytes participate in fibrous tissue deposition in aged skeletal muscle[END_REF] Perivascular cells Sca1, PDGFRα [START_REF] Dulauroy | Lineage tracing and genetic ablation of ADAM12(+) perivascular cells identify a major source of profibrotic cells during acute tissue injury[END_REF] Adipose tissue Pericyte-like cells PDGFRα, PDGFRβ, NG2 [START_REF] Iwayama | PDGFRalpha signaling drives adipose tissue fibrosis by targeting progenitor cell plasticity[END_REF] Bladder Mesenchymal stem cells Gli1, Sca-1, CD34 [START_REF] Lilly | The Murine Bladder Supports a Population of Stromal Sca-1+/CD34+/lin-Mesenchymal Stem Cells[END_REF] Heart, liver, lung, kidney, bone narrow Mesenchymal stem cells Gli1, PDGFRβ, 3G5, Nestin, PDGFRa (Kramann et al., 2015) Liver Peribiliary mesenchymal cells Gli1 (Gupta et al., 2020) (Kramann et al., 2015) Hepatic stellate cells LRAT, Desmin, PDGFRβ (Mederacke et al., 2013) that give rise to HSC-derived myofibroblasts (HSC-MFs) and portal myofibroblasts (PMFs) respectively. Although other cell types have been proposed as alternative sources of myofibroblasts, their relative contribution is negligible or still under debate.

Thus, some studies proposed fibrocytes as an extra-hepatic source of liver myofibroblasts (Kisseleva et al., 2006;[START_REF] Xu | Bone marrow-derived fibrocytes contribute to liver fibrosis[END_REF], but their contribution to the myofibroblastic pool would be small [START_REF] Kisseleva | The origin of fibrogenic myofibroblasts in fibrotic liver[END_REF] even insignificant [START_REF] Higashiyama | Negligible contribution of bone marrow-derived cells to collagen production during hepatic fibrogenesis in mice[END_REF]. Liver mesothelial cells of the Glisson's capsule might also give rise to HSCs or myofibroblasts near the liver surface, contributing to fibrosis of the liver capsule [START_REF] Lua | Myofibroblastic Conversion and Regeneration of Mesothelial Cells in Peritoneal and Liver Fibrosis[END_REF]. Another proposed source of myofibroblasts in liver is epithelial-to-mesenchymal transition (EMT), supported by in vitro studies [START_REF] Choi | Epithelial-to-mesenchymal transitions in the liver[END_REF]. However, cell fate tracing experiments demonstrated that myofibroblasts induced in liver fibrosis injury models are not derived from EMT [START_REF] Chu | Lineage tracing demonstrates no evidence of cholangiocyte epithelial-to-mesenchymal transition in murine models of hepatic fibrosis[END_REF][START_REF] Osterreicher | Fibroblast-specific protein 1 identifies an inflammatory subpopulation of macrophages in the liver[END_REF][START_REF] Scholten | Genetic labeling does not detect epithelial-to-mesenchymal transition of cholangiocytes in liver fibrosis in mice[END_REF].

1) Hepatic stellate cells (HSCs)

In healthy adult liver, HSCs constitute approximately 5-8% of total liver cells and exhibit a quiescent phenotype, and serve as major storage of Vitamin A in lipid droplets (S. L. Friedman, 2008). Quiescent HSCs are located in the sinusoidal space of Disse, between hepatocytes and LSECs (Figure 3), where they also play a role as pericytes for LSECs, maintaining them in sinusoidal differentiation stage (DeLeve et al., 2004), and regulate the vascular tonus. The role of HSCs in liver fibrosis was firstly described in the 70's and the paradigm of HSC as a source of liver myofibroblast has dominated the focus of research on liver fibrosis until now. In response to chronic liver injury, HSCs are activated, which leads to the conversion of a resting vitamin A-rich cell to one that has lost vitamin A droplets. Upon activation, HSCs turn their morphology into myofibroblasts, contributing to the excessive ECM deposition observed in the pathological conditions of fibrosis and cirrhosis. HSC activation is modulated by diverse interactions with other cells, including hepatocytes, KCs, ECs, cholangiocytes and infiltrating immune cells [START_REF] Ding | Divergent angiocrine signals from vascular niche balance liver regeneration and fibrosis[END_REF][START_REF] Luedde | Cell death and cell death responses in liver disease: mechanisms and clinical relevance[END_REF][START_REF] Pellicoro | Liver fibrosis and repair: immune regulation of wound healing in a solid organ[END_REF][START_REF] Seki | Hepatic inflammation and fibrosis: functional links and key pathways[END_REF]. Thus, fibrogenesis is viewed as a multicellular hepatic wound healing response with HSCs in its center. Xiong and colleagues reported that HSCs appear to act as a "hub" of signaling by releasing growth factors, cytokines, and chemokines. (Xiong et al., 2019). HSCs are easily isolated from normal liver and undergo spontaneous myofibroblastic differentiation when cultured on a plastic dish. A widely used experimental culture model is primary human and rodent HSCs, isolated based on retrograde pronase-collagenase perfusion of the liver and subsequent density-gradient centrifugation (Scott L [START_REF] Friedman | Isolation and culture of hepatic lipocytes, Kupffer cells, and sinusoidal endothelial cells by density gradient centrifugation with Stractan[END_REF]. However, HSC isolation is commonly hampered by low yield and purity. An optional add-on protocol for ultrapure HSC isolation from normal and fibrotic livers via subsequent flow cytometric sorting has been described by Mederacke and colleagues (Mederacke et al., 2015).

Investigating the role of HSCs and the contribution of the different mesenchymal cell populations in normal and fibrotic liver requires specific markers.

As shown in Figure 4A, several markers have been identified for HSCs, including glial fibrillar acidic protein (GFAP), desmin, cytoglobin and lecithin retinol acyltransferase (LRAT) [START_REF] Bataller | Liver fibrosis[END_REF]Scott L Friedman, 2008;[START_REF] Higashi | Hepatic stellate cells as key target in liver fibrosis[END_REF][START_REF] Kawada | Cytoglobin as a Marker of Hepatic Stellate Cell-derived Myofibroblasts[END_REF]. Recently, two scRNA-seq studies focusing on HSCs have uncovered other putative markers of HSCs, such as Ecm1, Vipr1, Colec11, Reln, Pth1r, Hgf, Fcna, Angptl6, Tmem56 and Plvap (Dobie et al., 2019;Krenkel et al., 2019). Besides, HSC-specific gene signatures, associated with poorer patients' prognoses, have been identified by using genome-wide transcriptome profiling (J. Ji et al., 2015;D. Y. Zhang et al., 2016). One study focusing on epigenetic alteration revealed determining transcription factors (Figure 4C) for HSCs at different stages of activation [START_REF] Liu | Identification of Lineage-Specific Transcription Factors That Prevent Activation of Hepatic Stellate Cells and Promote Fibrosis Resolution[END_REF]. HSCs; aHSCs, activated HSCs; iHSCs, inactivated HSCs [START_REF] Liu | Identification of Lineage-Specific Transcription Factors That Prevent Activation of Hepatic Stellate Cells and Promote Fibrosis Resolution[END_REF] There is now both in vitro and in vivo evidence for the existence of more than one origin of liver myofibroblasts. HSCs are recognized by the fluorescence of their retinoid droplets under UV excitation. Culture studies have clearly demonstrated that other liver cell types, without fluorescent retinoid droplets, can give rise to myofibroblasts [START_REF] Kinnman | The myofibroblastic conversion of peribiliary fibrogenic cells distinct from hepatic stellate cells is stimulated by platelet-derived growth factor during liver fibrogenesis[END_REF]Thomas Knittel et al., 1999). A genetic cell fate study has provided strong evidence that HSCs were the major source of myofibroblasts in several mouse liver fibrosis models, including CCl 4 , BDL, DDC, and Mdr2-KO mice (Mederacke et al., 2013). Another study demonstrated that myofibroblasts predominantly derived from HSCs in the CCl 4 model, and from PFs at the onset of cholestatic injury (BDL) (Iwaisako et al., 2014). Moreover, a recent study reported that the contribution of Thy1+ activated PFs to the myofibroblastic population increased with fibrosis progression in Mdr2-KO mice. The remaining myofibroblasts were composed of activated HSCs, suggesting that PFs and HSCs are both activated in Mdr2-KO mice (Nishio et al., 2019). Taking advantage of scRNAseq, Dobie and colleagues recently showed HSCs subpopulation spatial zonation in healthy and fibrotic mouse liver (Figure 4B, Figure 8), designated portal veinassociated HSCs (Landmarkers: Ngfr, Igfbp3, Tagln, Rgs4, Il34, and Itgb3) and central vein-associated HSCs (Landmarkers: Loxl1, Sox4, Podn, Adamtsl2, Rspo3, and Spon2). Importantly, they provided evidence that central vein-associated HSCs were the dominant pathogenic collagen-producing cells in a mouse model of centrilobular fibrosis (CCl 4 liver injury) (Dobie et al., 2019). Collectively, these results suggested that the source of myofibroblasts may depend on the different stages of liver fibrosis progression and zonation of the liver lobule.

2) Portal fibroblasts (PFs)

The portal area contains three main structures, portal vein and artery with their wall and bile duct with its basal membrane, surrounded by fibroblasts. The term "portal fibroblast" refers to any fibroblast in the portal region, and the term "portal myofibroblasts" to any myofibroblast that originates in the portal area and is not derived from HSCs [START_REF] Wells | The portal fibroblast: not just a poor man's stellate cell[END_REF]. Their roles in liver homeostasis and response to injury are undefined and controversial. In almost all types of chronic liver disease, including biliary (i.e., primary biliary cholangitis, biliary atresia), viral, alcoholic, and non-alcoholic fatty liver diseases, fibrosis develops predominantly in the portal area and appears to progress from this area (Lemoinne et al., 2013). However, two cell-fate tracing studies have provided conflicting results on the relative contribution of PFs in experimental conditions of biliary fibrosis, with one study suggesting that more than 70% of myofibroblasts were derived from PFs (Iwaisako et al., 2014). In contrast,

another study suggested that their contribution to fibrogenesis is limited compared to that of HSCs (Mederacke et al., 2013). Along these lines, PFs may represent the "rapid responders" cell population activated following the injury to cholangiocytes [START_REF] Kinnman | Peribiliary myofibroblasts in biliary type liver fibrosis[END_REF]Lemoinne et al., 2013).

2.1) Isolation and purification of PFs

PFs were first described as "mesenchymal cells not related to sinusoids", and since then were called "periductular fibroblasts" or "portal/periportal mesenchymal cells" (Dranoff & Wells, 2010), which comprise a small population of mesenchymal cells that surround the portal tracts (Figure 5). PFs are challenging to isolate and purify due to their embedding into the ECM and the lack of reliable markers, which is the main reason why the contribution of PFs to liver fibrosis remains undetermined. Non-HSC derived myofibroblasts were obtained in culture by different methods of cell isolation. Among them, a method described to isolate cells assumed to be PFs, is based on rat liver perfusion with enzymatic digestion, followed by size selection of cells enriched in PFs; PFs undergo progressive myofibroblastic activation and differentiated into PMFs [START_REF] Kruglov | Isolation of primary rat liver fibroblasts[END_REF][START_REF] Wen | Isolation of rat portal fibroblasts by in situ liver perfusion[END_REF]. We also have established a culture model for PMFs obtained by outgrowth from rat bilio-vascular tree preparations (El Mourabit et al., 2016). This method is highly reproducible, giving rise to PMFs with a clear phenotype and transcriptomic signature distinct from those of myofibroblasts derived from HSCs (Lemoinne et al., 2015). Similar to other protocols [START_REF] Kruglov | Isolation of primary rat liver fibroblasts[END_REF][START_REF] Wen | Isolation of rat portal fibroblasts by in situ liver perfusion[END_REF], the limitations are the abundance of contaminant bile duct epithelial cells, endothelial cells, and vascular smooth muscle cells in the initial preparation, and none of them has yet allowed to identify the progenitor cells of PMFs. A more physiological method of PFs culturing in a precision-cut liver slice is designed to maintain cell-cell and cell-matrix interactions and mimic the natural microenvironment of PFs [START_REF] Clouzeau-Girard | Effects of bile acids on biliary epithelial cell proliferation and portal fibroblast activation using rat liver slices[END_REF].

Taking advantage of reporter mice called collagen-GFP mice, and the feature of vitamin A content in HSCs, the method of PFs purification has been reported.

Collagen-GFP mice were generated 20 years ago [START_REF] Krempen | Far Upstream Regulatory Elements Enhance Position-Independent and Uterus-Specific Expression of the Murine α1 (1) Collagen Promoter in Transgenic Mice[END_REF], using GFP as a marker of activated myofibroblasts in the injured liver. Collagen-1 expressing myofibroblasts, which are supposed to comprise all myofibroblasts derived from diverse origins, can be identified by GFP signal in hepatic non-parenchymal cell fraction. HSCs and PFs can be purified from the pool of GFP+ myofibroblasts by detecting Vitamin A (which emits autofluorescent signal detected at 405 nm wavelength by flow cytometry) as VitA+ GFP+ (HSCs) and VitA-GFP+ (PFs), respectively (Iwaisako et al., 2014). Another study separated VitA+ HSCs, VitA-GFP+GPM6A-PFs, and VitA-GFP+GPM6A+ mesothelial cells from the same Col1a1-GFP reporter mouse (Lua et al., 2016a). However, contradictory results was generated regarding the relative contribution of VitA-GFP+ PFs to liver fibrosis, and none of these methods identified or isolated PFs by positive selection.

2.2) The major markers of PFs

Determining the roles of PFs in physiological and pathophysiological conditions has been hampered by the lack of reliable markers to distinguish them from HSCs. A variety of markers have been used to identify PFs, but none of them has been validated as both sensitive and specific [START_REF] Wells | The portal fibroblast: not just a poor man's stellate cell[END_REF]. The main PF markers were summarized in Table 3.

Col15a1

Type 15 collagen belongs to the group of non-fibrillar collagens, characterized by extensive interruptions in their collagenous sequences and a conserved noncollagenous carboxyl-terminal structure [START_REF] Kivirikko | Primary structure of the alpha 1 chain of human type XV collagen and exon-intron organization in the 3' region of the corresponding gene[END_REF][START_REF] Muragaki | The human alpha 1(XV) collagen chain contains a large amino-terminal non-triple helical domain with a tandem repeat structure and homology to alpha 1(XVIII) collagen[END_REF][START_REF] Myers | Identification of a previously unknown human collagen chain, alpha 1(XV), characterized by extensive interruptions in the triple-helical region[END_REF]. We have shown that a marked increase in the hepatic expression of COL15A1 occurs in advanced liver fibrosis, both in animal models and in patients with chronic liver diseases (Lemoinne et al., 2015). This is the case not only in biliary-type liver fibrosis (i.e., bile-duct ligated rats and patients with primary biliary cholangitis) but also in post-necrotic liver fibrosis (i.e., carbon-tetrachloridetreated rats and patients with NAFLD), suggesting that PMFs or at least subpopulations of PMFs are involved in the progression of all types of liver fibrosis.

Moreover, Col15a1+ PMFs secrete vascular endothelial growth factor (VEGF) Acontaining microparticles, which activate VEGF receptor 2 in ECs and largely mediate vascular remodeling (Lemoinne et al., 2015).

Thy-1

Thymocyte differentiation antigen-1 (Thy-1) is a glycophosphatidylinositol (GPI)-anchored surface protein expressed on various cell types, including neurons, thymocytes, myofibroblasts, endothelial cells, and mesangial cells [START_REF] Karin | The characteristics of activated portal fibroblasts/myofibroblasts in liver fibrosis[END_REF] and is widely used as a stem cell marker that is expressed in hematopoietic stem cells and mesenchymal stem cells. It has been reported that in mouse models of chronic liver injury, periportal Thy-1 expressing mesenchymal cells appeared in close proximity to liver progenitor cells and constituted the functional niche for liver progenitor cells via paracrine signaling of fibroblast growth factor 7, which was required for stimulation of liver progenitor cells, thereby contributing to liver stem/progenitor cell-mediated regeneration [START_REF] Takase | FGF7 is a functional niche signal required for stimulation of adult liver progenitor cells that support liver regeneration[END_REF]. On the other hand, Thy-1 has been reported to be a marker of liver myofibroblasts that reside in the portal area (Dezso et al., 2007;Dudas et al., 2009b;[START_REF] Dudas | Thy-1 is an in vivo and in vitro marker of liver myofibroblasts[END_REF]. Katsumata and colleagues found that CD45-subpopulation of Thy-1 expressing cells with features of mesenchymal cells localized in the periportal area. Such CD45-Thy-1+ PFs displayed key characteristics of collagen-producing myofibroblasts in vitro and in vivo while being distinct from HSCs (Katsumata et al., 2017). Recently, another group investigated the Thy-1+ PFs in the liver of Mdr2-KO/Col-GFP mice and showed that the proportion of Thy-1+ PFs in the GFP+ myofoboblastic pool progressively increased with the progression of fibrosis (Nishio et al., 2019).

Msln

Mesothelin (MSLN), a membrane-anchored GPI-linked 71-kDa membrane protein (MSLN precursor), is a mesothelial cell marker that is proteolitically cleaved to yield 40-kDa mature mesothelin which is attached to the cell membrane by GPI linkage and a 31-kDa shed fragment named megakaryocyte-potentiating factor (MPF) (K. [START_REF] Chang | Molecular cloning of mesothelin, a differentiation antigen present on mesothelium, mesotheliomas, and ovarian cancers[END_REF][START_REF] Pastan | Discovery of mesothelin and exploiting it as a target for immunotherapy[END_REF]. MSLN-expressing cells reside in the mesothelial layer lining of parenchymal organs and serosal cavities in a quiescent state and do not proliferate until injured or stressed [START_REF] Bera | Mesothelin is not required for normal mouse development or reproduction[END_REF]. Lineage tracing studies at early embryogenesis have linked the expression of mesothelin to precursors of fibroblasts and smooth muscle cells [START_REF] Rinkevich | Identification and prospective isolation of a mesothelial precursor lineage giving rise to smooth muscle cells and fibroblasts for mammalian internal organs, and their vasculature[END_REF]. Iwaisako and colleagues separated VitA-GFP+ cells as PFs from the Col1a1-GFP mouse model and identified MSLN as a PF marker by using the whole mouse genome microarray (Iwaisako et al., 2014). However, Lua and colleagues described that the VitA-GFP+ population also contains mesothelial cells and demonstrated that Msln is only expressed by the liver mesothelium, and is not a marker of PFs in mouse and human livers (Lua et al., 2016a). More recently, it has also been reported that ablation of MSLN+ PFs, deletion of Msln in PFs, or blocking MSLN expression with anti-MSLN antibody attenuates BDL-induced fibrosis in mice, reinforcing the concept of MSLN as a marker of PFs [START_REF] Koyama | Mesothelin/mucin 16 signaling in activated portal fibroblasts regulates cholestatic liver fibrosis[END_REF].

ENTPD2

ENTPD2 belongs to a family of ectonucleoside triphosphate diphosphohydrolases (NTPDases) that catalyze the hydrolysis of extracellular nucleotides in the normal liver, making them unable to interact with P2Y-class receptors on cholangiocytes and stimulate cholangiocyte proliferation [START_REF] Jhandier | Portal fibroblasts regulate the proliferation of bile duct epithelia via expression of NTPDase2[END_REF]. ENTPD2 is first described as a PF marker in 2002 by Dranoff, who showed ENTPD2 was expressed in the periportal region surrounding intrahepatic bile ducts (Dranoff et al., 2002). Furthermore, Lua and colleagues confirmed that the VitA-GFP+ population isolated from Col1a1-GFP reporter mouse highly expressed Entpd2 and ENTPD2+ PFs are negative for the mesothelial marker, MSLN (Lua et al., 2016a).

Recently, it has been shown that ENTPD2 expression extends from the portal areas to fibrotic septae in CCl 4 -induced and DDC-induced liver fibrosis. Besides, Entpd2 null mice exhibit significantly more severe liver fibrosis in CCl 4 -induced liver fibrosis, suggesting a protective function of ENTPD2 in CCl 4 -induced liver injury [START_REF] Feldbrugge | Distinct roles of ecto-nucleoside triphosphate diphosphohydrolase-2 (NTPDase2) in liver regeneration and fibrosis[END_REF], which might be consistent with the down-regulation of its expression during the myofibroblastic differentiation of PF (Dranoff et al., 2002;[START_REF] Jhandier | Portal fibroblasts regulate the proliferation of bile duct epithelia via expression of NTPDase2[END_REF].

Fibulin2

Fibulin-2 is a secreted extracellular matrix protein of the fibulin family that binds various extracellular ligands and calcium [START_REF] Pan | Structure and expression of fibulin-2, a novel extracellular matrix protein with multiple EGF-like repeats and consensus motifs for calcium binding[END_REF]. Fibulin-2 is present in the basement membrane and stroma of several tissues and may play a role in organ development, particularly during the differentiation of heart, skeletal, and neuronal structures [START_REF] Tsuda | Fibulin-2 expression marks transformed mesenchymal cells in developing cardiac valves, aortic arch vessels, and coronary vessels[END_REF]. Fibulin2-expressing fibroblasts are detectable in the portal area, the wall of portal vessels, portal vein, and hepatic artery of the normal liver (Thomas Knittel et al., 1999;[START_REF] Piscaglia | Expression of ECM proteins fibulin-1 and -2 in acute and chronic liver disease and in cultured rat liver cells[END_REF]Tateaki et al., 2004).

Moreover, their number is increased in the septal regions during liver fibrogenesis in rat models (Thomas Knittel et al., 1999). The whole mouse genome microarray revealed a "signature genes" list of PMFs compared with activated HSCs, in which Fbln2 was further confirmed as a PFs marker (Iwaisako et al., 2014). More recently, Katsumata and colleagues reported that Fbln2 was significantly enriched in Thy1expressing mesenchymal cells of the liver (Katsumata et al., 2017). However, in human cirrhotic livers, Fibulin-2 staining exceeded that of COL15A1, suggesting that Fibulin-2 is less specific for PMFs. In accordance, Fibulin-2 expression increase in rat HSC-MFs compared to quiescent HSCs, even if it remains weaker than in PMFs (Lemoinne et al., 2015).

CD34

The transmembrane phosphoglycoprotein CD34, a member of the sialomucin family, is expressed by a variety of cells, including hematopoietic and endothelial cells, as well as mesenchymal progenitors and portal myofibroblasts (Iwaisako et al., 2014). Nishio and colleagues reported that CD34 was strongly expressed in PFs upon the development of cholestatic fibrosis in Mdr2-KO mice and displayed a strong positive correlation with an increased expression of other PF-specific markers, such as Thy-1, Msln, Fibulin-2 (Nishio et al., 2019). CD34-expressing cells accumulated predominantly in the portal area. The immunohistochemical studies showed that the majority of CD34-expressing cells co-expressed Thy-1, and exhibited a fibroblast-like spindle shape in the livers of Mdr2-KO mice. CD34-expressing PFs were also detected in the livers of BDL-injured, but not CCl 4 -injured, mice (Nishio et al., 2019).

Recently, CD34 was confirmed as a marker of PFs by scRNA-seq analysis of the mouse hepatic mesenchyme (Dobie et al., 2019).

Gli1

Gli1, a transcription factor involved in Hedgehog signalling, has been shown to be expressed in stromal cells with mesenchymal stem cell-like properties (capable of trilineage differentiation) in many organs (Kramann et al., 2015). Kramann and colleagues reported that Gli1+ cells were positioned around bile ducts of the liver and gave rise to myofibroblasts in CCl 4 -induced liver fibrosis (Kramann et al., 2015).

Recently, Gupta and colleagues also showed that Gli1 is expressed within mesenchymal cells around the biliary tree, without overlap with parenchymal stellate cells, and that these cells proliferated and acquired a myofibroblastic phenotype after cholestatic injury (Gupta et al., 2020). These two studies clearly showed that Gli1 is a marker of portal mesenchymal cells, suggesting that the precursors of portal myofibroblasts might be a subpopulation of portal fibroblasts which possess the stemness feature.

PFs markers/species Histology localization in liver Reference

COL15A1/human Adjacent to the bile ducts and canals of Hering, around peribiliary vascular plexus (Lemoinne et al., 2015) Thy1/rat Wall of portal vessels, portal vein, hepatic artery, and bile duct [START_REF] Dudas | Thy-1 is an in vivo and in vitro marker of liver myofibroblasts[END_REF] Thy1/rat Around large bile ducts and peribiliary vascular plexus but not small bile duct, positive nerve around the hepatic artery, scattered portal cells (Dezso et al., 2007) Thy1 (Dranoff et al., 2002) ENTPD2/mouse Around bile duct (Lua et al., 2016a) Fbln2/rat Wall of portal vessels, mostly hepatic artery (Thomas Knittel et al., 1999) Fbln2/rat Wall of portal vessels, portal vein, and hepatic artery (Tateaki et al., 2004) Fbln 2/rat & human Wall of portal vessels, portal vein, and hepatic artery [START_REF] Piscaglia | Expression of ECM proteins fibulin-1 and -2 in acute and chronic liver disease and in cultured rat liver cells[END_REF] CD34/mouse Wall of the portal vein and around bile duct (Nishio et al., 2019) Gli1/mouse Around large Hilar duct, small Hilar duct, Peripheral duct, absent in canal of Hering (Gupta et al., 2020) Gli1/mouse Wall of the portal vein, hepatic artery and around the bile duct (Kramann et al., 2015) Table 3: Localization of the main makers of PFs in liver 2.

3) The functions of PFs/portal myofibroblasts (PMFs)

PFs would be predominantly activated in response to cholestatic liver fibrosis contributing to more than 70% of myofibroblasts at the onset of injury in the BDL model (Iwaisako et al., 2014). Along these lines, portal fibroblasts were proposed to represent the first responder activated following the injury of cholangiocytes [START_REF] Kinnman | Peribiliary myofibroblasts in biliary type liver fibrosis[END_REF]Lemoinne et al., 2013). As shown in Figure 6, depending on their localisation in tissue, fibroblasts deposit various and specific matrix. In the portal area of the liver, PFs are the source of elastic fibers, which are composed of a cross-linked elastin core surrounded by fibrillin-rich microfibrils [START_REF] Wells | The portal fibroblast: not just a poor man's stellate cell[END_REF]. In response to injury, portal myofibroblasts contribute to strength, elasticity, and stiffness of liver structures. Once fibrosis sets in, PFs/PMFs secrete collagen in addition to elastin, such as COL15A1, which is a structural collagen that underlies blood vessels and maintains basement membrane integrity (Lemoinne et al., 2015). During liver development, there is evidence that portal mesenchymal cells express TGF-β family members as well as Hedgehog ligands which induce the differentiation of hepatoblasts to cholangiocytes (Dranoff & Wells, 2010;[START_REF] Fabris | Epithelial-mesenchymal interactions in biliary diseases[END_REF][START_REF] Wells | Autocrine release of TGF-beta by portal fibroblasts regulates cell growth[END_REF]. Biliary obstruction leads to bile acid accumulation in the liver and serum, liver toxicity, and ultimately fibrosis progressing to cirrhosis. A prominent response to biliary obstruction is the ductular reaction, which occurs at the interface of the portal and parenchymal compartments and is observed in virtually all forms of human liver diseases [START_REF] Gouw | Ductular reactions in human liver: diversity at the interface[END_REF]. Reactive ductules express growth factors such as platelet-derived growth factor, connective tissue growth factor, or TGF-β2, which activate PFs and increase matrix deposition [START_REF] Karin | The characteristics of activated portal fibroblasts/myofibroblasts in liver fibrosis[END_REF]. In turn, myofibroblasts produce both tenascin and type IV collagen, which are vital for biliary development and activation [START_REF] Lepreux | Human liver myofibroblasts during development and diseases with a focus on portal (myo)fibroblasts[END_REF]. Besides, PFs express ENTPD2, which hydrolyses the extracellular nucleotides in the normal liver, making them unable to interact with P2Y class receptors on cholangiocytes and stimulate cholangiocyte proliferation. Upon liver injury, activated PFs do not express ENTPD2, which leads to an increase in the concentration of extracellular nucleotides, resulting in increased activation and signaling of P2Y receptors and increased cholangiocyte proliferation [START_REF] Jhandier | Portal fibroblasts regulate the proliferation of bile duct epithelia via expression of NTPDase2[END_REF]. However, recently, Gupta and colleagues reported that Gli1+ portal mesenchymal cells were found only surrounding the main duct of a portal tract, but not around the epithelial cells of the ductular reaction after cholestatic injury. Besides, they showed that the activation of hedgehog signaling in Gli1+ portal mesenchymal cells was associated with the strong expression of Indian hedgehog (Ihh) in cholangiocytes (Gupta et al., 2020).

In addition to the interaction with cholangiocytes, we have demonstrated that

PMFs interact with endothelial cells by releasing vascular endothelial growth factor (VEGF) A containing microparticles which activated VEGF receptor2 in endothelial cells and mediated their proangiogenic activity and tubulogenesis (Lemoinne et al., 2015). Our team also demonstrated that portal myofibroblasts develop Endoplasmic reticulum (ER) stress as they expand with the progression of fibrosis, which further increases their proangiogenic activity, but also inhibits their proliferation and migration. This phenotypic switch may restrict PMF expansion while they support angiogenesis [START_REF] Loeuillard | Endoplasmic reticulum stress induces inverse regulations of major functions in portal myofibroblasts during liver fibrosis progression[END_REF].

Figure 6: Potential functions of portal fibroblasts

Heterogeneous portal fibroblasts (PFs) and their myofibroblasts (PMFs) deposit elastic fibers and also collagens. PFs and PMFs also potentially interact with ductular cells and endothelial cells, to trigger profibrogenic, proangiogenic actions, depending on their microenvironment (Lemoinne et al., 2013;[START_REF] Wells | The portal fibroblast: not just a poor man's stellate cell[END_REF].

III) Mesenchymal stem cells (MSCs) in liver fibrosis A) General concept and characteristics of MSCs

Mesenchymal stem cells (MSCs) have the characteristics of self-renewal, immune regulation, and multipotency. MSCs were first described as stromal stem cells from the bone marrow that have a spindle shape in culture [START_REF] Friedenstein | Precursors for fibroblasts in different populations of hematopoietic cells as detected by the in vitro colony assay method[END_REF]. Although the main and earliest source of these cells has been the bone marrow (BM), based on the typical MSC properties of cells isolated from BM such as colonyforming (CFU-F), self-renewal and mesenchymal lineage differentiation potentials, organ-resident MSCs have been reported in almost all fetal and postnatal tissues and organs [START_REF] Da Silva Meirelles | Mesenchymal stem cells reside in virtually all post-natal organs and tissues[END_REF][START_REF] Khuu | Adult human liver mesenchymal stem/progenitor cells participate in mouse liver regeneration after hepatectomy[END_REF]. MSCs have been isolated

from several organs, such as placenta, skeletal muscle, adipose tissue, lung, heart, liver, kidney, and others, and display different features in terms of surface markers, proliferation rates, and differentiation capability [START_REF] Baruteau | Adult human liver mesenchymal progenitor cells express phenylalanine hydroxylase[END_REF][START_REF] El-Kehdy | Hepatocytic Differentiation Potential of Human Fetal Liver Mesenchymal Stem Cells: In Vitro and In Vivo Evaluation[END_REF]. These organ-specified MSCs are localized in the perivascular niche of small and larger blood vessels in a position compatible with pericytes and adventitial cells [START_REF] Corselli | The tunica adventitia of human arteries and veins as a source of mesenchymal stem cells[END_REF][START_REF] Crisan | Perivascular multipotent progenitor cells in human organs[END_REF]Crisan et al., 2008). However, whether these resident MSC have a progenitor potential similar to the MSC from BM remains controversial [START_REF] Bianco | The meaning, the sense and the significance: translating the science of mesenchymal stem cells into medicine[END_REF]. Vasculature represents the in vivo niche of MSCs, helping to explain why MSCs have such a broad tissue distribution (Crisan et al., 2008). In the presence of proper growth factors and chemical stimulants, MSCs can differentiate along distinct mesodermal lineages in vitro, including adipocytes, osteoblasts and chondroblasts. According to the International Society for Cellular Therapy (ISCT), minimal requirements for MSC identification in humans are adherence to plastic, trilineage differentiation potential (adipocytes, osteoblasts, and chondrocytes), expression of CD105, CD90, CD73 in vitro, and lack of hematopoietic and endothelial markers (Table 4) [START_REF] Dominici | Minimal criteria for defining multipotent mesenchymal stromal cells. The International Society for Cellular Therapy position statement[END_REF]. It is generally accepted that all MSCs are devoid of the hematopoietic marker CD45 and the endothelial cell marker CD31. However, MSCs from other species do not express all the same markers as those on human MSCs; for example, although it has been confirmed that CD34 is absent from human and rat MSCs, some papers report variable expression of CD34 in mouse MSCs [START_REF] Copland | CD34 expression on murine marrow-derived mesenchymal stromal cells: impact on neovascularization[END_REF][START_REF] Peister | Adult stem cells from bone marrow (MSCs) isolated from different strains of inbred mice vary in surface epitopes, rates of proliferation, and differentiation potential[END_REF]. Thus, the expression of many of the MSC markers varies with the species, the tissue source and the method of isolation and expansion [START_REF] Baddoo | Characterization of mesenchymal stem cells isolated from murine bone marrow by negative selection[END_REF][START_REF] Javazon | Mesenchymal stem cells: paradoxes of passaging[END_REF].

Moreover, the expression of MSC markers in vitro does not always correlate with their expression patterns in vivo [START_REF] Gronthos | Integrin-mediated interactions between human bone marrow stromal precursor cells and the extracellular matrix[END_REF]. Although identification of MSCs in mice based on surface marker expression is less strictly defined than in humans, a panel of surface markers is commonly used to identify these cells (Table 4) [START_REF] Boxall | Markers for characterization of bone marrow multipotential stromal cells[END_REF][START_REF] Peister | Adult stem cells from bone marrow (MSCs) isolated from different strains of inbred mice vary in surface epitopes, rates of proliferation, and differentiation potential[END_REF][START_REF] Pelekanos | Comprehensive transcriptome and immunophenotype analysis of renal and cardiac MSC-like populations supports strong congruence with bone marrow MSC despite maintenance of distinct identities[END_REF]. However, there is no real consensus or a single surface marker that specifically and exclusively defines these cells. In addition to their ability to differentiate into osteoblasts, adipocytes and chondrocytes in vitro, it has also been reported that MSCs are able to differentiate into diverse other cell types under specific culture conditions (Figure 7). Caplan and Dennis presented a process that they call mesengenesis, in which MSCs can give rise to myoblasts, bone marrow stromal cells and tendon-ligament fibroblasts [START_REF] Caplan | Mesenchymal stem cells as trophic mediators[END_REF]. MSCs are also able to differentiate into muscle cells, including cardiomyocytes and myoblasts, with characteristics to create multinucleated myotubes and to express markers such as β-myosin heavy chain, α-actin cardiac form, and desmin in the condition of 5-azacytidine induction (W. [START_REF] Xu | Mesenchymal stem cells from adult human bone marrow differentiate into a cardiomyocyte phenotype in vitro[END_REF]. Besides, MSCs originated from embryonic mesoderm can differentiate into functional hepatocyte-like cells that display a cuboidal morphology and the expression of typical hepatocyte markers (K. D. [START_REF] Lee | In vitro hepatic differentiation of human mesenchymal stem cells[END_REF]. Other studies showed that MSCs can differentiate into the pancreatic islets of β-cells capable of producing insulin [START_REF] Govindasamy | Differentiation of dental pulp stem cells into islet-like aggregates[END_REF][START_REF] Phadnis | Human bone marrow-derived mesenchymal cells differentiate and mature into endocrine pancreatic lineage in vivo[END_REF]. Additionally, It has been shown that stimulation with appropriate factors may result in the differentiation of MSCs into cells derived ontogenetically from ectoderm, such as neurons [START_REF] Arthur | Adult human dental pulp stem cells differentiate toward functionally active neurons under appropriate environmental cues[END_REF].

Altogether, these studies suggest that MSC can give rise to multiple functionally mature cell populations. However, because of the lack of standardized approaches for their isolation, culture, expansion, and identification, such multipotential capabilities of MSCs are not universally accepted [START_REF] Nombela-Arrieta | The elusive nature and function of mesenchymal stem cells[END_REF]. have been thought of as "immune-privileged" and in large outbred animals can generally be transplanted across MHC barriers without the need for immunosuppression [START_REF] Devine | Mesenchymal stem cells distribute to a wide range of tissues following systemic infusion into nonhuman primates[END_REF][START_REF] Patel | Immunological properties of mesenchymal stem cells and clinical implications[END_REF]. In vitro, MSCs inhibit T cell activation and dendritic cell differentiation, as well as B cell proliferation, and impair the cytolytic potential of natural killer cells [START_REF] Aggarwal | Human mesenchymal stem cells modulate allogeneic immune cell responses[END_REF][START_REF] Jiang | Human mesenchymal stem cells inhibit differentiation and function of monocyte-derived dendritic cells[END_REF]. Some reports have described that direct cell-cell contact is required for immunosuppression [START_REF] Krampera | Bone marrow mesenchymal stem cells inhibit the response of naive and memory antigen-specific T cells to their cognate peptide[END_REF]. Immunosuppression after MSC infusion in vivo in diverse animal models of disease has also been shown [START_REF] Meirelles Lda | Mechanisms involved in the therapeutic properties of mesenchymal stem cells[END_REF][START_REF] Uccelli | Mesenchymal stem cells in health and disease[END_REF]. These outcomes partially depend on the ability of MSCs to secrete a vast array of soluble factors, some of which have immunomodulatory properties, like TGFβ, interleukin-10 (IL-10), nitric oxide and prostaglandin E2 [START_REF] Meirelles Lda | Mechanisms involved in the therapeutic properties of mesenchymal stem cells[END_REF]. Because MSC treatment appears to be encouraging for immunological disorders therapy, identification of MSC immunosuppressive properties can provide a key functional predictor for the efficacy of MSCs in vivo. Additionally, it is also important to bear in mind that MSCs from various sources can vary in their immunomodulation mechanisms and capacities [START_REF] Mattar | Comparing the Immunomodulatory Properties of Bone Marrow, Adipose Tissue, and Birth-Associated Tissue Mesenchymal Stromal Cells[END_REF].

The broad tissue distribution and multipotent differentiation of MSCs, along with the reported reparative effects of infused MSCs in many clinical and preclinical models, strongly indicate a critical role for MSCs in injury healing [START_REF] Inoue | Subretinal transplantation of bone marrow mesenchymal stem cells delays retinal degeneration in the RCS rat model of retinal degeneration[END_REF][START_REF] Parekkadan | Mesenchymal stem cell-derived molecules reverse fulminant hepatic failure[END_REF][START_REF] Shi | Mesenchymal stem cells: a new strategy for immunosuppression and tissue repair[END_REF][START_REF] Tzaribachev | Mesenchymal stromal cells: a novel treatment option for steroid-induced avascular osteonecrosis[END_REF]. It is reasonable to assume that severe tissue injury may mobilize and recruit remote MSCs to the sites of primarily inflamed or broken blood vessels [START_REF] Karp | Mesenchymal stem cell homing: the devil is in the details[END_REF], although there has been no strong direct evidence of migration path of MSCs to the injured site, due to the lack of a reliable marker for MSCs. Recruited

MSCs in response to chemotactic signals modulate inflammation, repair damaged tissue and facilitate tissue regeneration [START_REF] Newman | Treatment of inflammatory diseases with mesenchymal stem cells[END_REF]. MSCs contributes to tissue repair and regeneration by differentiating into several kinds of stromal and/or damaged cell types at the site of injury, whereas MSC paracrine signaling regulates the local cellular responses to injury, reducing inflammation, promoting angiogenesis, and inducing cell migration and proliferation [START_REF] Gnecchi | Paracrine mechanisms in adult stem cell signaling and therapy[END_REF]. Proteomic analyses of MSC-conditioned medium indicate that MSCs secrete many known factors of tissue repair including growth factors, cytokines, and chemokines, such as VEGF, PDGF, bFGF, EGF, keratinocyte growth factor (KGF), and TGF-β (L. Chen et al., 2008;[START_REF] Gnecchi | Paracrine mechanisms in adult stem cell signaling and therapy[END_REF]. So far, MSCs have been widely studied and applied in regenerative medicine. Several clinical reports verify the potential efficacy of MSCbased cell therapy [START_REF] Han | Mesenchymal Stem Cells for Regenerative Medicine[END_REF]. The therapeutic potential of MSC for liver fibrosis is developed in section III-B-2.2.

B) MSCs in liver fibrosis 1) MSCs as a source of myofibroblasts

MSCs have been proposed as a source of myofibroblasts in the fibrosis of several organs. Schepers and colleagues reported that leukemic myeloid cells stimulate MSCs to overproduce functionally altered osteoblastic lineage cells, which accumulate in the bone marrow cavity as inflammatory myelofibrotic cells to contribute to myelofibrosis [START_REF] Schepers | Myeloproliferative neoplasia remodels the endosteal bone marrow niche into a selfreinforcing leukemic niche[END_REF]. In myocardial infarction, the infarct fibroblasts are generated by MSCs that respond robustly to injury by differentiating into matrix-producing fibroblasts, proliferating and accumulating in the infarct, contributing to the formation of a scar after an infarction [START_REF] Carlson | Cardiac mesenchymal stem cells contribute to scar formation after myocardial infarction[END_REF].

Besides, the contribution of MSCs derived from bone marrow to the renal myofibroblast pool has also been described, showing that up to 35% of renal myofibroblasts are derived from BM-MSCs in the circulation [START_REF] Lebleu | Origin and function of myofibroblasts in kidney fibrosis[END_REF].

Together, these studies suggest that MSCs are implicated in the generation of myofibroblast during fibrosis development.

In the injured liver of patients, as well as in animal models, it has been reported that MSCs derived from bone marrow are recruited to the liver and contribute to the fibrogenic process [START_REF] Baba | Commitment of bone marrow cells to hepatic stellate cells in mouse[END_REF][START_REF] Forbes | A significant proportion of myofibroblasts are of bone marrow origin in human liver fibrosis[END_REF][START_REF] Russo | The bone marrow functionally contributes to liver fibrosis[END_REF]. HSCs, one of the main sources of hepatic myofibroblasts, display characteristics of stem/progenitor cells, and have thus been proposed as liver-specific

MSCs. Stem cell markers CD73, CD105, CD271 and CD133 were detected in HSCs, which would have the capacity to differentiate into endothelial-like and hepatocytelike cells [START_REF] Kordes | CD133+ hepatic stellate cells are progenitor cells[END_REF] and to contribute to liver regeneration [START_REF] Kordes | Hepatic stellate cells contribute to progenitor cells and liver regeneration[END_REF]. However, controversy exists about the stemness of HSCs and tissue distribution analysis showed a localization of CD73 and CD90 expressing cells restricted to the periportal area [START_REF] Klimczak | Mesenchymal Stromal Cells and Tissue-Specific Progenitor Cells: Their Role in Tissue Homeostasis[END_REF]. Kramann and colleagues utilized elegant cell tracing and ablation approaches combined with in vitro analyses to demonstrate that perivascular Gli1+ MSC-like cells are major contributors to fibrosis in several organs, including the liver (Kramann et al., 2015).

Gli1 is a transcription factor that mediates Hedgehog signaling [START_REF] Hui | Gli proteins in development and disease[END_REF]. Zhao and colleagues demonstrated that Gli1 marks a perivascular MSC-like cell population in the mouse incisor (H. [START_REF] Zhao | Secretion of shh by a neurovascular bundle niche supports mesenchymal stem cell homeostasis in the adult mouse incisor[END_REF]. Kramann and colleagues demonstrated that perivascular Gli1+ cells express several characteristic MSC markers, including 3G5, Nestin, and PDGFR, and that they differentiate into bone, cartilage, and fat cells in vitro. PDGFRß+/Gli1+ cells show increased colony-forming unit capability compared to other PDGFRß+ cells, and in vitro experiments suggest that Gli1 may be required for their self-renewal [START_REF] Kim | Targeting the cellular origin of organ fibrosis[END_REF]. In the liver, Gli1+ cells were identified in the perivascular niche and were also positioned around bile ducts, thus displaying a similar distribution as Col15A1+ cells in human liver tissue sections (Lemoinne et al., 2015). Recently, Gupta and colleagues also reported that Gli1 was strictly expressed in peribiliary mesenchymal cells, wrapped around large and small bile ducts of the biliary tree. In the extrahepatic biliary tree, numerous Gli1+ cells were embedded within the mesenchyme containing bile ducts and the peribiliary glands. Gli1 was not expressed in HSCs, cholangiocytes, ECs or macrophages (Gupta et al., 2020). Although Gli1+ cells are present at low numbers under homeostatic conditions, they expand rapidly after injury and they were found to contribute to a non negligeable part of myofibroblasts in CCl 4 -induced fibrosis in one study (Kramann et al., 2015) but not in the other one (Gupta et al., 2020). In response to cholestatic liver injury (BDL and DDC diet-induced fibrosis), a large part of Gli1+ cells colocalized with α-SMA and desmin in large hilar ducts of the liver, but to a lesser extent in smaller peripheral bile ducts, suggesting distinct functions of Gli1+ cells with localization. These studies demonstrated that a MSCs population localized in portal area are a potential source of myofibroblasts during fibrosis progression in the liver.

2) MSCs as a therapeutic approach for liver fibrosis

Exogenously administration of MSCs modulates tissue injury and repair, which largely relies on the MSC paracrine secretion of antiapoptotic, anti-scarring, proangiogenic, and immunomodulatory factors involved in tissue regeneration [START_REF] Caplan | The MSC: an injury drugstore[END_REF]. MSCs could be derived from a patient's own tissues rather than blastocysts or embryos and be more appropriate for clinical use [START_REF] Cho | Mesenchymal stem cells showed the highest potential for the regeneration of injured liver tissue compared with other subpopulations of the bone marrow[END_REF][START_REF] Ji | The differentiation of MSCs into functional hepatocyte-like cells in a liver biomatrix scaffold and their transplantation into liver-fibrotic mice[END_REF]H. Li et al., 2018). Progressive liver fibrosis is a major health issue for which no effective treatment is available, leading to cirrhosis and orthotopic liver transplantation. However, the organ shortage is a reality. Therefore, cell-based therapy using MSCs may represent an attractive therapeutic option for cirrhosis.

Several in vivo studies were performed to evaluate the therapeutic potential of MSCs in the context of liver fibrosis in rats and mice [START_REF] Aziz | Therapeutic potential of bone marrow-derived mesenchymal stem cells on experimental liver fibrosis[END_REF]; Y. J. [START_REF] Chang | Mesenchymal stem cells facilitate recovery from chemically induced liver damage and decrease liver fibrosis[END_REF][START_REF] Jung | Effect of human umbilical cord blood-derived mesenchymal stem cells in a cirrhotic rat model[END_REF][START_REF] Li | In vivo tracking and comparison of the therapeutic effects of MSCs and HSCs for liver injury[END_REF][START_REF] Nasir | Mesenchymal stem cells and Interleukin-6 attenuate liver fibrosis in mice[END_REF][START_REF] Rabani | Mesenchymal stem cell infusion therapy in a carbon tetrachloride-induced liver fibrosis model affects matrix metalloproteinase expression[END_REF][START_REF] Tanimoto | Improvement of liver fibrosis by infusion of cultured cells derived from human bone marrow[END_REF]Y. Wang et al., 2012;[START_REF] Zhao | Bone marrow-derived mesenchymal stem cells protect against experimental liver fibrosis in rats[END_REF]. Tissue-derived MSCs and BM-derived MSCs have been used and beneficial effects have been observed

regardless of the origin of MSCs [START_REF] Berardis | Use of mesenchymal stem cells to treat liver fibrosis: current situation and future prospects[END_REF]. The mechanisms by which MSCs exert their anti-fibrotic effect still remains a controversy. Indeed, studies have proposed the differentiation of MSCs into hepatocyte-like cells, the generation of metalloproteinases by MSCs, and the modulation of inflammation [START_REF] Berardis | Use of mesenchymal stem cells to treat liver fibrosis: current situation and future prospects[END_REF]. Interestingly, some studies showed that pre-differentiation of MSCs into hepatocyte-like cells by incubation in the presence of HGF, results in a further significant reduction of liver fibrosis when compared to naive MSCs [START_REF] Fang | Systemic infusion of FLK1(+) mesenchymal stem cells ameliorate carbon tetrachloride-induced liver fibrosis in mice[END_REF][START_REF] Kuo | Stem cell therapy for liver disease: parameters governing the success of using bone marrow mesenchymal stem cells[END_REF]. However, the improvement of liver function found in some studies seems not to be mainly mediated by MSCs differentiation and cell replacement, but by paracrine signaling improving survival of endogenous hepatocytes and proliferation of hepatocyte progenitors [START_REF] Kuo | Stem cell therapy for liver disease: parameters governing the success of using bone marrow mesenchymal stem cells[END_REF][START_REF] Van Poll | Mesenchymal stem cell-derived molecules directly modulate hepatocellular death and regeneration in vitro and in vivo[END_REF]. Besides, MSCs were shown to inhibit HSC activation and proliferation, thus presenting fibrinolytic capacity [START_REF] Neuss | Secretion of fibrinolytic enzymes facilitates human mesenchymal stem cell invasion into fibrin clots[END_REF][START_REF] Parekkadan | Immunomodulation of activated hepatic stellate cells by mesenchymal stem cells[END_REF][START_REF] Zhao | Bone marrow-derived mesenchymal stem cells protect against experimental liver fibrosis in rats[END_REF]. Furthermore, MSCs are able to modulate the immune function of HSCs and to induce HSCs apoptosis, which likely also contributes to their anti-fibrotic effects [START_REF] Muhanna | Activation of hepatic stellate cells after phagocytosis of lymphocytes: A novel pathway of fibrogenesis[END_REF].

There is apparent discrepancy between the pro-fibrogenic capacity and the anti-fibrogenic properties of MSCs. Di Bonzo and colleagues reported that a significant proportion of transplanted MSCs were found to give rise to myofibroblasts [START_REF] Di Bonzo | Human mesenchymal stem cells as a two-edged sword in hepatic regenerative medicine: engraftment and hepatocyte differentiation versus profibrogenic potential[END_REF]. Li and colleagues also showed that, indeed, many MSCs recruited to the fibrotic liver became myofibroblasts (C. [START_REF] Li | Homing of bone marrow mesenchymal stem cells mediated by sphingosine 1-phosphate contributes to liver fibrosis[END_REF]. These studies suggested that MSCs are likely to differentiate into myofibroblast under a profibrogenic microenvironment. Indeed, TGF-β and platelet-derived growth factor (PDGF) are known to be highly enriched in the fibrotic liver and to induce myofibroblast differentiation of MSCs [START_REF] Bataller | Liver fibrosis[END_REF]; S. W. Chen et al., 2008). Different MSC subpopulations might have diverse multipotent and/or plastic properties, and environmental factors might eventually determine or change their differentiation status. Therefore, this discrepancy might be explained by the coexistence of different cell populations in MSC samples. Additionally, the different stages of fibrosis generated in mice could have an effect on the behavior of transplanted MSCs favoring pro-or anti-fibrogenic effects.

IV) Angiogenesis in liver fibrosis

Angiogenesis is a dynamic process leading to the formation of a new vasculature from a pre-existing vasculature. Angiogenesis in the liver is similar to angiogenesis in other organs and tissues, which can occur in both physiological (i.e., liver regeneration) and pathophysiological conditions, including ischemia, hepatocellular carcinoma, metastatic liver cancer or progressive CLDs [START_REF] Elpek | Angiogenesis and liver fibrosis[END_REF][START_REF] Fernandez | Angiogenesis in liver disease[END_REF]; J. S. [START_REF] Lee | Sinusoidal remodeling and angiogenesis: a new function for the liver-specific pericyte[END_REF][START_REF] Medina | Angiogenesis in chronic inflammatory liver disease[END_REF][START_REF] Valfre Di Bonzo | Angiogenesis and liver fibrogenesis[END_REF]. Evidence from both clinical and experimental conditions demonstrates that pathologic angiogenesis and sinusoidal remodeling are closely related to the progression of liver fibrosis [START_REF] Bosch | Hepatic endothelial dysfunction and abnormal angiogenesis: new targets in the treatment of portal hypertension[END_REF][START_REF] Elpek | Angiogenesis and liver fibrosis[END_REF][START_REF] Fernandez | Angiogenesis in liver disease[END_REF]; J.

S. [START_REF] Lee | Sinusoidal remodeling and angiogenesis: a new function for the liver-specific pericyte[END_REF][START_REF] Medina | Angiogenesis in chronic inflammatory liver disease[END_REF][START_REF] Valfre Di Bonzo | Angiogenesis and liver fibrogenesis[END_REF]. However, it is unclear whether intrahepatic angiogenesis represents a beneficial response for maintaining homeostasis or one that exerts a pathological role leading to the progression of liver fibrosis. Previous studies showed that attenuating angiogenesis could be a promising therapeutic apprroach in patients with liver fibrosis as an efficient prevention of fibrosis could be achieved with antiangiogenic therapy in experimental model of CLDs. However, Patsenker and colleagues reported that promoting angiogenesis by silencing leukocyte cell derived chemotaxin 2 (LECT2)

was beneficial for the improvement of liver fibrosis (M. [START_REF] Xu | LECT2, a Ligand for Tie1, Plays a Crucial Role in Liver Fibrogenesis[END_REF]. These apparently conflicting conclusions indicate that the relationship between angiogenesis and fibrosis in the liver is complex and that mechanisms involved in angiogenesis during the progression of liver fibrosis are still poorly understood. In this chapter, we will address the cellular source of angiocrine signals in the liver during fibrogenesis and liver endothelial cell heterogeneity based on recently published scRNA-seq studies.

A) The relationship between liver angiogenesis and fibrosis

In any clinical condition of CLDs, angiogenesis and fibrogenesis are induced and develop in parallel [START_REF] Novo | Hepatic myofibroblasts: a heterogeneous population of multifunctional cells in liver fibrogenesis[END_REF]. Similarly, angiogenesis has been reported in most experimental animal models of liver fibrosis [START_REF] Corpechot | Hypoxia-induced VEGF and collagen I expressions are associated with angiogenesis and fibrogenesis in experimental cirrhosis[END_REF][START_REF] Rosmorduc | Hypoxia: a link between fibrogenesis, angiogenesis, and carcinogenesis in liver disease[END_REF][START_REF] Rosmorduc | Hepatocellular hypoxia-induced vascular endothelial growth factor expression and angiogenesis in experimental biliary cirrhosis[END_REF]. Previous evidence supports the view that angiogenesis may contribute to the progression of liver fibrosis [START_REF] Elpek | Angiogenesis and liver fibrosis[END_REF]) [START_REF] Corpechot | Hypoxia-induced VEGF and collagen I expressions are associated with angiogenesis and fibrogenesis in experimental cirrhosis[END_REF][START_REF] Rosmorduc | Hypoxia: a link between fibrogenesis, angiogenesis, and carcinogenesis in liver disease[END_REF][START_REF] Rosmorduc | Hepatocellular hypoxia-induced vascular endothelial growth factor expression and angiogenesis in experimental biliary cirrhosis[END_REF].

In all tissues, angiogenesis is triggered by two crucial conditions, inflammation and hypoxia. During liver fibrogenesis, the accumulation of extracellular ECM in liver parenchyma (deposition of fibrillar collagen type I instead of sinusoidal collagen type IV) can contribute to the development of hypoxia, which in turn, stimulates the proangiogenic function of hypoxia-inducible factor (HIF) [START_REF] Ju | Hypoxia-inducible factors as molecular targets for liver diseases[END_REF]. HIF upregulates the transcription of wound healing-related factors and mediators such as VEGF, PDGF-B, matrix metallopeptidases (MMPs), and the tissue inhibitors of metalloproteinases (TIMPs) that should facilitate liver repair and revascularization [START_REF] Hamik | Transcriptional regulators of angiogenesis[END_REF][START_REF] Lagory | The ever-expanding role of HIF in tumour and stromal biology[END_REF][START_REF] Ramakrishnan | Vascular endothelial growth factor signaling in hypoxia and inflammation[END_REF][START_REF] Shin | Regulation of MMP-1 expression in response to hypoxia is dependent on the intracellular redox status of metastatic bladder cancer cells[END_REF]. In addition, HIF-1 not only induces angiogenesis but also induces inflammation through the NF-κB pathway [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF][START_REF] Nath | Hypoxia and hypoxia inducible factors: diverse roles in liver diseases[END_REF].

Indeed, inflammation is a biological response that activates the healing process following liver damage [START_REF] Coulon | Angiogenesis in chronic liver disease and its complications[END_REF]. Inflammation, in its turn, contributes to angiogenesis and fibrotic phenomena [START_REF] Seki | Hepatic inflammation and fibrosis: functional links and key pathways[END_REF]. Pathologic angiogenesis can be inefficient due to the immaturity and permeability of VEGFinduced neovessels and, as a result, may be unable to correct liver hypoxia. Thereby, a vicious circle between fibrosis and pathologic angiogenesis is likely to occur [START_REF] Cannito | Hypoxia, hypoxia-inducible factors and fibrogenesis in chronic liver diseases[END_REF][START_REF] Rosmorduc | Hypoxia: a link between fibrogenesis, angiogenesis, and carcinogenesis in liver disease[END_REF][START_REF] Zhang | Update on implications and mechanisms of angiogenesis in liver fibrosis[END_REF].

In conclusion, pathological angiogenesis and hypoxia drive each other and act synergistically in disrupting normal tissue repair, thereby accelerating the progression of liver fibrosis [START_REF] Zadorozhna | Neovascularization is a key feature of liver fibrosis progression: anti-angiogenesis as an innovative way of liver fibrosis treatment[END_REF]. Pharmacologic interventions that interrupt angiogenesis in experimental models, especially the administration of receptor tyrosine-kinase inhibitors such as sorafenib or sunitinib, attenuate liver fibrosis.

However, these agents also directly target the pathways involved in fibrogenesis. Yet, drugs that specifically block angiogenesis by targeting molecules not involved in the fibrogenesis pathway, such as VEGF receptor type 2 (VEGFR2) exclusively expressed in endothelial cells, also improve liver fibrosis, strengthing the assumption that angiogenesis can accelerate the progression of liver fibrosis (Lemoinne et al., 2016;[START_REF] Mejias | Beneficial effects of sorafenib on splanchnic, intrahepatic, and portocollateral circulations in portal hypertensive and cirrhotic rats[END_REF]. Other studies indicated the dichotomous effects of antiangiogenic interventions on liver fibrosis. The pharmacological inhibition targeting the vitronectin receptor integrin alpha v beta 3 (αvβ3) that promotes angiogenesis by mediating the migration and proliferation of ECs aggravates liver fibrosis despite its suppressive effect on angiogenesis [START_REF] Patsenker | Pharmacological inhibition of integrin alphavbeta3 aggravates experimental liver fibrosis and suppresses hepatic angiogenesis[END_REF]. Kantari-Mimoun and colleagues reported that the neutralization or genetic ablation of vascular VEGF in myeloid cells resulted in delaying liver tissue repair and blocking liver fibrosis resolution through interruption of sinusoidal angiogenesis [START_REF] Kantari-Mimoun | Resolution of liver fibrosis requires myeloid cell-driven sinusoidal angiogenesis[END_REF]. These findings implied that LSECs play dual roles in hepatic fibrogenesis and fibrosis resolution [START_REF] Park | Differential Roles of Angiogenesis in the Induction of Fibrogenesis and the Resolution of Fibrosis in Liver[END_REF].

Recently, a study showed that LECT2 inhibited the migration and tube formation of ECs through binding to tyrosine kinase with immunoglobulin like and EGF like domains 1 (Tie1) (M. [START_REF] Xu | LECT2, a Ligand for Tie1, Plays a Crucial Role in Liver Fibrogenesis[END_REF]. Overexpression of LECT2 inhibited portal angiogenesis, promoted sinusoidal capillarization, and worsened liver fibrosis while silencing LECT2 was able to reverse these changes. This study suggested that portal angiogenesis and sinusoid capillarization played different roles during liver fibrogenesis: portal angiogenesis would attenuate fibrogenesis, whereas sinusoidal capillarization would promote fibrogenesis. In this study, a separate evaluation of portal angiogenesis and sinusoidal capillarization was proposed despite the lack of specific ECs markers (M. [START_REF] Xu | LECT2, a Ligand for Tie1, Plays a Crucial Role in Liver Fibrogenesis[END_REF]. We would, therefore, conclude that today, the relationship between liver fibrosis and angiogenesis (portal)/capillarization (sinusoidal) remains unclear. The question deserves to be addressed in different types and stages of liver disease to develop appropriate strategies that balance efficient inhibition of fibrosis and the protection of normal angiogenic responses.

B) Heterogeneity and zonation of liver ECs

ECs are thought to be diverse between veins and arteries, large and small vessels, and different microvascular beds in various organs (Aird, 2007a[START_REF] Aird | Phenotypic heterogeneity of the endothelium: II. Representative vascular beds[END_REF][START_REF] Chi | Endothelial cell diversity revealed by global expression profiling[END_REF][START_REF] Nolan | Molecular signatures of tissue-specific microvascular endothelial cell heterogeneity in organ maintenance and regeneration[END_REF]. In the liver, there are two different types of microvascular structures: large vessels that are lined by continuous vascular endothelial cells lying on a basement membrane (such as portal vein, hepatic ateries)

and liver sinusoids that are lined by highly specialized endothelial cells, LSECs, which are characterized by fenestrated and discontinuous features, and are devoid of a basement membrane. Vascular ECs and LSECs provide a dynamic barrier between blood and the liver microenvironment. Blood dually supplied by the portal vein and hepatic artery, flows towards the central vein from portal tracts, creating gradients of nutrients, hormones, and oxygen that shape the molecular and functional heterogeneity of liver cells, a phenomenon termed liver zonation (Figure 8). for each EC cluster were listed in the literature that might provide more landmark genes for liver ECs zonation [START_REF] Macparland | Single cell RNA sequencing of human liver reveals distinct intrahepatic macrophage populations[END_REF]. Although the proposed LSEC zonated genes were generated by unbiased scRNA-seq, the reference of LSECs zonation was based on the immunohistological study, which was limited by protein expression levels and antibodies. To overcome this shortage, Halpern and colleagues, developed an approach termed paired-cell sequencing (pcRNA-seq) to probe heterogeneity of liver ECs and bioinformatically inferred liver ECs spatial information by using the spatial information from hepatocytes, delineating a detailed and precise mouse liver ECs landmark gene signature [START_REF] Halpern | Paired-cell sequencing enables spatial gene expression mapping of liver endothelial cells[END_REF]. Another scRNA-seq study of mouse non-parenchymal liver cells (NPCs) from healthy and NASH liver proposed a similar LSEC zonation molecular signature (Xiong et al., 2019). More recently, Su and colleagues performed scRNA-seq analysis of mouse liver ECs exclusively and further confirmed the previous findings of LSECs zonation [START_REF] Su | Single-cell transcriptomics reveals zone-specific alterations of liver sinusoidal endothelial cells in cirrhosis. bioRxiv Tabula Muris[END_REF]. In the human liver, a more recent study illustrated human liver ECs zonation and revealed the limited evolutionary conservation of gene expression zonation between mouse and human liver ECs (Aizarani et al., 2019). Future work is needed to dissect the signaling mechanisms underlying liver ECs zonation and its involvement in liver physiology and disease. 

C) The role of profibrogenic cells in liver angiogenesis

HSC-derived myofibroblasts (HSC-MFs) and PMFs have been reported to comprise more than 90% of the collagen expressing cells, suggesting that they are the major origin of collagen expressing cells in fibrotic liver (Iwaisako et al., 2014;[START_REF] Kisseleva | Hepatic stellate cells and the reversal of fibrosis[END_REF]. Under physiological conditions, PFs normally comprise a small population of the fibroblastic cells that surround the portal tract to maintain the integrity of portal tract. Moreover, HSCs in their quiescent state act as pericytes that regulate the functions of LSECs, maintaining sinusoidal homeostasis. In pathophysiological conditions, HSC-MFs and PMFs acquire a proangiogenic phenotype and secrete proangiogenic factors [START_REF] Semela | Platelet-derived growth factor signaling through ephrin-b2 regulates hepatic vascular structure and function[END_REF][START_REF] Thabut | Complementary vascular and matrix regulatory pathways underlie the beneficial mechanism of action of sorafenib in liver fibrosis[END_REF].

Therefore, the cellular and molecular relations between liver fibrosis and angiogenesis involve the role of PMFs and HSC-MFs [START_REF] Kukla | Angiogenesis: a phenomenon which aggravates chronic liver disease progression[END_REF]Lemoinne et al., 2016).

Our team reported that ECs proliferation is correlated with the expansion of PMFs at late stages of fibrosis, indicating a role for PMFs in liver angiogenesis (Lemoinne et al., 2015). Col15A1, the specific marker we identified for PMFs and the precursors of PMFs belongs to the group of non-fibrillar collagens, characterized by extensive interruptions in their collagenous sequences and a conserved noncollagenous carboxyl-terminal structure [START_REF] Kivirikko | Primary structure of the alpha 1 chain of human type XV collagen and exon-intron organization in the 3' region of the corresponding gene[END_REF][START_REF] Muragaki | The human alpha 1(XV) collagen chain contains a large amino-terminal non-triple helical domain with a tandem repeat structure and homology to alpha 1(XVIII) collagen[END_REF]. The immunostaining of COL15A1 in human cirrhotic livers showed that PMFs display a perivascular distribution and outline vascular capillaries within large fibrotic septa (Lemoinne et al., 2015). We have demonstrated that PMFs are able to promote vascular remodeling in vitro and in vivo by various mechanisms, including the formation of direct intercellular junctions with ECs and the release of VEGF-A containing microparticles (Lemoinne et al., 2015) (Figure 9A). Besides, our team also found that PMFs from BDL rats liver displayed endoplasmic reticulum stress and higher proangiogenic properties, whereas their proliferative and migratory capacities were lower compared with standard PMF obtained from normal rat liver. These phenotypic switches could be reversed by PKR-like ER kinase (PERK) inhibitor treatment, indicating that the PERK arm of ER stress may play an essential role in PMFs expansion and angiogenesis during liver fibrosis. However, the contribution of PMFs to liver angiogenesis is not well understood. Therefore, further studies focusing on the interactions between PMFs and ECs in different stages of pathophysiological conditions may dramatically increase our understanding of the relationship between liver fibrogenesis and angiogenesis [START_REF] Loeuillard | Endoplasmic reticulum stress induces inverse regulations of major functions in portal myofibroblasts during liver fibrosis progression[END_REF].

In physiological conditions, shear stress activates the transcription factor kruppel-like factor 2 (KLF2) in LSECs, leading to the release of vasodilating agents, including nitric oxide (NO) and to the inhibition of vasoconstrictive molecules including endothelin-1 (ET-1) [START_REF] Marrone | The transcription factor KLF2 mediates hepatic endothelial protection and paracrine endothelial-stellate cell deactivation induced by statins[END_REF]. HSCs are maintained quiescence through LSEC NO-dependent pathway. In the liver injury, as shown in and abnormal sinusoids [START_REF] Hammoutene | Role of liver sinusoidal endothelial cells in nonalcoholic fatty liver disease[END_REF]. At the early stage of liver injury, the mural coverage of sinusoidal vessels is enhanced by HSCs [START_REF] Novo | Proangiogenic cytokines as hypoxia-dependent factors stimulating migration of human hepatic stellate cells[END_REF], and the contractile nature of HSCs/HSC-MFs will be remarkably enhanced because of the overproduction of ET-1 by HSCs/HSC-MFs or LSECs and a significant reduction in NO release by LSECs [START_REF] Geerts | History, heterogeneity, developmental biology, and functions of quiescent hepatic stellate cells[END_REF][START_REF] Iwakiri | Vascular biology and pathobiology of the liver: Report of a single-topic symposium[END_REF][START_REF] Iwakiri | Vascular pathobiology in chronic liver disease and cirrhosis -current status and future directions[END_REF]. This process of "pathological sinusoidal remodeling" further contributes to a high-resistance, constricted sinusoidal vessel. HSCs/HSC-MFs in liver injury are likely to represent a hypoxia-sensitive condition in a HIF-1α related pathway through the up-regulating transcription and synthesis of VEGF, Ang-1, the molecules that promote angiogenesis and also their receptors VEGFR-2 and Tie-2 [START_REF] Aleffi | Upregulation of proinflammatory and proangiogenic cytokines by leptin in human hepatic stellate cells[END_REF][START_REF] Ankoma-Sey | Hypoxic stimulation of vascular endothelial growth factor expression in activated rat hepatic stellate cells[END_REF][START_REF] Novo | Proangiogenic cytokines as hypoxia-dependent factors stimulating migration of human hepatic stellate cells[END_REF][START_REF] Wang | Regulatory role of vHL/HIF-1alpha in hypoxia-induced VEGF production in hepatic stellate cells[END_REF]. Meanwhile, HSCs/HSCs-MFs represent a cellular target for the action of VEGF and Ang-1 [START_REF] Paternostro | Hypoxia, angiogenesis and liver fibrogenesis in the progression of chronic liver diseases[END_REF]. VEGF is not only a key regulator of differentiated LSEC phenotype maintenance as it leads to the formation and maintenance of fenestrae [START_REF] Deleve | Liver sinusoidal endothelial cells in hepatic fibrosis[END_REF][START_REF] Iwakiri | Vascular pathobiology in chronic liver disease and cirrhosis -current status and future directions[END_REF] but also a leading regulator of ECs/LSECs activity during all steps of angiogenesis [START_REF] Walter | Epithelial VEGF signaling is required in the mouse liver for proper sinusoid endothelial cell identity and hepatocyte zonation in vivo[END_REF].

Furthermore, VEGF has been reported to be able to trigger HSC/HSC-MF proliferation, increase deposition of ECM components, as well as increasing migration and chemotaxis [START_REF] Novo | Proangiogenic cytokines as hypoxia-dependent factors stimulating migration of human hepatic stellate cells[END_REF]Olaso et al., 2003;[START_REF] Yoshiji | Vascular endothelial growth factor and receptor interaction is a prerequisite for murine hepatic fibrogenesis[END_REF].

Besides VEGF signaling, PDGF and TGF-β, two profibrotic growth factors, are key players in LSEC and HSC crosstalk. Capillarized LSECs, HSCs/HSC-MFs, and Kupffer cells release PDGF and TGF-β, thereby stimulating HSC transformation, proliferation, migration, and extracellular matrix production and deposition (S. L.

Friedman, 2003; J. S. [START_REF] Lee | Sinusoidal remodeling and angiogenesis: a new function for the liver-specific pericyte[END_REF]. PDGF released by capillarized LSEC can also bind its PDGFR-β receptor and promote an angiogenic phenotype of HSC, which further facilitates angiogenesis [START_REF] Semela | Platelet-derived growth factor signaling through ephrin-b2 regulates hepatic vascular structure and function[END_REF]. Akin to PMFs that can release microparticles (MPs) containing VEGF-A, one study provided evidence that activated HSCs (PDGF-treated HSC) can produce and then release MPs containing Hedgehog (Hh) ligands. Hh ligands activate Hh signaling in LSECs, causing significant changes in LSECs with the upregulation of several genes leading to an angiogenic phenotype [START_REF] Witek | Liver cellderived microparticles activate hedgehog signaling and alter gene expression in hepatic endothelial cells[END_REF]. 

OBJECTIVES

As a consequence of organ injury, mesenchymal cells differentiate into myofibroblasts, the key effectors of fibrosis, that also make a major contribution to other aspects of the wound healing response, including regeneration and angiogenesis.

Identification of the cellular sources of myofibroblasts and the contribution of different sources to the myofibroblast pool remains a major goal in the field. In liver fibrosis, myofibroblasts are derived from two major sources: hepatic stellate cells (HSCs) and portal fibroblasts (PFs). The paradigm of HSC phenotypic change into myofibroblasts has dominated the focus of research on liver fibrosis over the past 30 years. A distinct subpopulation of liver myofibroblasts, now referred to as portal myofibroblasts (PMFs), has been identified by our group (Lemoinne et al., 2015), who suggested that PMFs are derived from portal mesenchymal cells and characterized by a high proliferative and proangiogenic activity.

Of note, as described above, PMFs are derived from the cell populations of portal mesenchymal cells, which reside in the portal area and maintain the integrity of the portal triad in the liver under physiological conditions. However, little information is available regarding the identity, spatial distribution, or functions of portal mesenchymal cells. Therefore, the first objective of this work is to elucidate the landscape of portal mesenchymal cells by using scRNA-seq. To better define the contribution of PMFs to liver fibrosis, an important issue to settle is to identify and isolate the precursors of PMFs. Because of the lack of cell-specific markers, the progenitors of PMFs, present in very small amount in the liver, were never isolated as a pure cell population. In this work, taking advantage of the scRNA-seq approach, we were able to identify and isolate PMF progenitors as a pure cell population that we designated portal mesenchymal stem cells (PMSCs). Although recent studies have provided additional evidence that PMFs may play an important role in liver fibrosis progression (Gupta et al., 2020;Nishio et al., 2019), the contribution of PMFs to liver fibrosis progression seems to be underestimated due to the low abundance of their precursors in normal liver and the lack of reliable markers to distinguish them from HSCs and their derived myofibroblast. Therefore, we were committed to defining the specific and reliable gene signatures or markers for PMSCs and HSCs and their derived myofibroblasts. The discovery of the novel gene signatures and markers prompted us to further evaluate the behaviour of PMSCs and HSCs in mouse models of liver fibrosis and human fibrotic liver diseases. Furthermore, the correlation between the gene signature of PMSCs and those of angiogenesis and fibrosis was also evaluated in this work.

Collectively, this thesis aims to elucidate the cell atlas of portal mesenchymal cells, with a particular focus on a portal mesenchymal stem cell niche.

PART II:

RESULTS

I) Introduction

HSCs have been regarded as the major collagen-producing cells in the liver since their discovery 35 years ago. Yet, the other liver mesenchymal cells, notably portal mesenchymal cells, have gained increasing interest recently as evidence has accumulated to indicate that they contribute to myofibroblasts and interact with endothelial cells and cholangiocytes during liver fibrosis progression (Gupta et al., 2020;Nishio et al., 2019). However, it is unclear how many types of mesenchymal cell subtypes exist and how they differ from one another, and their biology is poorly defined. PMFs derived from portal mesenchymal cells distinct from HSCs that are still unknown, and the potential role of PMFs and their precursors in liver are still not clear. A major limitation to address this question has been the lack of markers that would allow us to isolate or precisely trace them in vivo.

Singel cell RNA-sequencing (scRNA-seq) enables genomewide profiling of individual cells [START_REF] Islam | Characterization of the single-cell transcriptional landscape by highly multiplex RNA-seq[END_REF][START_REF] Tang | mRNA-Seq whole-transcriptome analysis of a single cell[END_REF] and therefore it is an ideal methodology to detect cellular heterogeneity in an unbiased manner. This work was initially designed to 1) delineate portal mesenchymal cells heterogeneity in normal mouse liver and provide global insight into the nature of distinct cell subsets and 2)

identify and characterize the precursors of PMFs and determine the role of these cells in liver fibrosis.
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Myofibroblasts are key effectors of fibrosis. In liver fibrosis, myofibroblasts derive from hepatic stellate cells (HSCs) and as yet undefined mesenchymal cells. We uncovered the landscape of portal mesenchymal cells in mouse liver, using single-cell RNA-sequencing.

Trajectory analysis enabled inferring a small cell population further defined by a minimal set of surface markers used to isolate it. This population consisted of portal mesenchymal stem cells (PMSCs) according to their mesenchymal stem cell attributes, able to generate myofibroblasts in culture. We identified a transcriptomic signature, including Slit2, characterizing PMSCs and derived myofibroblasts. Using this signature, we showed that PMSC expansion was correlated with fibrogenesis and angiogenesis in cases of pan-etiology murine and human liver disorders. We also unraveled a transcriptomic signature of HSCs that did not vary in these disorders. In conclusion, we have uncovered PMSCs as a small population of myofibroblast precursors that largely expand with the progression of liver fibrosis, to target in antifibrotic strategies.

Mesenchymal cells are key players in organ development, tissue homeostasis and wound healing response. Their phenotype varies widely across different organs and between different compartments within the same organ. In the liver, mesenchymal cells comprise hepatic stellate cells (HSCs), that reside in sinusoids, and perivascular cells including smooth muscle cells and fibroblasts, that reside around central veins and in the portal tracts.

Genetic-based lineage-tracing analyses have demonstrated that HSCs and perivascular mesenchymal cells as well as mesothelial cells all derive from the septum transversum during liver development (1). By contrast, the septum transversum did not contribute to the lineage of liver sinusoidal endothelial cells (LSECs), Kupffer cells or hepatoblasts (1). Over the past 30 years, HSCs have been extensively investigated for their capacity to undergo myofibroblastic differentiation, and as yet the paradigm of HSC phenotypic change into myofibroblasts has been the focus of research on liver fibrosis (2). However, the other liver mesenchymal cells, particularly portal mesenchymal cells have gained increasing interest as evidence has accumulated that indicate they could also generate myofibroblasts (3)(4)(5)(6)(7)(8)(9)(10). The portal tracts contain three main structures referred to as the portal triad, i.e., the portal vein, hepatic artery and bile duct, surrounded by a mesenchyme, which has remained poorly defined so far. Little is known regarding the identity, spatial distribution or functions of portal mesenchymal cells and how they contribute to fibrosis. A major limitation to address these issues has been the lack of markers, especially surface markers that would allow to isolate portal mesenchymal cells or track them in vivo. Using a model of outgrowth from fragments of the bilio-vascular tree isolated from rat liver, we previously showed that portal cells distinct from HSCs could generate myofibroblasts, that were referred to as portal myofibroblasts (PMFs) and characterized by type 15 collagen alpha 1 (COL15A1) expression, a high proliferation rate and pro-angiogenic properties (8,11). However, contrarily to the PMFs themselves the PMF precursor cells have not been identified. In the present study, we isolated portal mesenchymal cells from mouse liver as a single-cell preparation and analyzed their diversity using single-cell RNA-sequencing (scRNAseq). A minimal set of surface markers enabled us to isolate a subset of cells that we designated portal mesenchymal stem cells (PMSCs) according to their mesenchymal stem cell properties with the ability to generate myofibroblasts. Markers of PMSCs were identified and used to show the expansion of these cells in murine and human liver fibrosis.

Results

Landscape of the portal mesenchyme revealed by scRNAseq

Portal mesenchymal cells represent a very small amount of cells. They are tightly bound to the bile duct and portal vascular structures, relying on basement membranes. This makes them far more difficult to isolate than hepatocytes or sinusoidal cells, which reside in a loose, basement membrane-free, extracellular matrix (ECM) microenvironment. In the present study, we set up a specific procedure to isolate portal mesenchymal cells, for scRNAseq analysis (Fig. 1A). First, we adapted a method we previously established for the culture of rat PMFs (12), to isolate fragments of the bilio-vascular tree from mouse liver. Next, biliovascular fragments were submitted to enzymatic digestion, resulting in a single-cell suspension. The cell suspension was depleted in cells expressing the lineage (Lin) markers of cholangiocytes (EpCAM), endothelial cells (CD31), and hematopoietic cells (CD45 and CD11b) by means of cell sorting. Lin-negative single-cell suspension was processed to generate a scRNAseq cDNA library using the 10x Genomics technology. We captured 4,976 sequenced cells that met quality control metrics. Unsupervised clustering using the Seurat package (13) identified 16 distinct cell clusters (Fig. 1B, left). Clusters were assigned to putative identities by matching their gene profiles with those previously attributed to specific cell types (Fig. 1B, right). The 16 cell clusters were identified as fibroblasts (5 clusters), vascular smooth muscle cells (VSCMs, 5 clusters), endothelial cells (4 clusters), HSCs (1 cluster) and mesothelial cells

(1 cluster). The hierarchical clustering of gene expression profiles supported this identification, Fib, VSMC and EC each belonging to the same cluster classification, except for the smallest cluster of VSMC-5 that was far apart from the other VSCM samples (Fig. 1C).

The segregation of the cell clusters according to the most selective expressed genes is illustrated by heatmap and t-distributed stochastic neighbor embedding (t-SNE) representations (Fig. 1, D andE; Suppl. Table S1). Cell cycle-related genes, e.g., Mki67, were not upregulated in any of the clusters (Suppl. Fig. S1).

The non-mesenchymal components: mesothelial and endothelial cells.

Mesothelial cells display an intermediate phenotype between epithelial and mesenchymal cells and form a single layer that covers the liver surface (14). Here, we found such cells in the cell suspension, consistent with their migration inward from the surface during liver development (1), and for the first time, we describe their transcriptional profile at a singlecell resolution in mouse liver (Suppl. Table S1). Genes expressed in these cells included known mesothelial markers, such as Msln, Pdpn, Wt1, Upk1b and Gpm6a, as well as epithelial markers, such as Krt8, Krt19 and Ezr, and mesenchymal markers, such as Vim.

Several additional putative markers of mesothelial cells restricted to this cluster, were found, including Slpi, Myl7 and Fxyd3 (Suppl. Table S1).

We identified 4 clusters of endothelial cells, enriched in markers such as Pecam1, Cdh5, Kdr and Egfl7 (Suppl. Table S1). The PECAM1 protein (alias CD31) has been reported to be intracellular in liver sinusoidal endothelial cells (LSECs) (15,16), which explains, at least partly, why endothelial cells escaped our negative selection according to the membrane antigen CD31. The recovery of sinusoidal cells, i.e. LSECs and HSCs, from the bilio-vascular preparations is consistent with the anatomical connection between the perisinusoidal and portal spaces (17). Moreover, even though cells from the bilio-vascular tree were preferentially retrieved by our method, LSECs which are basement membrane-free, adhere to other cell types and are prone to be collected during isolation procedures, as pointed out in recent scRNAseq studies of liver cells (18). Cluster EC-1 displayed enriched expression of Rspo3, Wnt9b, Thbd, Fabp4, Wnt2, Cdh13 previously reported as markers of peri-central

LSECs (18)(19)(20). Cluster EC-2 displayed an enriched expression of Adam23, Msr1, Btnl9, Ntn4, Adgrg6, Efnb2, previously reported as markers of peri-portal LSECs and/or portal vascular endothelial cells (18,19,21). Cluster EC-3 highly expressed established markers of lymphatic endothelial cells, i.e., Lyve1, Flt4, Pdpn, Prox1, Mmrn1 and Reln (22). EC-4 was enriched in Cldn5, Pecam1 and Tm4sf1, previously reported in hepatic arterial endothelial cells (22).

Thus, we recovered previously reported markers of endothelial cell zonation in the liver (Suppl. Fig. S2).

The mesenchymal components: fibroblasts, HSCs and VSMCs

Our single-cell analysis revealed 5 clusters of fibroblasts (Fig. 1, B-E) all enriched in common mesenchymal or fibroblast markers (e.g., Vim, Pdgfra & b, serpinh1) and all with high expression of collagens (Suppl. Table S1). All clusters showed an enrichment for the ontology terms "ECM organization" and "Wound healing" (Suppl. Table S2). The most abundant population of fibroblasts, Fib-1 was enriched in genes involved in cell chemotaxis and leucocyte migration (Suppl., Table S2 and Fig. S3) suggesting that these cells participate in the immune surveillance of the liver. The cluster Fib-2 displayed an up-regulation of genes involved in epithelial cell proliferation and migration, suggesting an interaction with cholangiocytes. The population Fib-3 was particularly enriched in ontology terms related to tissue development and morphogenesis (Suppl., Table S2 and Fig. S3). Notably, Fib-3 highly expressed Runx1, a transcription factor essential for mesenchymal stem cell proliferation and myofibroblast differentiation (23). The top differentially expressed gene in Fib-3 was Pleiotrophin (Ptn), which is a pericyte-derived trophic factor in particular for endothelial cells (24). Of all Fibroblast clusters, Fib-3 expressed the highest level of Vegfa expression, consistent with a major interaction with endothelial cells, and also an enriched expression in the head-to-head Col4a5/Col4a6 genes that contribute to basement membranes notably of blood vessels (25) and Col7a1, an anchoring fibril protein with unique adhesive properties (26). Like Fib-3, Fib-4 showed enrichment in the expression of genes involved in tissue development, including Sox9, a marker of progenitor cells. Additionally, this cluster was the most enriched in ECM components and regulators, indicating a key role in matrix organization (Suppl., Table S2 and Fig. S3). Fib-5 cells were enriched in HSC markers, such as lecithin retinol acyltransferase (Lrat) (27) and reelin (Reln) (9), suggesting that this population may represent an intermediary population between fibroblasts and HSCs (1).

Cells of cluster 8 were recognized as HSCs on the basis of their transcriptional profile (9,(27)(28)(29). Classical markers of HSCs such as Lrat or Reln (9,27) proved not to be fully specific, being expressed in other clusters, notably Fib-2 and Fib-5. Cytoglobin (Cygb) (5,30) previously reported as an anti-oxidant in HSCs, was expressed in all mesenchymal cells. Like others (27,28), we found virtually no expression of glial fibrillary acidic protein (Gfap), another classical marker of HSCs, whereas desmin (Des) that has also been proposed as a marker of HSCs, and vimentin (Vim), a marker of mesenchymal cells, were expressed at variable levels in all clusters. Among HSC markers newly identified by scRNAseq (28,29) or bulk RNAseq (31), our analysis highlighted genes that indeed were restricted to HSCs, such as Tmem56, Colec10, Mapt or Bco1. Other genes such as Ngfr, Vipr1, Pth1r, Fcna or Angptl6

were largely overexpressed in HSCs, but expressed at lower levels in other mesenchymal cells, notably Fib-2 and Fib-5, whereas another subset of genes such as Colec11, Ecm1 or

Rgs5 were expressed at relatively high levels in several other mesenchymal cells, in addition to HSCs (Suppl., Table S1 and Fig. S4).

We identified 5 clusters as VSMCs. With the exception of VSMC-3, these sub-populations expressed the typical markers of mature VSMCs at high levels, including alpha 2 smooth muscle actin (Acta2), trangelin (Tagln), calponin 1 (Cnn1), smoothelin (Smtn) and myosin heavy chain 11 (Myh11). VSMC-3 showed little or no expression of these markers (Suppl.

Table S1), consistent with an immature phenotype. VSMC-1 and VSMC-5 expressed the VSMC gene signature previously identified in mouse liver (Acta2+ Tagln+ Cnn1+ Myh11+

Tpm2+ Pln+) (28), and expressed almost all VSMC genes as reported for the human liver (22).

In terms of GO analysis (Suppl. Fig. S3), VSMC-2 distinguished themselves by an enrichment for the processes of "Extracellular matrix organization" and "Inflammatory response", and VSMC-3 by an enrichment for the functions "Response to molecule of bacterial origin" and "Smooth muscle cell proliferation", consistent with their immature phenotype.

Identification of portal mesenchymal stem cells (PMSCs)

To investigate the potential differentiation pathway from the mesenchymal progenitor cells in the adult liver to their differentiated progenies described above, we analyzed all cells after exclusion of mesothelial and endothelial cells, using Monocle (32). This analysis showed a common trajectory of portal mesenchymal cells with one bifurcation and three branches defining states (Fig. 2A). According to pseudotime the branch on the left was defined as root state, contrasting with the two branches on the right containing cells with high pseudotime value. The root state was mainly populated by Fib-3 and Fib-4 cells, which were consequently assumed to be identical with or close relatives of progenitor cells, contrasting with the two other states populated by VSMCs and HSCs (Fig. 2A). Consistent with this assumption, GO analysis showed that Fib-3 and Fib-4 clusters were enriched in development-related pathways suggestive of multilineage potential (Fig. 2B). Genes previously reported as markers of portal (myo)fibroblasts as opposed to HSCs (8,10,(33)[START_REF] Dranoff | The ectonucleoside triphosphate diphosphohydrolase NTPDase2/CD39L1 is expressed in a novel functional compartment within the liver[END_REF][START_REF] Dudas | Thy-1 is expressed in myofibroblasts but not found in hepatic stellate cells following liver injury[END_REF][START_REF] Katsumata | Portal fibroblasts marked by the surface antigen Thy1 contribute to fibrosis in mouse models of cholestatic liver injury[END_REF],

were mainly expressed in cells from these two clusters, e.g., Thy1 alias CD90 (10,[START_REF] Dudas | Thy-1 is expressed in myofibroblasts but not found in hepatic stellate cells following liver injury[END_REF][START_REF] Katsumata | Portal fibroblasts marked by the surface antigen Thy1 contribute to fibrosis in mouse models of cholestatic liver injury[END_REF] in Fib-3, fibulin-2 (Fbln2) (33) and ectonucleoside triphosphate diphosphohydrolase 2 (Entpd2) [START_REF] Dranoff | The ectonucleoside triphosphate diphosphohydrolase NTPDase2/CD39L1 is expressed in a novel functional compartment within the liver[END_REF] in Fib-4 (Fig. 2C), Col15a1 (8), Clec3b (28) and Cd34 (10,28) in both clusters. This suggested that cells of clusters Fib-3 and Fib-4 could be PMF precursors. As shown in Fig. 3A, a high expression of PDGFR, CD34 and CD9 combined with a low expression of CD200 appeared to discriminate Fib-3 and Fib-4 from other Lin-negative cells. We FACS-sorted Lin (CD31/CD45/Epcam/CD11b)-negative, PDGFRα/CD34/CD9-positive, and CD200-low cells (Gate 4 in Fig. 3B) and examined this population for cell stem features. The percentage of cells recovered was estimated to account for approximately 0.03 % of total liver cells (data not shown). The cells of this population were highly clonogenic (80 CFU-f per 2,000 cells) (Fig. 3C) irrespective of their Thy1 expression (Suppl. Fig. S5). They also displayed the expression of classical mesenchymal stem cell markers, i.e., CD105, Sca-1, CD29 (Fig. 3D), and the ability to undergo trilineage differentiation (chondrogenic, osteogenic and adipogenic) in culture (Fig. 3E). Taken together, the cells isolated by our gating strategy qualified as mesenchymal stem cells (MSCs) and were designated as portal mesenchymal stem cells (PMSCs). When cultured on a stiff substratum (Fig. 3F, bottom panels), PMSCs proliferated and gave rise to cells phenotypically similar to myofibroblasts expressing COL15A1, here referred to as PMSC-derived myofibroblasts (PMSC-MFs). This phenotypic change was accompanied by the expected up-regulation of Acta2, the gene encoding alpha-smooth muscle actin (-SMA), no change in Col1a1 expression, and a down-regulation of Col15a1 (Fig. 3G). This confirmed that Col15a1 is a marker of PMF precursors (8), and further indicated that its expression decreased in PMSC-MFs, but remained high enough in these cells to mark them as well, as suggested by our previous work (8) and illustrated later (Fig. 5D). It was possible to maintain PMSCs in quiescence by culturing them in spheroids, on ultra-low attachment plates, in which case the expression of -SMA was not induced and that of Col15a1 was not significantly reduced (Fig. 3, F and G). Taken together, these data indicate that our screening strategy and isolation procedure has enabled identifying PMSCs as portal mesenchymal cells characterized by high collagen expression, stem cell properties and the potential to differentiate into PMFs.

Specific molecular profiles of PMSCs, HSCs and derived myofibroblasts

The isolation of phenotypically defined PMSCs as individual cells, provided a unique opportunity to uncover specific markers of these cells compared to HSCs, to analyze their quiescent versus myofibroblastic states and to compare the functional pathways characterizing these states. We performed a second set of transcriptomic studies comparing phenotypically defined PMSCs (PDGFR/CD34/CD9 high :CD200 low ) to HSCs (Vitamin-A fluorescent) of high purity [START_REF] Mederacke | High-yield and high-purity isolation of hepatic stellate cells from normal and fibrotic mouse livers[END_REF], and using bulk RNAseq. We identified 3273 genes expressed at higher levels in PMSCs, and 3122, in HSCs (Fig. 4A). We overlaid subsets of the most discriminant genes expressed by PMSCs or HSCs onto the scRNAseq data. This analysis showed that isolated PMSCs and HSCs were largely similar to the cells of Fib-3/Fib-4 and HSC clusters, respectively (Fig. 4, A andB). Consistent with the functional analyses of scRNAseq data (Suppl. Table S2 and Fig. S3), bulk RNAseq data showed enrichment in pathways related to "Extracellular matrix organization" and "Angiogenesis" in PMSCs, and pathways related to "Immunity" and "Metabolism of fat-soluble vitamins" in HSCs (Fig. 4C).

When placed in culture on a stiff substratum, both PMSCs as shown here, and HSCs as shown in previous studies (2), undergo phenotypic changes into myofibroblasts. To determine if the two cell types maintain specificities at the stage of myofibroblasts, we extended bulk RNAseq analyses of the two cell populations to myofibroblasts derived from both cell types in culture, including an early and late stage of differentiation for PMSC-MFs.

PCA indicated a clear discrimination of PMSCs and HSCs from myofibroblasts according to PC1, while PMSC-derived myofibroblasts were discriminated form HSC-derived ones according to PC2. Moreover, myofibroblast clusters were not far apart as compared to PMSCs and HSCs. These data showed that the molecular profiles of PMSCs and HSCs became more similar as they differentiated into myofibroblasts (Fig. 5A). Yet, they retained specificities at the stage of myofibroblasts as confirmed by the GO analysis (Fig. 5B). When fully differentiated in myofibroblasts, i.e., after 7 days of culture, HSC-MFs were enriched in themes related to muscle contraction, whereas PMSC-MFs were enriched in those related to axogenesis and extracellular matrix organization. At an early stage of myofibroblastic differentiation, i.e., after 3 days of culture, PMSC transcriptome was highly enriched in pathways related to cell proliferation (Fig. 5B). At a later stage of myofibroblastic differentiation, i.e., after 7 days of culture, PMSC-MFs compared to HSC-MFs still markedly overexpressed genes involved in cell proliferation (Suppl. Fig. S6). Taken together, comparative analyses of gene expression indicated that 100 genes in PMSCs and 112 genes in HSCs, i) were overexpressed according to both scRNAseq and bulk RNAseq analyses, and ii) remained differentially expressed in these cells throughout their myofibroblastic differentiation (Figure 5C). We selected the most differentially expressed of these genes, to build a multigene expression signature of PMSCs/PMSC-MFs (8 genes) and of HSCs/HSC-MFs (9 genes) (Fig. 5D). One of PMSC signature genes, Slit2, appeared to be of particular interest as its expression was remarkably stable in PMSCs across their myofibroblastic differentiation and virtually absent in HSCs/HSC-MFs as wells as in other major liver cell types (Fig. 5E, Suppl.

Fig. S7).

Contribution of PMSCs to liver fibrosis

First, we analyzed Slit2 expression in mouse and human livers at different stages of fibrosis.

As previously shown in the thioacetamide mouse model of post-necrotic liver fibrosis [START_REF] Zeng | Slit2-Robo2 signaling modulates the fibrogenic activity and migration of hepatic stellate cells[END_REF],

Slit2 expression was increased in the liver of mice fed a 3,5-diethoxycarbonyl-1,4dihydrocollidine (DDC) diet, a model of biliary fibrosis (Fig. 6A) or a choline deficient, defined amino acid (CDAA) diet, a model of NASH (Suppl. Fig. S8). Likewise, SLIT2 was overexpressed in the liver of patients with non-alcoholic steatohepatitis (NASH), primary sclerosing cholangitis (PSC) and other chronic liver diseases (Fig. 6B). In a cohort of patients with NAFLD, we could show that the expression of SLIT2 increased with advanced fibrosis, as assessed by the SAF score (39) (Fig. 6 C). Both in experimental and human liver fibrosis, the expression levels of SLIT2 correlated with those of ACTA2, COL1A1 and von Willebrand Factor (vWF).

We also examined the microarray data of human liver tissue samples for the multigene expression signatures and found that in the different types of liver diseases, the gene signature of PMSCs/PMSC-MFs was increased compared to normal liver, and correlated with the expression of ACTA2, COL1A1 and vWF (Fig. 7, A andC). We inferred from these results

that PMSCs/PMSC-MFs accumulated with the progression of liver fibrosis and angiogenesis in the injured liver. By contrast, the gene signature of HSCs/HSC-MFs was not significantly different between diseased and normal livers (Fig. 7B), consistent with little proliferation of these cells compared to PMSCs/PMSC-MFs.

Discussion

In the present study, we provide a detailed atlas of portal mesenchymal cells. Our approach was different from the one used in previous scRNAseq analyses of the liver (19,22,28,29).

First, the bilio-vascular tree, which contains the portal mesenchymal cells, was separated from the liver parenchyma. A specific digestion protocol was then developed to isolate individual cells that are tightly bound to this structure. Our scRNAseq analysis revealed three populations of liver mesenchymal cells i.e., fibroblasts, VSMCs and HSCs, with distinct marker genes, consistent with those previously reported in a Pdgfrb-GFP knockin reporter mouse that was used to label mesenchymal cells in the mouse liver (28). Our analysis also went further and individualized several sub-populations of fibroblasts and VSCMs. It should be noted that the Fib-3 and Fib-4 cell populations that we subsequently authenticated as PMSCs, displayed the lowest levels of Pdgfrb expression (Suppl. Fig. S9), and may have been overlooked, in the study of PDGFR + cells (28).

Mesenchymal stem cells (MSCs) were first identified in the post-natal bone marrow as clonogenic, multipotent cells, with the capacity to generate skeletal tissues and to organize the hematopoietic stem cell niche [START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF][START_REF] Sacchetti | Self-renewing osteoprogenitors in bone marrow sinusoids can organize a hematopoietic microenvironment[END_REF]. MSCs from the bone marrow are perivascular cells and they are able to differentiate into lineages of mesenchymal tissues including osteoblasts, chondrocytes and adipocytes in culture [START_REF] Pittenger | Multilineage potential of adult human mesenchymal stem cells[END_REF][START_REF] Sacchetti | Self-renewing osteoprogenitors in bone marrow sinusoids can organize a hematopoietic microenvironment[END_REF]. Subsequently, cells with similar properties have been identified in multiple organs and have also been referred to as MSCs [START_REF] Crisan | A perivascular origin for mesenchymal stem cells in multiple human organs[END_REF]. It was shown that MSCs from different tissues did not have identical differentiation capacities [START_REF] Sacchetti | No Identical "Mesenchymal Stem Cells" at Different Times and Sites: Human Committed Progenitors of Distinct Origin and Differentiation Potential Are Incorporated as Adventitial Cells in Microvessels[END_REF], which has fueled a controversy over the "MSC" terminology. However, MSCs from different tissues also share a number of common features including clonogenicity, the ability to differentiate into the mesenchymal lineages cited above in vitro and they often exhibit a perivascular distribution [START_REF] Crisan | A perivascular origin for mesenchymal stem cells in multiple human organs[END_REF][START_REF] Sacchetti | No Identical "Mesenchymal Stem Cells" at Different Times and Sites: Human Committed Progenitors of Distinct Origin and Differentiation Potential Are Incorporated as Adventitial Cells in Microvessels[END_REF]. On this basis, we herein uncovered a small population of portal mesenchymal cell that displayed clonogenicity as well as osteogenic, chrondrogenic and adipogenic potentials, and designated this population PMSCs. Using trajectory analysis, we inferred that these progenitors were contained within the Fib-3 and Fib-4 fibroblastic populations and designed a set of surface markers that enabled us to isolate them and define their final phenotype. In normal liver, Thy1 [START_REF] Dudas | Thy-1 is expressed in myofibroblasts but not found in hepatic stellate cells following liver injury[END_REF][START_REF] Katsumata | Portal fibroblasts marked by the surface antigen Thy1 contribute to fibrosis in mouse models of cholestatic liver injury[END_REF][START_REF] Dezso | Thy-1 is expressed in hepatic myofibroblasts and not oval cells in stem cell-mediated liver regeneration[END_REF] that marks Fib-3, fibulin-2 [START_REF] Knittel | Localization of liver myofibroblasts and hepatic stellate cells in normal and diseased rat livers: distinct roles of (myo-)fibroblast subpopulations in hepatic tissue repair[END_REF][START_REF] Tateaki | Typing of hepatic nonparenchymal cells using fibulin-2 and cytoglobin/STAP as liver fibrogenesis-related markers[END_REF] and ENTPD2 ( 34) that mark Fib-4, were previously immunodetected in portal tracts. Both Thy1 cells and fibulin-2 expressions were found in the wall of the portal vein and hepatic artery. Thy1 expression [START_REF] Dudas | Thy-1 is expressed in myofibroblasts but not found in hepatic stellate cells following liver injury[END_REF][START_REF] Katsumata | Portal fibroblasts marked by the surface antigen Thy1 contribute to fibrosis in mouse models of cholestatic liver injury[END_REF][START_REF] Dezso | Thy-1 is expressed in hepatic myofibroblasts and not oval cells in stem cell-mediated liver regeneration[END_REF] was also found in the surrounding of bile ducts like ENTPD2 [START_REF] Dranoff | The ectonucleoside triphosphate diphosphohydrolase NTPDase2/CD39L1 is expressed in a novel functional compartment within the liver[END_REF], and around the peribiliary vascular plexus. We showed that the sub-populations of Thy1 + and Thy1 -PMSCs were equally clonogenic, implying that Fib-3 and Fib-4 both contribute to the MSC repository in the liver (Suppl. Fig. S6). As previously proposed for other MSCs, e.g. of the skeletal muscle, we suggest that these cells represent subsets of the same original population, recruited to distinct anatomical niches based on local cell-cell interactions, that direct individual progenitors either to the surface of nascent portal blood vessels or to the surface of developing bile ducts. Another possibility is that the perivascular subsets are more primitive than the periductal subsets, in as much as the formation of blood vessels precedes that of bile ducts, during liver development [START_REF] Ober | Development of the liver: Insights into organ and tissue morphogenesis[END_REF].

Gli1, a transcription factor of the Hedgehog pathway, marks a network of perivascular mesenchymal stem cells that contribute to fibrosis across different tissues [START_REF] Kramann | Perivascular Gli1+ progenitors are key contributors to injuryinduced organ fibrosis[END_REF]. Studies based on genetic lineage tracing showed that resident Gli1 + cells proliferated in injured organs including the kidney, heart, lung and liver to generate myofibroblasts [START_REF] Kramann | Perivascular Gli1+ progenitors are key contributors to injuryinduced organ fibrosis[END_REF]. In the liver, Gli1 demarcates a population of portal mesenchymal cells that display a periductal and to a lesser extent perivascular distribution (31,[START_REF] Kramann | Perivascular Gli1+ progenitors are key contributors to injuryinduced organ fibrosis[END_REF]. Our data show that Gli1 is expressed at low level in PMSCs and no longer detected in PMSC-MFs (Suppl. Fig. S10). Using a model of genetic lineage tracing, Gupta et al. reported that Gli1 + myofibroblasts accumulated in biliary fibrosis but not in post-necrotic model of CCL4-induced fibrosis (31). However, Kramann et al.

using exactly the same model, did find the accumulation of Gli1 + cells in the fibrotic septa of CCL4-treated mice [START_REF] Kramann | Perivascular Gli1+ progenitors are key contributors to injuryinduced organ fibrosis[END_REF], a discrepancy that remains to be solved. The former study supports the view that portal fibroblasts play a substantial role in fibrosis of biliary type only (7,9), whereas the latter is in keeping with our previous study showing that COL15A1 + portal myofibroblasts expand in the lobule in all types of liver fibrosis (8). We herein found that Col15a1, a marker of perivascular fibroblast-like cells in the lung and brain [START_REF] Vanlandewijck | A molecular atlas of cell types and zonation in the brain vasculature[END_REF][START_REF] He | Single-cell RNA sequencing of mouse brain and lung vascular and vessel-associated cell types[END_REF], was mainly expressed in PMSCs suggesting that PMFs as we originally described them (8,[START_REF] Lemoinne | Portal myofibroblasts connect angiogenesis and fibrosis in liver[END_REF], were largely PMSC-derived.

The lack of markers that would enable to differentiate HSC-from non-HSC-derived myofibroblasts has been a major hurdle so far, to gain insight into the origins of the different types of liver myofibroblasts and their contributions to liver fibrosis. The isolation of PMSCs that are myofibroblast precursors distinct from HSCs, allowed us to seek such markers. The comparison of transcriptional profiles showed that in their quiescent state, PMSCs primarily ensure extracellular matrix organization and vasculature development whereas HSCs are mainly involved in immunity and the metabolism of vitamin A. As they transform into myofibroblasts, the expression of -SMA is induced in both cell types but only PMSCs become highly proliferative, and the expression of extracellular matrix proteins, e.g., Col1a1, is up-regulated in HSCs but not in PMSCs, so that they both converge towards similar phenotypes. As a result, most of the genes that could be potentially used as markers of PMSCs, are modulated with myofibroblastic differentiation. Thus, Gli1 and Entpd2 expressions are totally suppressed, Col15a1 is down-regulated and Thy1, up-regulated in PMSC-derived myofibroblasts. Fbln2 expression is not only up-regulated in PMSC-derived myofibroblasts but also, it is induced in HSC-MFs. Therefore, our first strategy was to build multigene expression signatures that were subsequently used to determine the relative contribution of PMSCs/PMSC-MFs and HSCs/HSC-MFs in liver fibrosis. Only genes that maintained high differential expression throughout myofibroblastic differenciation were included in these signatures. The PMSC/PMSC-MF multigene signature was overexpressed in human fibrotic liver irrespective of the etiology, indicating that this cell population contributes to all types of liver fibrosis including of biliary and non-biliary type. In a previous study, a 122-gene expression HSC signature was shown to be increased in experimental and human fibrosis [START_REF] Zhang | A hepatic stellate cell gene expression signature associated with outcomes in hepatitis C cirrhosis and hepatocellular carcinoma after curative resection[END_REF]. However, this latter signature was designed in comparison with other liver cell types that did not include other liver mesenchymal cells, and likely comprised genes that were herein found to be expressed not only in HSCs/HSC-MFs but also PMSCs/PMSC-MFs, such as Pcdh7 (Suppl. Fig. S11). Our HSC/HSC-MF gene expression signature did not increase in human fibrosis. Although apparently surprising, this finding is consistent with the low proliferation rate of highly pure HSC, as previously reported ( 53) and herein attested by the low expression of cell proliferation genes in HSC-MFs. Our PMSC/PMSC-MF gene expression signature included Slit2 that was previously thought to be expressed in HSCs [START_REF] Zeng | Slit2-Robo2 signaling modulates the fibrogenic activity and migration of hepatic stellate cells[END_REF].

Slit2 expression was absent from all other liver cell types including HSCs, and did not change with myofibroblastic differentiation. Akin to COL15A1 (8), SLIT2 expression increased in injured liver at the stage of advanced fibrosis. This was previously shown in a thioacetamide model of post-necrotic liver fibrosis [START_REF] Zeng | Slit2-Robo2 signaling modulates the fibrogenic activity and migration of hepatic stellate cells[END_REF], and here in the DDC and CDAA models of biliary fibrosis and NASH, respectively, as well as in the liver of patients with NASH, PSC and other types of liver diseases. Both in experimental and human liver fibrosis the expression of SLIT2

was correlated with that of vWF and COL1A1, consistent with a contribution of PMSCs to angiogenesis as a driving force for fibrosis progression. Although PMSCs are by far fewer than HSCs in normal liver, they proliferate much more than HSCs, whereby both cell types may ultimately contribute to fibrosis in the injured liver. C57BL/6J mice were purchased from Janvier Europe, Saint-Berthevin, France, and housed in a temperature-controlled, specific pathogen-free environment, on a 12-hour light-dark cycle, with free access to chow and water. Experiments were performed in 8-12-week-old male mice.

Methods

Cell isolation

Cell collection from the bilio-vascular tree. The bilio-vascular tree was isolated from mouse liver, by adapting a procedure we previously described in rat (12). In situ retrograde perfusion of the liver was performed through the inferior vena cava with Ca 2+ ,Mg 2+ -free HBSS (Gibco, 14170-088)/1% EDTA (Sigma, 03690) for 5 minutes at 37°C, and then with HBSS containing Ca 2+ ,Mg 2+ (Gibco, 24020117)/0.15 mg/mL collagenase P (Sigma, 11213873001) for 20 minutes at 37C. Next, the liver was collected and placed in L15 Leibovitz medium (Sigma, L5520) at 4°C. The liver capsule was peeled off and the liver parenchyma was mechanically detached and discarded. The remaining bilio-vascular tree was minced and incubated in MEM (Gibco, 21090-022) containing 0.075 mg/mL collagenase P, 0.02 mg/mL DNAse (Sigma, DN25), 3% fetal bovine serum (FBS; Gibco, 10270-098), 1 mg/mL bovine serum albumin (Sigma, A7030), 1% Hepes (Gibco, 15630) and 1% Penicillin-Streptomycin (Gibco, 15140-122), under agitation for 15 minutes at 37°C. The bilio-vascular segments were collected on top of a 40-µm cell strainer and centrifuged at 1,500 rpm, 4°C for 5 minutes. The cell pellet was resuspended in 0.05% Trypsin-EDTA (Invitrogen, 25300-054) with 0.02mg/mL DNAse and incubated under agitation for 15 minutes at 37°C, and the dissociated cells were filtered three times through a 20-µm cell strainer. Following red blood cell lysis with ACK lysis buffer, the cell suspension was centrifuged at 1,500 rpm, 4°C for 5 minutes, and the cell pellet was resuspended in a FACS buffer composed of PBS with 2% FBS, 1% Hepes and 1% Penicillin-Streptomycin, at a concentration of 1  10 8 cells/mL for cell sorting. For cholangiocyte isolation, cells were incubated an anti-Epcam-FITC (BioLegend, Clone: G8.8) for 30 minutes at 4°C and cells were sorted using a FACSAria II cell sorter (BD Biosciences).

Hepatocyte, KC, LSEC and HSC collection.

Hepatocytes were isolated as previously described [START_REF] Gonzalez-Sanchez | Expression patterns of nuclear receptors in parenchymal and non-parenchymal mouse liver cells and their modulation in cholestasis[END_REF] with modifications. Briefly, the liver was perfused in situ with HBSS containing 0.15 mg/mL collagenase P for 20 minutes at 37C. The cell suspension was filtered through a 70µm strainer and centrifuged twice at 400 rpm, 4°C, for 5 minutes, to eliminate nonparenchymal cells. LSEC and KC isolation was performed as previously described ( 54) by ex situ dissociation of the liver using a gentleMACs dissociator (Miltenyi, Bergisch Giadbach, Germany) and magnetic selection using CD146 microbeads (Miltenyi, 130-092-007) and anti-F4/80 microbeads (Miltenyi, antibody, respectively. For HSC isolation, the liver was perfused in situ, with HBSS containing 0.4 mg/mL pronase (Sigma, 10165921001) for 5 minutes at 37°C, and then 0.05 mg/mL collagenase P for 15 min at 37°C. The liver was collected, minced and further digested in HBSS containing 0.044 mg/mL collagenase P, 0.5 mg/mL pronase and 0.02 mg/mL DNAse, under agitation for 15 minutes at 37°C. The resulting cell suspension was submitted to density gradient-centrifugation at 1,380 g for 17

minutes, in Gey's Balanced Salt Solution (GBSS, Gibco)/Histodenz (Sigma, D2158) at 4°C.

HSCs were collected from the interface and resuspended in FACS buffer for further purification by cell sorting based on retinoid autofluorescence, as previously described [START_REF] Mederacke | High-yield and high-purity isolation of hepatic stellate cells from normal and fibrotic mouse livers[END_REF].

Cell sorting and flow cytometry analysis. Cells isolated from the bilio-vascular tree were incubated with 1% anti-mouse CD16/CD32 antibody (BD Pharmingen, 553141) for 10 Single-cell RNA-sequencing. ScRNAseq analysis of the bilio-vascular Lin-negative cells was performed using the 10X Genomics 3' v3 kit (10 Genomics, Pleasanton, CA, USA). Cells were loaded onto a GemCode instrument (10x Genomics) to generate single-cell barcoded droplets, i.e., gel beads in emulsion (GEMs). Sequencing libraries were constructed using the Chromium Single-cell 3' Library Kit (10x Genomics) according to the manufacturer's protocol and sequenced using NextSeq500 (Illumina) platform. Average read depth of the sample was 79,199 reads/cell. Reads were then aligned to the mouse genome mm10/Grcm38 using the CellRanger 3.0.2 software. Subsequent analysis was performed in R using the filtered barcode and count matrices produced by CellRanger. The data were analyzed using Seurat 3.6.1 [START_REF] Stuart | Comprehensive Integration of Single-Cell Data[END_REF]. Genes expressed in less than 6 cells, as well as cells with less than 500 or more than 25,000 unique molecular identifiers (UMIs), were filtered out. Any single-cell with more than 10% UMIs mapped to mitochondrial genes was also removed. Seurat SCTransform function was used to normalize and scale the data [START_REF] Hafemeister | Normalization and variance stabilization of single-cell RNAseq data using regularized negative binomial regression[END_REF]. Dimensionality reduction was performed through Principal Component Analysis (PCA) on the gene expression matrix and using the first 30 PCs for clustering and visualization. Unsupervised shared nearest neighbor clustering was performed using Seurat FindClusters function at the resolution of 0.6 and visualization was achieved using spectral t-SNE of the principal components as implemented in Seurat. Cluster dendrogram was constructed using BuildClustertree built-in function of the R package Seurat which used cluster averaged PCs for calculating a PC distance matrix. The cell clusters identified were evaluated for differential genes expression, using Seurat FindAllMarkers function. All genes considered for cell-type classification were determined with p value < 0.01 and log (fold-change) > 0.25 as cutoff by performing differential gene expression analysis between the clusters using Wilcoxon rank sum test and Benjamini and Hochberg procedure for p-values adjustment. We used the Monocle version 2.14.0 R package (32) to organize cells in pseudotime and infer cell trajectories from the Seurat dataset. The top 1,000 differentially expressed genes were then used in Monocle for clustering and ordering cells using the DDRTree method and reverse graph embedding.

Bulk RNA-sequencing. RNA was extracted using Rneasy Micro Kit (Qiagen). Libraries were generated from total RNA and paired-end sequencing was performed on a NextSeq 500 device, using ILLUMINA technology. Raw sequencing data were quality-controlled with the FastQC program. Paired reads were aligned to the mouse reference genome (mm10 build)

with the STAR software (option for no multihits). Mapping results were quality-checked using RNASeQC. Gene counts were obtained by using RSEM tools (rsem-calculate-expression, option for paired-end and stranded). Gene counts represented as counts per million (CPM)

were first nominalized using TMM method in the edgeR R package and genes with a CPM < 1 in 20% of samples, were removed.

Gene ontology enrichment and gene set enrichment analysis. Symbol gene IDs were first converted to Entrez gene IDs using the clusterProfiler R package [START_REF] Yu | clusterProfiler: an R package for comparing biological themes among gene clusters[END_REF]. Functional enrichment in GO biological processes of differential expressed genes was performed using EnrichGO built-in function of the clusterProfiler version 3.14 with default parameters. The comparison of enriched functional enrichment among mesenchymal cell populations was performed using clusterProfiler CompareCluster function [START_REF] Yu | clusterProfiler: an R package for comparing biological themes among gene clusters[END_REF]. Heatmap of enriched term was generated in R. GSEA was implemented using the R package ReactomePA with default parameters [START_REF] Yu | ReactomePA: an R/Bioconductor package for reactome pathway analysis and visualization[END_REF].

Cell clonogenicity and differentiation assays. Cell clonogenicity was examined by colony forming unit-fibroblast (CFU-F) assay, as follows: 2,000 sorted cells were plated onto a 10-cm plastic dish and maintained in DMEM/20% FBS medium. The presence of more than 50 cells in a cluster after 14 days in culture, was counted as a colony. The capacity of PMSCs to differentiate towards adipogenic, osteogenic and chondrogenic lineages was analyzed using specific protocols. For adipogenic and osteogenic differentiation, sorted PMSCs were plated into 48-well plates coated with matrigel (Corning, 356231) at a density of 5,000 cells/cm 2 in the DMEM/20% FBS medium until subconfluence. Then, the culture medium was changed for adipogenic (R&D Systems, CCM011) or osteogenic (R&D Systems, CCM009) differentiation medium, respectively. After 21 days, cells were fixed with 4% paraformaldehyde and stained using Oil Red O (Sigma) or Alizarin Red solution (Sigma), respectively. For chondrogenic differentiation, 50,000 sorted PMSCs were plated into ULA plate in chondrogenic differentiation medium (R&D Systems, CCM006) to form spheroids.

After 21 days, the spheroids were fixed in 4% paraformaldehyde, embedded in OCT (Sakura Finetek) and cryosections (8 µm) were stained with Alcian blue (Santa Cruz Biotechnology)

and counterstained with nuclear fast red (VECTOR).

Immunofluorescence. Cell preparations were fixed in 4% paraformaldehyde and incubated with primary antibodies against COL15A1 (1:200, ab58717, abcam) or α-SMA (1:100, 1A4, Dako). Nuclear staining was performed using Draq5 (Ozyme, Saint-Quentin-en-Yvelines, France). Cells were examined with a SP2 confocal microscope (Leica, Bannockburn, IL, USA).

Human liver tissue samples. Frozen samples of liver biopsy from subjects with a suspicion of non-alcoholic fatty liver disease were provided by the Biological Resource Center, BIO-ICAN, Paris, France, with ethical approval from the Persons Protection Committee (CPP Ile de

France VI) for RT-qPCR analyses. The RNA used for the microarray experiments was extracted from fresh frozen tissue obtained from explanted livers or diagnostic liver biopsies from i) normal human liver tissue (tumor-free tissue from livers with colorectal cancer metastasis) (n=5) and ii) liver tissue from patients with chronic liver diseases, including PSC (n=6), NASH (n=7) and other liver diseases (i.e., primary biliary cholangitis, autoimmune hepatitis, alcoholic liver disease and haemochromatosis) (n=8). The liver specimens were provided by the Norwegian biobank for primary sclerosing cholangitis, Oslo, Norway with ethical approval from the Regional Committee for Medical and Health Research ethics of South East Norway. All subjects gave written informed consent before to allow the use of the samples.

RT-qPCR and microarray analyses. Total RNA was extracted from frozen liver tissue samples or harvested cells using the RNeasy Mini Kit or Micro Kit (Qiagen), respectively. The cDNA was synthesized using the MMLV-RT (Invitrogen, 28025013) or SuperScript™ II (Invitrogen, 18064014) and real-time PCR was performed using the LightCycler 480 SYBR Green I Master Kit on an LC480 device (Roche Diagnostics). The primers (Suppl. Table S3) were designed using the primer software from Roche Diagnostics. Pangenomic analysis of frozen liver tissue samples were performed using the Affymetrix human gene 1.0 st microarray. Analysis was 
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III) Discussion

The role of the mesenchymal compartment in liver homeostasis or disease is increasingly recognized, and the new emerging single-cell genomics has provided a powerful tool for unraveling the complexity of liver cells in health and disease with unprecedented resolution. However, the characterization of liver mesenchymal cell subpopulations, especially portal mesenchymal cells in liver tissue has remained limited. This situation might in part, reflect challenges in cell isolation, with portal mesenchymal cells representing a very small proportion of cells in previous singlecell RNA sequencing (scRNA-seq) atlas studies. In this study, we provide a detailed landscape of portal mesenchymal cells. To obtain the whole atlas of portal mesenchymal cells and avoid an overrepresentation of parenchymal cells, we utilized an approach that was different from the one used in previous scRNA-seq analyses of the liver [START_REF] Strauss | Immunofluorescence identifies distinct subsets of endothelial cells in the human liver[END_REF] (Aizarani et al., 2019). this allowed us to gain access to a broader view of portal mesenchymal cells. Our scRNA-seq analysis identified sixteen clusters, including non-mesenchymal cells, i.e., ECs and mesothelial cells, as well as mesenchymal cells, i.e., fibroblasts, VSMCs, and HSCs. Because of CD31 intracellular localization in LSECs (DeLeve et al., 2004;Poisson et al., 2017), and the high fluctuation of CD31 expression level in liver ECs [START_REF] Strauss | Immunofluorescence identifies distinct subsets of endothelial cells in the human liver[END_REF], we could not avoid the escape of ECs, to a negative selection of ECs we applied to our cell preparation by using FACS with CD31 staining. Several scRNA-seq studies have addressed previously unknown functional zonation of LSECs across the liver lobule (Aizarani et al., 2019;[START_REF] Halpern | Paired-cell sequencing enables spatial gene expression mapping of liver endothelial cells[END_REF][START_REF] Macparland | Single cell RNA sequencing of human liver reveals distinct intrahepatic macrophage populations[END_REF][START_REF] Su | Single-cell transcriptomics reveals zone-specific alterations of liver sinusoidal endothelial cells in cirrhosis. bioRxiv Tabula Muris[END_REF]Xiong et al., 2019). We identified four EC clusters in our dataset and confirmed them as peri-central LSECs, (peri)portal ECs, lymphatic ECs, and arterial ECs, respectively.

Thus, our data recovered and provided further proof of preciously reported landmarkers of endothelial cells zonation in mouse liver. Hepatic VSMCs have been reported as a contributor to portal hypertension in the fibrotic liver [START_REF] Bomzon | Vascular smooth muscle cell signaling in cirrhosis and portal hypertension[END_REF][START_REF] Iwakiri | Pathophysiology of portal hypertension[END_REF][START_REF] Shim | Role of the reninangiotensin system in hepatic fibrosis and portal hypertension[END_REF]Zeng et al., 2018). However, there are few studies that ever addressed the characteristics of VSMCs in normal or diseased liver.

In our dataset, VSMCs were clustered into five clusters, uniformly showing hallmarks of their vascular regional identity, which is consistent with that recently found in the liver of a Pdgfrb-GFP mouse model by scRNA-seq (Dobie et al., 2019). Furthermore, VSMC clusters displayed distinct molecular and functional differences suggesting that VSMC heterogeneity exists in healthy mouse liver. Such heterogeneity is noteworthy as it may indicate the existence of specific subsets of cells with particular disease relevant properties. Sources of heterogeneity may include further developmental differences within the VSMC lineage [START_REF] Sawada | Smooth Muscle Cells Derived From Second Heart Field and Cardiac Neural Crest Reside in Spatially Distinct Domains in the Media of the Ascending Aorta-Brief Report[END_REF], differences in the cells' microenvironment (i.e., Oxygen and nutrients concentration)

and hepatic haemodynamic or stochastic factors. Analyses focused on individual genes are required to further investigate the mechanisms and functional consequences of VSMC heterogeneity in the vessels of healthy liver. With a high resolution of scRNA-seq, we also captured a cell cluster defined as mesothelial cells, which display a distinct molecular profile, without tangling with other fibroblast clusters.

Mesothelial cells are recognized to form a single layer that covers the liver surface (Lua & Asahina, 2016). Our data showed the existence of mesothelial cells remote from the liver surface, consistent with their migration inward from the surface during liver development (Asahina et al., 2011). Intriguingly, Lua and colleagues reported that MSLN was exclusively expressed in mesothelial cells, but no MSLN expression was observed in the portal triad by immunohistochemistry in their study (Lua et al., 2016a). However, Iwaisako and colleagues identified MSLN as a marker of PFs by using the whole mouse genome microarray (Iwaisako et al., 2014). Perhaps some of the confusion about the localization of mesothelial cells may result from the different methods of detection with different scales and resolutions. In line with a previous study, using the scRNA-seq approach, Ramachandran and colleagues also found mesothelial cells in their dataset of human healthy and cirrhotic liver NPCs (Ramachandran et al., 2019). HSCs are also retrieved and recognized in our data,

showing highly consistent gene expression with the published scRNA-seq studies (Dobie et al., 2019;Krenkel et al., 2019). As introduced in the previous section, HSCs are regarded as the main contributor to the myofibroblasts in liver fibrosis. However, the approach (cell fate tracing, immunohistochemistry, and FACS) to address this question heavily relies on specific markers. So far, Lrat, Reln, Cygb and Gfap have been considered as the most specific markers of HSCs in the liver [START_REF] Cassiman | Hepatic stellate cell/myofibroblast subpopulations in fibrotic human and rat livers[END_REF][START_REF] Knittel | Rat liver myofibroblasts and hepatic stellate cells: different cell populations of the fibroblast lineage with fibrogenic potential[END_REF]Lua et al., 2016b;Mederacke et al., 2013;Okina et al., 2020). Our data indicated that Lrat and Reln were not exclusively expressed by HSCs, but also considerably expressed in other fibroblast and endothelial cell clusters even if expression levels were lower than in HSCs. In line with previous studies, we found that the classic HSC marker Des was expressed at variable level in all clusters, including not only HSCs, but also fibroblasts, VSMCs, mesothelial cells, and even endothelial cells and that Gfap expression was negligible in HSCs (Dobie et al., 2019;Mederacke et al., 2013). Additionally, we revealed additional markers of HSCs, exclusively expressed in HSCs, including Colec10, Vipr1, Ank3, Mapt, which may provide additional support to develop new strategies to investigate HSCs.

Importantly, consistent with a previous report in a Pdgfrb-GFP knockin reporter mouse that was used to label mesenchymal cells in the mouse liver (Dobie et al., 2019), we found fibroblasts clearly distinct from HSCs. Furthermore, we individualized five subpopulations of fibroblasts, revealing a certain degree of heterogeneity of portal fibroblasts in the liver. Notably, among these fibroblast clusters, Fib-3 and Fib-4 displayed the lowest levels of Pdgfrb expression and may have been underlooked, in the study of PDGFR expressing liver mesenchymal cells (Dobie et al., 2019).

Fib3 and Fib4 exhibited at highest level functions related to differentiation and development compared to other mesenchymal clusters. In addition, these two clusters displayed the highest levels of expression of genes previously reported as markers of portal fibroblasts or myofibroblasts, i.e., Col15a1, Thy1, Entpd2, Fbln2 (Dranoff et al., 2002;Dudas et al., 2009a;Katsumata et al., 2017;T. Knittel, D. Kobold, B. Saile, et al., 1999;Lemoinne et al., 2015;Nishio et al., 2019). Therefore, we postulated that Fib-3 and Fib-4 might provide of reservoir of mesenchymal progenitor cells in the adult liver. To address this hypothesis, a panel of surface markers (Lin-PDGFR+CD34+CD9+CD200mid-low) was identified to purify these progenitors.

Based on our scRNA-seq data, endothelial cells escaped CD31 negative selection to a certain extent. Cd200 was highly expressed in EC clusters in our data set; also, CD200 was reported highly expressed in endothelial cells in different organs [START_REF] Wakabayashi | CD157 Marks Tissue-Resident Endothelial Stem Cells with Homeostatic and Regenerative Properties[END_REF]. To further eliminate endothelial cells and purify this subset of portal fibroblasts CD200, as a negative selection surface marker, was added to the FACS panel.

Fibroblasts that were hereby isolated possessed the capacity of tri-lineage differentiation and a high clonogenic ability, as well as the expression of MSC markers. Therefore, these fibroblasts were authenticated as portal mesenchymal stem cells (PMSCs). We demonstrated that PMSCs are able to differentiate into PMFs in vitro based on the expression of COL15A1, the marker of PMFs we previously identified (Lemoinne et al., 2015). Intriguingly, this phenotypic change was accompanied by an up-regulation of Acta2 as expected, whereas Col15a1 was downregulated and Col1a1 was not regulated, which was unexpected. The mechanisms underlying this phenotypic switch of PMSCs deserves to be further investigated in the future. Furthermore, we found PMSCs were retained in quiescence by culture in spheroids, on ultra-low attachment plates. These results may suggest that the loss of cell-cell interaction is not sufficient to promote the differentiation and activation of PMSC in vitro. Moreover, this PMSCs culture model provides a promising in vitro model that can be used to evaluate the effect of profibrogenic or antifibrogenic factors on liver fibrosis in vitro and test antifibrotic compounds.

By using RNA-seq to compare the transcriptomes of PMSCs and HSCs, we further demonstrated how distinct these two mesenchymal cell populations and derived myofibroblasts are from each other. In turn, the results obtained from bulk RNA-seq further strengthen our finding in scRNA-seq. The comparison of transcriptional profiles showed that in their quiescent state, PMSCs primarily ensure extracellular matrix organization and vasculature development. HSCs are mainly involved in immunity, and the metabolism of vitamin A. Our RNA-seq data showed that the GO terms associated with cell proliferation and DNA duplication were enriched in PMSC-MFs (3 days and 7 days cultured). In contrast, HSC-MFs exhibited low expression levels of these genes (e.g., Mybl2, Bub1, Plk1, Ccnd1, Ccnb1, E2f1, Foxm1 and Mki67) although cultured in the same conditions, indicating that PMSC-MFs displayed higher proliferation ability than HSC-MFs. These results are consistent with the observation during the culture experiments. Bartneck and colleagues reported that they did not observe HSC division using time-lapse microscopy (Bartneck et al., 2015). However, some studies reported primarily isolated HSCs displayed a strong proliferation property in vitro [START_REF] Mannaerts | The Hippo pathway effector YAP controls mouse hepatic stellate cell activation[END_REF]. This discrepancy may result from the difference in methods these studies used to purify HSCs. A widely used method is based on density-gradient centrifugation (Scott L [START_REF] Friedman | Isolation and culture of hepatic lipocytes, Kupffer cells, and sinusoidal endothelial cells by density gradient centrifugation with Stractan[END_REF].

However, the contamination from other cells, probably PFs, will lead to confusion.

Therefore, an add-on protocol for ultrapure HSCs isolation via subsequent flow cytometric sorting has been proposed (Mederacke et al., 2015).

We identified 100 genes in PMSCs and 112 genes in HSCs that maintained high differential expression after myofibroblastic differentiation based on scRNA-seq and bulk RNA-seq data. In translational efforts, we identified a PMSC gene signature that including Col15a1, Thy1, Loxl1, Meg3, Igfbp6, Col1a2, Slit2 and Mgp that was very specific of PMSCs and PMSC-MFs, with virtually no or low expression in HSCs and HSC-MFs. Our results showed that PMSC gene signature was highly expressed in human fibrotic liver (NASH, PSC, other liver diseases) compared with normal human liver. We also designed a transcriptomic signature of HSCs, including Megf9, Plin2, Plac8, Nt5E, Bmp10, Hgf, Masp1, Rspo3, Scarb. However, our data showed that the expression of HSC gene signature did not vary in mouse or human liver diseases. This result may reflect the low rate of proliferation of HSCs in liver diseases, which is consistent with our bulk RNA-seq data, showing the low expression level of genes associated with cell proliferation and cell cycle in HSC-MFs and with previous morphological study of HSCs (Bartneck et al., 2015). Recently, a scRNA-seq study focused on HSC population revealed spatial zonation of HSCs across the hepatic lobule and generated gene signatures that partition HSCs into two lobule regions, namely portal vein-associated HSCs (PaHSCs) and central vein-associated HSCs (CaHSCs). It was shown in this study that CaHSCs, marked by Adamtsl2 gene, but not PaHSCs, are the dominant pathogenic collagen-producing cells in a mouse model of centrilobular liver injury (CCl 4 fibrosis model). However, the marker of CaHSCs that was used, Adamtsl2, was highly expressed not only in the HSC cluster but also in several fibroblast clusters in our dataset. This discrepancy may result from the relative abundance of each cell population and the robustness of scRNA-seq in the two studies.

Overall, although the discrepancy exists, these findings have implications for the understanding of liver fibrosis progression. Moreover, they could help to identify potential molecular targets for anti-fibrotic drug development.

Col15a1 and Thy1 are markers that have been recognized as markers of portal fibroblasts/myofibroblasts (Dezso et al., 2007;Dudas et al., 2009b;[START_REF] Dudas | Thy-1 is an in vivo and in vitro marker of liver myofibroblasts[END_REF]Katsumata et al., 2017;Lemoinne et al., 2015). ScRNA-seq data showed that Col15a1 was expressed at the highest level in Fib-3 and Fib-4, but also expressed in Fib-1 and Fib-5 even though at lower expression. Thy1 was strictly expressed in Fib-3, whereas we showed that the sub-populations of Thy1 + and Thy1 -PMSCs were equally clonogenic, indicating the existence of Thy1-PMF precursors. Therefore, to evaluate the contribution of PMSC to the PMF repository more precisely and at full-scale, a gene signature of PMSCS was necessary. Checking the expression level of each gene in the PMSCs gene signature with Tabula Muris database (https://tabulamuris.ds.czbiohub.org/) (Tabula Muris et al., 2018). Except for Thy1 that was expressed in a small part of natural killer cells in normal mouse liver, all other genes have no or very low expression in the natural killer cells, B cells, hepatocytes, Kupffer cells, LSECs, leukocytes, and cholangiocytes showing a high specificity of PMSC gene signature. Loxl1 encodes LOXL1 that belongs the family of lysyl oxidases, involved in elastin crosslinking [START_REF] Csiszar | Lysyl oxidases: a novel multifunctional amine oxidase family[END_REF]. Consist with this finding, portal fibroblasts are the source of elastic fibers, which are composed of a crosslinked elastin core surrounded by fibrillin-rich microfibrils [START_REF] Wells | The portal fibroblast: not just a poor man's stellate cell[END_REF].

Furthermore, it has been reported that LOXL1 expression increased 34-fold in cirrhosis, and colocalized with α-SMA (W. [START_REF] Zhao | Inhibition of lysyl oxidase-like 1 (LOXL1) expression arrests liver fibrosis progression in cirrhosis by reducing elastin crosslinking[END_REF]. The long noncoding RNA maternally expressed gene 3 (MEG3) was shown as a guide RNA scaffold to recruit RNA-binding protein polypyrimidine tract-binding protein 1 (PTBP1) to facilitate small heterodimer partner (shp) mRNA degradation and cause cholestatic liver injury. In addition, the expression of MEG3 and PTBP1 increases in human fibrotic and cirrhotic livers (steatosis, fibrosis, and NASH) (L. [START_REF] Zhang | Long noncoding RNA MEG3 induces cholestatic liver injury by interaction with PTBP1 to facilitate shp mRNA decay[END_REF].

Interestingly, two other studies reported that MEG3 displayed inhibitory effects on HSC activation and liver fibrogenesis, and showed MEG3 down-regulation in human fibrotic liver and CCl 4 mouse liver [START_REF] He | Inhibitory effects of long noncoding RNA MEG3 on hepatic stellate cells activation and liver fibrogenesis[END_REF][START_REF] Yu | LncRNA-MEG3 inhibits activation of hepatic stellate cells through SMO protein and miR-212[END_REF]. Igfbp6 encodes insulin like growth factor binding protein 6 (IGFBP6). Recently, Martínez-Castillo and colleagues reported that the serum concentration of IGFBP-6 was downregulated in patients with chronic hepatitis C. Moreover, the authors reported that there was a negative regulation of IGFBP6 in F0, F1, and F2, but an upregulation in F3 and F4 when the patients were evaluated according to fibrosis stage. Thus, the authors speculated that IGFBP-6 participated in the regulation of ECM deposition and the senescence process, during chronic hepatitis C and showed that among IGFBPs, IGFBP-6 was the best coincident with fibrosis stage identification [START_REF] Martinez-Castillo | Differential production of insulinlike growth factor-binding proteins in liver fibrosis progression[END_REF]. Among genes of PMSC signature, Slit2 is the unique gene that remains stably expressed across PMSC quiescent and myofibroblastic states, without being induced in HSC-MFs. Therefore, we identified Slit2 as a new marker of PMSCs and derived myofibroblasts. However, Chang and colleagues reported SLIT2 was secreted by HSCs and attributed to HSC activation via roundabout guidance receptor 1 (ROBO-1). We showed that Slit2 expression was increased in the liver of DDC or CDAA fed mice, and in the liver of patients with NASH or PSC, based on Affymetrix data and RT-QPCR. Moreover, both in experimental and human liver fibrosis, we found a correlation between the expression of SLIT2 and that of vWF and COL1A1, consistent with a contribution of PMSCs to angiogenesis as a driving force for fibrosis progression, and with the studies showing that Slit2 signaling promoted developmental and pathological ocular neovascularization [START_REF] Rama | Slit2 signaling through Robo1 and Robo2 is required for retinal neovascularization[END_REF], and tumor angiogenesis and lymphangiogenesis (B. [START_REF] Wang | Induction of tumor angiogenesis by Slit-Robo signaling and inhibition of cancer growth by blocking Robo activity[END_REF].

Of note, as mentioned in the introduction part, exogenous administration of MSCs is showing out a promising therapeutic potential, largely relying on MSC paracrine secretion of antiapoptotic, anti-scarring, proangiogenic, and immunomodulatory factors involved in tissue regeneration [START_REF] Caplan | The MSC: an injury drugstore[END_REF].

In this context, the role of PMSCs might show a two-sideic property during the progression of liver fibrosis. e.g., proangiogenic and fibrogenic characteristics of PMSCs, as a recent study showed that portal angiogenesis would attenuate liver fibrogenesis (M. [START_REF] Xu | LECT2, a Ligand for Tie1, Plays a Crucial Role in Liver Fibrogenesis[END_REF]. Because of the "stemness" features of PMSCs, the differentiation status of PMSCs might be determined or changed by their environmental factors in the progression of liver fibrosis, which should be further investigated.

Conclusions and perspectives

A better knowledge of the landscape of portal mesenchymal cells should help to understand better the potential functional roles of portal mesenchymal cells in physiological and pathophysiological conditions. In this thesis work, we provide a detailed atlas of portal mesenchymal cells in normal murine liver for the first time.

Our scRNA-seq analysis revealed three populations of liver mesenchymal cells, i.e., fibroblasts, VSMCs and HSCs, with distinct marker genes. It will be interesting to further validate the spatial localization of these markers for each cluster by immunohistochemistry or in situ hybridization to reconstruct the portal mesenchymal populations and their general spatial distributions. The main aim of this present work is to focus on the heterogeneity of portal mesenchymal cells in normal liver. It is of particular interest to investigate the reprogramming of portal mesenchymal cells in liver fibrosis and decode the cellular and molecular basis of fibrosis progression from the portal tract in diseased liver by scRNA-seq.

Notably, on this basis of scRNA-seq data, we identified a population of portal mesenchymal cells that displayed "stemness" functions. We further defined PDGFR, CD34 and CD9 positivity, combined with CD200 mid-low expression (intermediate between negative and high), as the minimal set of markers required to isolate a cell population qualifying for MSCs (PMSCs), i.e., with high clonogenic potential and the ability to undergo trilineage differentiation (chondrogenic, osteogenic and adipogenic), and the ability to differentiate into COL15A1-expressing myofibroblasts in culture.

Interestingly, we found a three-dimensional spheroid culture model of PMSCs that better mimics the in vivo microarchitecture than plastic. This PMSC culture model provides a promising in vitro model that can be used in compound testing for liver fibrosis or evaluating the effect of profibrogenic or antifibrogenic factors on liver fibrosis in vitro. Combined with the data of ligand-receptor interaction networks from scRNA-seq in the future work, this PMSC spheroid culture model could also be applied in determining the interaction of PMSCs and PMSC-MFs with other cell types, e.g., HSCs, cholangiocytes, endothelial cells, and macrophages, by using co-culture in spheroids.

The setting up of the method to isolate PMSC population allowed us to further determine the transcriptional profiles of PMSCs and PMSC-MFs in comparison with HSCs and HSC-MFs. Combined with the analysis of scRNA-seq and bulk-RNA-seq, we identified Slit2 and a multigene transcriptomic signature (Col15a1,Col1a2,Igfbp6,Loxl1,Meg3,Mgp,Thy1,Slit2) as markers of PMSCs and derived myofibroblasts. We showed that PMSCs expanded in correlation with fibrogenesis and angiogenesis in different murine and human liver diseases by using these markers. We also designed a transcriptomic signature of HSCs (Megf9,Plin2,Plac8,Nt5E,Bmp10,Hgf,Masp1,Rspo3,Scarb1) that did not vary in these disorders. In conclusion, PMSCs are a small population of myofibroblast precursors that largely expand with the progression of liver fibrosis, and represent a potential therapeutic target.

In future work, Slit2, the marker of PMSCs, is the functional candidate we are going to test, which has been previously involved both in angiogenesis [START_REF] Rama | Slit2 signaling through Robo1 and Robo2 is required for retinal neovascularization[END_REF] and in liver fibrosis (J. [START_REF] Chang | Activation of Slit2-Robo1 signaling promotes liver fibrosis[END_REF]. In vitro experiments will rely on Slit2 silencing in plastic or ULA spheroid culture models. For in vivo depletion of Slit2 in mouse models of fibrosis, we will use intravenous injection of an adenovirus encoding ROBO1-Fc [START_REF] Rama | Slit2 signaling through Robo1 and Robo2 is required for retinal neovascularization[END_REF]. We also have access to a Slit2lox mouse line [START_REF] Rama | Slit2 signaling through Robo1 and Robo2 is required for retinal neovascularization[END_REF], in which we can inject a Cre-encoding adenovirus before the induction or during the course of liver fibrosis.

Future work should also focus on revealing the unknown roles and mechanisms of PMSCs in different types and stages of liver fibrosis, e.g., fibrogenesis, angiogenesis, inflammatory, and regeneration. Moreover, further data analysis will be applied to the data of bulk RNA-seq, in comparison with freshly isolated PMSCs and PMSCs cultured on plastic at early (PMSC-MFs-3d) and late stages to gain insight into the mechanisms regulating the differentiation of PMSCs into PMSC-MFs. 
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Introduction

Myofibroblasts are matrix-producing cells that arise in fibrotic diseases. They have different possible origins and serve a wide range of functions related to wound healing. Alpha-smooth muscle actin (α-SMA) is their most commonly used marker [1]. In the liver, hepatic stellate cells (HSC) are the major but not exclusive source of myofibroblasts [2]. Portal myofibroblasts (PMF) form a distinct population of liver myofibroblasts that derive from portal mesenchymal cells [3][4][5][6][7]. While PMF contribute to the progression of liver fibrosis in all types of liver diseases [8], they are the major population of myofibroblasts that accumulate at early stages of cholestatic liver injury [3,4,6,9,10]. We previously showed that PMF were highly proliferative, as opposed to HSC-derived myofibroblasts [11]. We also showed that they were key cells in angiogenesis, a mechanism which drives the progression of liver fibrosis from portal tracts into the parenchyma [8,12] Abbreviations: α-SMA, alpha-smooth muscle actin; ATF6, activating transcription factor 6; BDL, bile duct ligation; BSA, bovine serum albumin; CHOP, CCAATenhancer-binding protein homologous protein; CM, conditioned medium; COL1a1, collagen, type I, alpha 1; DMSO, dimethyl sulfoxide; ER, endoplasmic reticulum; FBS, fetal bovine serum; FGF2, fibroblast growth factor-2; GADD34, growth arrest and DNA damage-inducible protein 34; HPRT, hypoxanthine phosphoribosyl transferase; HSC, hepatic stellate cell; IRE1, inositol-requiring enzyme 1; MCP-1, monocyte chemoattractant protein-1; NAFLD, non-alcoholic fatty liver disease; PDGF-BB, platelet-derived growth factor-BB; PERK, PKR-like endoplasmic reticulum kinase; PMF, portal myofibroblast; RT-qPCR, Reverse transcription-quantitative polymerase chain reaction; TM, tunicamycin; UPR, unfolded protein response; VEGF, vascular endothelial growth factor; vWF, von Willebrand factor ⁎ Corresponding author at: Faculté de Médecine Sorbonne Université, Site Saint-Antoine, 27 rue Chaligny, 75571 Paris cedex 12, France.

Mounting evidence indicates that endoplasmic reticulum (ER) stress is associated with the development and progression of fibrotic diseases [13][14][15][16]. Under stress conditions, the ER initiates the unfolded protein response (UPR) to restore homeostasis. The UPR is mediated by three ER transmembrane sensors: the inositol-requiring enzyme 1 (IRE1), the activating transcription factor 6 (ATF6) and the PKR-like endoplasmic reticulum kinase (PERK). Each pathway culminates to promote the expression of genes required to reestablish ER homeostasis, through i) translational attenuation of global protein synthesis and ii) protein degradation. The PERK pathway plays a major role in reducing translation rates via the phosphorylation of eIF2α. Phosphorylated eIF2α also promotes the preferential translation of the transcription factor ATF4, which in turn induces the up-regulation of CCAAT-enhancerbinding protein homologous protein (CHOP) and growth arrest and DNA damage-inducible protein 34 (GADD34) genes. Ultimately, this response allows to counteract stress or direct cell fate towards apoptosis. When UPR fails to adapt, ER stress triggers a pathological response.

Previous work provided evidence to indicate that ER stress can occur in HSC and thereby promote liver fibrosis. Thus, it was shown in mouse models of liver fibrosis caused by ethanol or carbon tetrachloride, that ER stress developed in HSC and triggered their fibrogenic activity [15,17]. Blockade of the IRE1 pathway decreased HSC fibrogenic activity [17], whereas the chemical induction of ER stress, by tunicamycin (TM) or thapsigargin in HSC, caused an up-regulation of fibrogenic genes [15,18]. On the other hand, ER stress could also promote HSC apoptosis and thereby contribute to the resolution of fibrosis. Thus, cannabidiol was shown to cause the death of myofibroblastic HSC by a mechanism of ER stress-induced apoptosis [19]. It has also been possible to trigger ER stress-induced apoptosis and thereby reduce collagen synthesis, by overexpressing the matricellular protein CCN1 in HSC [20].

As compared with HSC-derived myofibroblasts, PMF display a number of distinct phenotypic features [8,21]. They also accumulate with a different spatial and temporal pattern during the progression of liver fibrosis [6,7]. While the mechanisms regulating the phenotypic changes of HSC during fibrogenesis have been largely unraveled [2], those underlying the phenotypic changes of PMF are still poorly known.

In the present study, we investigated PMF phenotype following their expansion in vivo, with particular attention to ER stress. We determined if PMF developed ER stress as they accumulated in the fibrotic liver and if this impacted their functions.

Materials and methods

Animals

Male Sprague Dawley rats weighing 200-250 g were purchased from Janvier Labs, Le Genest-Saint-Isle, France. Bile duct ligation (BDL) and sham operation were performed as previously described [4]. All procedures were approved by the Charles Darwin Ethical Committee for Animal Studies (Approval N°01163 01), and by the Institutional Animal Care and Use Department (DSV, Paris, Agreement N°75-12-01).

Cell models

PMF were obtained from normal or 2-week BDL rats, following an established protocol [11] and were referred to as standard and BDL PMF, respectively. Standard and BDL PMF were first compared in primary culture (P0). Subsequently, standard PMF were equally used at P0 or after one passage (P1), as their phenotype at P0 and P1 was previously shown to be the same [11]. When indicated, PMF were incubated with 1 μmol/L of TM (Merck, Fontenay sous Bois, France) to induce ER stress or with 1 μmol/L of the PERK inhibitor GSK2656157 (Merck, Darmstadt, Germany), for 24 h. Control cells were incubated with vehicle, i.e. dimethyl sulfoxide (DMSO, 1/1000). Conditioned media (CM) were obtained from PMF incubated with serum-free or 10% fetal bovine serum (FBS)-containing medium, for 24 h.

(Immuno)staining

Paraffin-embedded formalin-fixed 4-μm-thick liver tissue sections were subjected to Sirius red staining or immunostaining, using anti-α-SMA (#M0851; Dako, Les Ulis, France), anti-von Willebrand factor (vWF) (#GTX60934; Clinisciences, Nanterre, France) or anti-CHOP (#ab11419; Abcam, Paris, France), as primary antibodies, horseradish peroxidase-conjugated antibodies (Vector laboratories, Peterborough, UK), as secondary antibodies and 3-amino-9-ethylcarbazole (Vector laboratories) as a substrate. Tissue sections were counterstained with Mayer's hematoxylin. For immunofluorescence, cell preparations were fixed in 4% paraformaldehyde and incubated with primary antibodies against Calreticulin (#sc11398; Santa Cruz Biotechnology, Dallas, TX, USA) or α-SMA (#M0851; Dako). Nuclear staining was performed using Draq5 (Ozyme, Saint-Quentin-en-Yvelines, France). Cells were examined with a SP2 confocal microscope (Leica, Bannockburn, IL, USA).

Transmission electron microscopy

Cells were fixed with 2% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer (pH 7.4) for 30 min at 4 °C and post-fixed with 1% osmium tetroxide in the same buffer for 30 min at 4 °C. Samples were then dehydrated and embedded in epoxy resin. Ultra-thin (60 nm) sections were contrast-enhanced using uranyl acetate and lead citrate and examined using a JEOL 1010 electron microscope with a MegaView III camera.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

The cDNA obtained from total RNA was subjected to quantitative real-time PCR using the Sybr Green Master Mix (Roche Diagnostics, Meylan, France) on a Lightcycler 96 device (Roche Diagnostics). Primer sequences are provided in Supplementary Table 1. Target gene mRNA levels are reported relative to a calibrator according to the 2-∆∆CT method, using hypoxanthine phosphoribosyl transferase (HPRT) as a reference gene, the expression of which was stable in ER stress condition.

Immunoblotting

Cells were harvested in RIPA buffer with protease and phosphatase inhibitors. Proteins (30 μg) were resolved by SDS-PAGE and transferred to nitrocellulose membranes. The following antibodies were used as primary antibodies: anti-αSMA (#M0851; Dako), anti-GADD34 (#sc8327; Santa Cruz Biotechnology), anti-LC3I/II (#PM036; MBL International, Woburn, MA, USA), anti-α-tubulin (#T8203; Merck), anti-β-actin (#3700; Cell signaling, Danvers, MA, USA) and anti-GAPDH (#GTX627408; Clinisciences).

ELISA

ELISA was performed according to the manufacturer's instructions to measure the concentrations of collagen 1 (COL1) (#SEA571Ra, Euromedex, Souffelweyersheim, France) and vascular endothelial growth factor (VEGF) (#RRV00, R&D Systems, Minneapolis, MN, USA), in the supernatant of PMF incubated with 10% FBS-containing medium or serum-free medium, respectively, for 24 h. All samples were run in duplicate.

Cell proliferation

The proliferation of standard PMF at P1 was analyzed by two or 100 ng/mL of monocyte chemoattractant protein-1 (MCP-1) in the presence of 0.5% FBS. Data were analyzed using RTCA Software 1.2 and expressed as means ± SD of cell index at 24 h normalized to the cell index before stimulation.

Cell proliferation was also measured using the Click-it EdU microplate assay (Life Technologies, Paisley, UK). Briefly, cells were seeded in microplate (5000 cells/well) and after 24 h of serum deprivation, they were incubated in DMEM with or without 10% FBS in the presence of EdU for 24 h. EdU labeling was detected by fluorescence following the manufacturer's instructions.

Both aforementioned methods require cell counting before seeding, which was not possible for BDL PMF directly obtained by outgrowth at P0. Therefore, the proliferation of BDL PMF and of standard PMF to which they were compared, was assessed by Ki67 immunostaining. Cells were fixed in 4% paraformaldehyde for 15 min, then blocked and permeabilized with 2% bovine serum albumin (BSA)-0.1% Triton X100, for 1 h. Cells were then incubated with the Alexa Fluor 488-conjugated Ki67 antibody (#11882; Cell Signaling) overnight at 4 °C and nuclear staining was performed using DAPI. Ki67-positive cells were counted in five random fields at magnification ×20 using ImageJ software and reported to the total number of cells.

Cell migration

Wound-healing was performed, using a culture insert made of two reservoirs separated by a 500-μm-thick wall. An equal number of cells (25000) were plated in the two reservoirs. At confluence, cells were treated as indicated in the presence of 2 μg/mL mitomycin-C to prevent further proliferation. The insert was removed and images were acquired between time 0 and 24 h. The area of wound coverage was calculated using the cell image analysis software ImageJ and normalized for the 0h time point area.

Cell migration was also assessed using the xCELLigence RTCA-DP system and CIM-plates 16 (Roche Diagnostics). After 24 h of serum deprivation, cells were treated with TM (1 μmol/L) for 24 h. Cells were seeded in the upper chamber of the CIM-plate in serum-free medium, whereas DMEM with or without FBS or with 50 ng/mL of platelet-derived growth factor-BB (PDGF-BB) was added to the lower chamber. The impedance value of each well was monitored during 24 h and data analysis was performed, using the RTCA software. Data are expressed as the rate of migration (slope) during the first 9 h.

Matrigel-plug assay

Matrigel preparations were obtained by mixing 400 μL of growth factor-reduced Matrigel (BD Biosciences, Bedford, MA, USA) with 5 IU of heparin and 100 μL of standard PMF or BDL PMF conditioned medium and injected subcutaneously into wild-type C57BL/6J mice (Janvier Labs). Seven days after injection, the plugs were removed for macroscopic analysis and the hemoglobin concentration was measured using Drabkin's reagent (Sigma-Aldrich). Briefly, gel plugs were homogenized in RIPA buffer and centrifugated (8000 rpm at 4 °C, for 10 min). The supernatant was mixed with Drabkin's reagent and absorbance at 540 nm was measured. The hemoglobin concentration was calculated using a standard curve, according to the manufacturer's instructions.

Statistical analysis

GraphPad Prism Software was used to perform statistical analysis. The Student t-test was used for comparisons. A P value of < 0.05 was considered significant.

Results

PMF expanding in vivo develop ER stress

PMF arise from the proliferation and myofibroblastic differentiation of portal mesenchymal progenitors in response to liver injury. They promote fibrosis and angiogenesis. In the BDL rat model, PMF accumulate around proliferating bile ducts [4]. Two weeks after BDL in rats of the present study, bile duct structures were surrounded by α-SMAstained PMF that had migrated at the leading edge of fibrosis together with newly formed vessels (Fig. 1A). PMF that we refer to as BDL PMF, were obtained out of bile duct isolates from these BDL rats. Compared to standard PMF that emerged in culture from normal bile ducts, BDL PMF that arose in vivo, expressed Acta2/α-SMA and Col1a1 at higher levels and secreted larger amounts of collagen 1 (COL1) (Fig. 1,B -D), indicating that they were at a more advanced stage of myofibroblastic differentiation than standard PMF. BDL PMF were also more pro-angiogenic than standard PMF, as shown by Matrigel plug assay (Fig. 1E, left panel). To a large extent, this could be explained by a higher synthesis and secretion of VEGF (Fig. 1E, middle and right panels). By contrast, however, the proliferative and migratory capacity was lower in BDL PMF than in standard PMF, as shown in response to serum (Fig. 1, F andG). We concluded from these results that some of the fundamental functions of myofibroblasts, undergo opposite regulations in PMF following their expansion in vivo.

Next, we addressed the question as whether ER stress occurs and impacts phenotypic features in PMF. In the liver of BDL rats, the ER stress marker CHOP was detected by immunostaining in periductular cells consistent with PMF as shown by α-SMA staining, at the leading edge of portal fibrosis (Fig. 2, A andB). This suggested that PMF that emerged in vivo during BDL-induced fibrogenesis, developed ER stress, which was confirmed by the investigation of ER stress pathways in BDL PMF. Downstream targets of the PERK pathway, i.e. Chop, Gadd34 and Trb3, were all overexpressed in BDL compared to standard PMF (Fig. 2C). The other two pathways of UPR, i.e. IRE1 and ATF6, were not activated (Supplementary Fig. S1A), suggesting a specific induction of the PERK pathway in PMF, following their expansion in vivo. We found no accumulation of LC3II, the conjugated form of LC3, in BDL PMF (Supplementary Fig. S1B), indicating no link with autophagy. Morphologically, the ER in BDL PMF was enlarged and dilated, as shown by calreticulin immunostaining and transmission electron microscopy E). The overproduction of extracellular matrix components in BDL PMF compared to standard PMF likely explained these morphological features, so that protein overload could be the cause of ER stress in BDL PMF. To test this hypothesis, we treated BDL PMF with cycloheximide, a potent inhibitor of protein synthesis, which indeed reduced the expression of Chop and Trb3 in these cells (Fig. 2F). This was not the case for Gadd34 expression, which even showed a trend towards increased expression, consistent with previous data indicating that the reduction of protein synthesis by itself, is able to increase GADD34 expression [22]. Collectively, our results indicated that ER stress occurred in PMF that accumulated in vivo during liver fibrogenesis, likely as a result of increased secretory activity.

ER stress regulates PMF functions

To establish a potential link between ER stress and the phenotype of BDL PMF that expanded in vivo, we treated standard PMF obtained from normal rat liver with TM, a classical ER stress inducer. As anticipated, the treatment of PMF with TM caused a significant increase in the expression of the ER stress targets, Chop, Gadd34 and Trb3 (Fig. 3A). No change in α-SMA or Col1a1 expression nor in COL1 secretion was observed in PMF following TM treatment (Fig. 3,B-D), indicating that ER stress had no impact on the process of myofibroblastic differentiation in these cells. We then examined the effect of TM on serum-induced proliferation and migration of PMF. TM treatment fully abolished the proliferative response (Fig. 3E) and significantly decreased the migratory response (Fig. 3F) of PMF to serum. The proliferative response of PMF to FGF2 and MCP-1 and their migratory response to PDGF-BB were also inhibited as a result of TM treatment (Supplementary Fig. S2). On the contrary, VEGF synthesis and secretion increased in PMF, following TM treatment, and in vivo, their proangiogenic capacity was increased, as shown by Matrigel plug assay (Fig. 3G).

PERK mediates the regulation of PMF functions by ER stress

Next, we sought to determine if PERK, the UPR pathway induced by ER stress in PMF, exerted regulatory functions in these cells. We inhibited the PERK pathway in BDL PMF using the specific inhibitor GSK2656157 [23]. The treatment of BDL PMF with 1 μmol/L GSK2656157 reduced the expression of Chop, Gadd34 and Trb3, the downstream targets of the PERK pathway (Fig. 4A). Such inhibition of the PERK pathway had no effect on the expression of Acta2 or Col1 (Fig. 4B) nor on the secretion of COL1 (Fig. 4C), confirming that ER stress had little influence on the myofibroblastic differentiation of PMF. GSK-treated BDL PMF displayed an increased proliferation rate (Fig. 4D) and migratory capacity (Fig. 4E), compared with vehicletreated cells. By contrast, GSK treatment decreased the expression and secretion of VEGF by BDL PMF, as well as their proangiogenic activity (Fig. 4F). Together, these results indicated that the PERK pathway was induced in PMF following their expansion in vivo and regulated their phenotype. Whereas the proliferation and migration of PMF were down-regulated by the PERK pathway, their pro-angiogenic function was stimulated by this same pathway.

Discussion

In the present study, we showed that PMF develop ER stress as they expand in vivo during the progression of fibrosis. In its turn, ER stress, most notably the PERK pathway, further increases the proangiogenic activity of these cells, but also paradoxically inhibits their proliferation and migration.

PMF issued from the liver of BDL rats, exhibited an overexpression of the PERK downstream targets Chop, Gadd34 and Trb3, from which we inferred that PMF developed ER stress as they accumulated in vivo.

Of particular interest, in situ, CHOP was detected at the leading edge of fibrosis, where PMF accumulate [4] and where angiogenesis is the most active [24]. PMF synthetize and secrete large amounts of extracellular matrix components, which we hypothesized might trigger UPR. In keeping with this hypothesis, the global inhibition of protein synthesis by means of cycloheximide in BDL PMF, reduced ER stress. However, we cannot exclude that the pathological microenvironment, e.g. inflammation or hypoxia, previously shown to induce ER stress in hepatocytes, also participated in the induction of ER stress in PMF.

We found that ER stress did not contribute to the myofibroblastic phenotype of PMF. Neither the induction of ER stress by TM in standard PMF issued from normal rats nor the inhibition of the PERK pathway in in vivo-differentiated PMF derived from BDL rats, caused any change in the expression of α-SMA or the production of collagen. This is in contrast with what was previously observed in HSC, in which TM treatment stimulated the differentiation into myofibroblasts [15]. It was shown that ER stress stimulated the myofibroblastic differentiation of HSC by a mechanism involving the IRE1/XBP1 pathway and the activation of autophagy [17,18]. We found no activation of the IRE1 branch of UPR nor evidence of autophagy in BDL PMF, which had accumulated two weeks after the BDL trigger. However, we cannot exclude that such mechanisms took place at earlier stage of PMF differentiation following BDL-induced liver injury.

We also found that ER stress negatively regulated the proliferation and migration of PMF. Among the potential pathways mediating the anti-proliferative effect of ER stress, Trb3, the expression of which was increased in BDL PMF, was previously described as a negative regulator of Akt. This was shown in carcinoma cells, in which the down-regulation of Trb3 expression caused a hyperphosphorylation of Akt and an increase in proliferation [25]. In TM-treated fibroblasts, it was also shown that PERK inhibited cyclin D1 translation, which resulted in cellcycle arrest [26]. After they had proliferated in vivo, BDL PMF showed a switch towards decreased proliferative capacity, without any evidence of cellular senescence or apoptosis (not shown), even if CHOP is not only a negative regulator of cell growth but also a promoter of apoptosis [27]. Apoptosis was shown to occur as a result of TM-or cannabidiolinduced ER stress in myofibroblastic HSC [19,28]. It was also shown that ER stress contributed to the apoptosis of HSC, that takes place during the resolution of fibrosis [28]. HSC-derived myofibroblasts are intrinsically much more prone than PMF to undergo apoptosis [29], which may explain a different susceptibility to ER stress-induced apoptosis. It was suggested in a recent study that ER stress might actually cause apoptosis also in PMF, although direct evidence is currently lacking [30].

Previous work indicates that the three branches of the UPR stimulated the expression of VEGF [31,32]. In keeping with these lines, we Fig. 2. Endoplasmic reticulum (ER) stress in PMF following in vivo expansion. (A, B) Liver tissue sections from BDL and sham-operated rats on post-operative week 2 were subjected to immunohistochemistry, showing that in BDL rats, CHOP staining is detected in periductular cells A) accumulating at the leading edge of portal fibrosis (arrowheads); B) expressing α-SMA, as shown on serial tissue sections (arrows). Original magnification ×20; bar scale: 50 μm. Insets: higher magnification of the boxed areas; bar scale: 10 μm. (C-F) Standard PMF (PMF) and BDL PMF derived from normal and BDL rats, respectively, were subjected to the following analyses: C) RT-qPCR of Chop, Gadd34 and Trb3 mRNA; D) Co-immunostaining for α-SMA and calreticulin. Representative images (original magnification ×40; bar scale: 50 μm) are shown (left panel); ER size relative to the total cell surface, quantified by Image J (right panel); E) Transmission electron microscopy. Arrows point to ER (original magnification ×10000; bar scale: 0.1 μm); (F) RT-qPCR of Chop, Gadd34 and Trb3 mRNA in BDL PMF treated with 1 μg/mL cycloheximide or vehicle (DMSO) for 18 h. Quantitative data represent means ± SD of 3-13 cell preparations; *P < 0.05, ** P < 0.01, *** P < 0.001. found that PMF undergoing ER stress displayed increased synthesis and secretion of VEGF and a high pro-angiogenic activity. We previously demonstrated that PMF signaled to endothelial cells through VEGFladen microparticles and acted as mural cells for newly formed vessels, whereby they promoted the vascular remodeling that leads to cirrhosis [8]. By triggering the formation of scar vessels, which provide a backbone for the deposition of extracellular matrix, PMF thus appear to be critical in the progression of fibrosis towards cirrhosis. Therefore, by increasing the pro-angiogenic activity of PMF, ER stress could also foster liver fibrosis. To address this possibility, we tested the PERK inhibitor GSK2656157 in vivo. In BDL rats treated with this inhibitor, we found no significant effect on fibrosis or angiogenesis (Supplementary Fig. S3), although we cannot exclude insufficient local bioavailability of the drug. Targeting PERK could also interfere with ER stress occurring outside the liver after BDL, such as in the intestine [33]. In any event, PERK does not appear as a prime target to inhibit in liver fibrosis.

To conclude, during fibrogenesis, myofibroblasts and their precursors undergo phenotypic changes, that are often described as a unidirectional process called "activation". The current findings indicate that this view is incorrect and that different functions of myofibroblasts can be regulated in opposite directions. After they initially expand in the injured liver as a result of active proliferation and migration, PMF become highly pro-angiogenic but less proliferative and migratory. This phenotypic switch is induced at least partly by ER stress and may 
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  minutes on ice, to block Fc receptors before incubation with anti-CD31-FITC (BD Biosciences, 563089, Clone: MEC 13.3), anti-CD45-FITC (BioLegend, 103137, Clone: 30-F11), anti-Epcam-FITC (BioLegend, 118207, Clone: G8.8), and anti-CD11b-FITC (BioLegend, 101245, Clone M1/70), all at concentrations of 1:100, for 30 minutes at 4°C. Dead cells were stained with 7aminoactinomycin D (7-AAD; BD Biosciences, 559925) immediately before cell sorting was performed, using a FACSAria II cell sorter (BD Biosciences). Lin-negative cells, gated as CD31 - CD45 -Epcam -CD11b -cells, were collected and subjected to scRNAseq analysis. To isolate PMSCs from the bilio-vascular tree, cells were labeled with anti-CD31-FITC, anti-CD45-FITC, anti-Epcam-FITC and anti-CD11b-FITC antibodies as above, and anti-PDGFRα-PE (eBioscience, 12-1401-81, Clone: APA5), anti-CD34-APC (BioLegend, 119310, Clone: MEC14.7), anti-CD9-BV421 (BD Biosciences, 564235, Clone: KMC8) and anti-CD200-APC-R700 (BD Biosciences, 565546, Clone: OX-90), all at concentrations of 1:100 except for anti-PDGFRα-PE(1:50).PMSCs were gated as Lin-PDGFRα + CD34 + CD9 + CD200 low cells. To sort Thy1 -, Thy1 low and Thy1 high PMSCs, cells from the bilio-vascular tree were labeled with anti-CD31-FITC, anti-CD45-FITC, anti-Epcam-FITC, anti-CD11b-FITC, anti-PDGFRα-PE, anti-CD34-APC, anti-CD9-BV421, anti-CD200-APC-R700 antibodies as above, and anti-Thy1-PE/Cy7 antibodies (eBioscience, 25-0902-81, Clone: 53-2.1) at a concentration of 1:100. For flow cytometry analysis, freshly isolated PMSCs were labeled either with anti-Sca1-BV510 (BD Biosciences, 565507, Clone: D7), anti-CD105-BV510 (BD Biosciences, 740188, Clone: MJ7/18) or anti-CD29-PE/Cy7 (BioLegend, 102222, Clone: HMβ1-1), all at concentrations of 1:100. Analyses were performed using BD FACSDiVa™ and FlowJo (Tree Star) software.Cell culture. PMSCs and HSCs were seeded into 6-well plates at a density of 20,000 cells/cm 2 and cultured in DMEM containing 20% FBS, 1% Hepes and 1% Penicillin-Streptomycin to obtain PMSC-MFs and HSC-MFs, respectively. To maintain PMSCs in a quiescent stage, cells were seeded into 96-well Ultra-Low Attachment (ULA) round-bottomed plates.
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  depicting representative genes expressed in the endothelial cell (EC) clusters. Color-scale represents the average expression level across all cells within cluster. LSECs, liver sinusoidal endothelial cells. Suppl. Fig. S3 Gene ontology (GO) enrichment of genes significantly overexpressed in the different mesenchymal cell clusters according to scRNA-seq. See also Table

  . Fig. S4 Violin plots showing gene expressions previously reported in hepatic stellate cells (HSCs) across all clusters. Suppl. Fig. S7 Slit2 expression in the bulk RNA-seq analysis of PMSCs and HSCs, in quiescent or myofibroblastic states after 3 days (-MFs-3d) or 7 days (-MFs-7d) in culture. CPM, counts per million. Suppl. Fig. S8 Slit2 expression in a diet model of non-alcoholic steatohepatitis (NASH) with liver fibrosis. Hepatic expression of Slit2, Acta2, Col1a1 and vWF was measured by RT-qPCR in liver tissue from normal control diet (NCD, n= 5) and choline deficient, defined amino acid (CDAA, n=17) diet-fed mice. Data represented means  SEM. ***p<0.001; ****p<0.0001; ns, non-significant; Statistical significance was evaluated by Student t test. . S9 Dot plot showing the expression of Pdgfrb in all clusters. Individual dot size and color reflect the percentage of cells expressing the marker gene (% Exp) and its average expression (Avg exp) across all cells. Suppl. Fig. S10 Gli1 expression in the bulk RNA-seq analysis of PMSCs and HSCs. S11 Pcdh7 expression in the bulk RNA-seq analysis of PMSCs and HSCs, in quiescent or myofibroblastic states after 3 days (-MFs-3d) or 7 days (-MFs-7d) in culture. CPM, counts per million.
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Fig. 1 .

 1 Fig.1. Phenotype of portal myofibroblasts (PMF) following in vivo expansion. (A) Liver tissue sections from bile duct-ligated (BDL) and sham-operated rats, on post-operative week 2, were subjected to Sirius red staining (original magnification ×10), alpha-smooth muscle actin (α-SMA) and von Willebrand factor (vWF) immunostaining (original magnification ×20); arrowheads point to stained cells at the leading or lateral edge of portal fibrosis. Insets: higher magnification of the boxed areas. Bar scale: 50 μm. (B-G) Standard PMF (PMF) and BDL PMF derived from normal and BDL rats, respectively, were subjected to the following comparative analyses: B) RT-qPCR of Acta2 and Col1a1 mRNA; C) Immunoblot of α-SMA; D) ELISA of secreted collagen 1 (COL1); E) Assessment of proangiogenic activity by hemoglobin concentration in Matrigel plug assay (left panel showing representative explanted Matrigel plugs), RT-qPCR of Vegf mRNA (middle panel), ELISA of secreted VEGF (right panel); F) Fetal bovine serum (FBS)-induced proliferation, assessed by the percentage of Ki67-positive cells; G) FBS-induced migration, assessed by wound healing assay. Left panel showing representative phase-contrast pictures at time 0 and 24 h after insert removal; right panel showing the percentage of area covered by PMF after 24 h. Quantitative data represent means ± SD of 5-18 cell preparations; *P < 0.05, ** P < 0.01, ***P < 0.001.

Fig. 3 .

 3 Fig. 3. Effect of tunicamycin-induced ER stress on PMF functions. Standard PMF derived from normal rats were incubated with 1 μmol/L of tunicamycin (TM) or vehicle (DMSO) in culture and subjected to the following comparative analyses: (A) RT-qPCR of Chop, Gadd34 and Trb3 mRNA; (B) RT-qPCR of Acta2 and Col1a1 mRNA; (C) Immunoblot of GADD34 and α-SMA (numbers stand for replicates); (D) ELISA of secreted collagen 1 (COL1); (E) FBS-induced proliferation, assessed by the xCELLigence System (left panel) and by EdU incorporation (right panel). Data are expressed relative to the value of vehicle-treated PMF incubated without FBS; (F) FBS-induced migration, assessed by the xCELLigence System (left panel) and by wound healing assay (right panel); (G) Proangiogenic activity assessed by hemoglobin concentration in Matrigel plug assay (left panel showing representative explanted Matrigel plugs), RT-qPCR of Vegf mRNA (middle panel), ELISA of secreted VEGF. Quantitative data are reported as means ± SD of 4-16 cell preparations; *P < 0.05, ** P < 0.01, ***P < 0.005.

Fig. 4 .

 4 Fig. 4. Effect of PERK inhibition on the functions of in vivo-expanded PMF. BDL PMF derived from BDL rats were treated with 1 μmol/L GSK2656157 (GSK) or vehicle (DMSO) and subjected to the comparative analyses of (A) Chop, Gadd34 and Trb3 mRNA, (B) Acta2 and Col1a1 mRNA, by RT-qPCR, (C) secreted collagen 1 by ELISA (COL1); (D) FBS-induced proliferation, assessed by the percentage of Ki67-positive cells; (E) FBS-induced migration, assessed by wound healing assay; (F) Proangiogenic activity, assessed by hemoglobin concentration in Matrigel plug assay (left panel showing representative explanted Matrigel plugs), RT-qPCR of Vegf mRNA (middle panel), ELISA of secreted VEGF. Quantitative data are reported as means ± SD of 5-14 cell preparations; *P < 0.05, ** P < 0.01, ***P < 0.005.

  

  

  

  

  

  

  

  

  

  

Table 1 ).

 1 (

	Metavir scoring system	Fibrosis stage
	F0	No fibrosis
	F1	Mild fibrosis -Portal fibrosis without septa
	F2	Moderate fibrosis -portal fibrosis and few septa
	F3	Severe fibrosis -Numerous septa without cirrhosis
	F4	Cirrhosis

Table 1 : The Metavir scoring system and fibrosis stage (Group & Bedossa, 1994)

 1 

Table 2 : Tissue-resident mesenchymal cells source of myofibroblasts in multiple organs B) The different populations of hepatic myofibroblasts

 2 Hepatic myofibroblasts are not present in the healthy liver but arise and proliferate in response to injury and inflammation. As in other tissues, hepatic myofibroblasts are a heterogeneous cell population. Presumably, they mainly derive from two different cell types, hepatic stellate cells (HSCs) and portal fibroblasts (PFs)

Table 4 : Surface marker expression profile of MSCs in human and mouse (El Agha et al., 2017)

 4 

Selected Zonation landmark genes of liver ECs

  

	Vascular ECs	Peri-portal (Zone 1)	LSECs Mid (Zone 2)	Peri-central (Zone 3)	Lymp hatic EC	Method Species	Ref
	CD31CD34 vWF	CD36high CD32-CD14-LYVE1-	LYVE1+ CD32B+ CD14+ CD54+ CD36 mid-low	--	IF	Human	(Strauss et al., 2017)
	ENG, PECAM1, RAMP3, INMT, DNASEIL3, LIFR, PTGD5, C7, CTGF, TIMP3, RNASE1, ID3, MGP, PCAT19, HSPG2, GPM6A, PTRB, vWF, SRPX	F8, PECAM1, MGP, SARCL1, TM4SF1, CLECL4A, ID1, ADIRF IGFBP7n,	CD32B, LYVE1, RAMP3 STAB2, CCL14, CLEC1B, FLN2, S100A13, FCN3, CRHBP, STAB1, GNG11, CLEC4G, CLDN5, CCl23, OIT3,	--	scRNA-seq (10X Genomi cs)	Human	(MacParla nd et al., 2018)
	Dll4, Cldn5, Efnb2, Ltbp4, Pear1, Lama4, Chst2	Ecm1, Lyve1, Ccnd1, Pcdhgc5, Ctsl, Sema6a Kcnb1,	Rspo3, Lgals1 Kit, Wnt2, Wnt9b, Thbd, Cdh13, Fabp4,	--	pcRNA-seq (MARS-Seq)	Mouse	(Halpern et al., 2018)
	Ednrb, Jag1, Lrg1, Efnb1, Ltbp4, Adgrg6,	Fcgr2b, Gpr182	Wnt9b, Rspo3, Cdh13, Wnt2	--	scRNA-seq (10X cs) Genomi	Mouse	(Xiong et al., 2019)
	Cd32b, Flt4, Stab2, Pecam1	Dll4, Msr1, Efnb2, Ltbp4, Ntn4, Adam23	Lyve1, Ctsl	Fabp4 Rspo3, Wnt2, Wnt9b, Kit, Cdh13, Thbd,	Lyve1, Flt4, Pdpn, Prox1	scRNA-seq, (10X cs) Genomi	Mouse	(Su et al., 2020)
	BTNL9, ANPEP, Defined by CD34 PECAM high	--	LYVE1, FCN3, Defined by CLEG4G	ICAM1, ENG, Defined by CLEG4G	--	scRNA-seq (mCEL-Seq2)	Human	(Aizarani et al., 2019)

Table 5 : Liver endothelial cell zonation and landmark genes

 5 

  conducted using R. oligo bioconductor package to import raw data CEL files in an ExpressionSet object and rma function to normalize the data. After normalization, summarization was performed because transcripts are represented by multiple probes, on the Affymetrix platform. For each gene, the background-adjusted and normalized intensities of all probes were summarized into one estimated amount proportional to the amount of

	RNA	transcripts.	Summarized	data	have	been	annotated	with
	hugene10sttranscriptcluster.db bioconductor package. Statistical analysis was performed
	using non-parametric wilwoxon test.					
	conducted experiments; L.L., J.Gu., S.L., T.J., C.H., A.C. analyzed and interpreted the data; L.L.,
	S.L., A.C., C.H. prepared the manuscript, with critical revision from all authors.	

Statistical analyses. Unless otherwise stated, statistical analyses were performed using Graphpad Prism v6.0 and R. Unpaired two-sided Student t test and ANOVA with a Bonferroni post-test were used to compare differences between two groups, and more than two groups, respectively. A significant difference was defined as p<0.05.
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Abstract

Previous work has demonstrated that portal myofibroblasts (PMFs) significantly contributed to liver fibrogenesis and modulated angiogenesis in liver fibrosis. The main aim of this thesis was to elucidate the landscape of portal mesenchymal cells, with a particular focus on a portal mesenchymal stem cell niche.

We characterized the murine normal liver portal mesenchymal cell landscape.

Importantly, we revealed a portal mesenchymal cell population with the features of mesenchymal stem cells (MSCs), designated portal mesenchymal stem cells (PMSCs) that possessed the ability to give rise to PMFs in vitro. Furthermore, we identified Slit2 as a new marker of PMSCs based on scRNA-seq and bulk RNA-seq analysis. In vivo, we observed PMSC expansion (measured by the expression of Slit2) in liver from both animal fibrosis models (DDC and CDAA) and patients with chronic liver disease (NASH, PSC and other liver disease). Notably, we defined the specific gene signatures for PMSCs and hepatic stellate cells (HSCs), respectively. By using these markers, we provide further evidence indicating that PMSCs expand in correlation with fibrogenesis and angiogenesis in different murine and human liver diseases, whereas the HSCs gene signatures did not vary. In conclusion, our work collectively offers insights into the components and functions of the mammalian liver portal mesenchymal cell populations, and in particular, identify and characterize PMSCs and their derived myofibroblasts, opening up the possibility for the development of novel targeted drugs or biomarkers of clinical significance with increased precision.

Keywords: liver fibrosis, single-cell sequencing, portal mesenchymal stem cells, hepatic stellate cells, angiogenesis, myofibroblasts.