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End-stage liver fibrosis is common to all chronic liver diseases. Since liver transplantation has several limitations, including lack of donors, immunological rejection, and high medical costs, therapeutic alternatives are needed. The administration of mesenchymal stromal cells (MSCs) has been proven effective in tissue regeneration after damage. However, the risk of uncontrolled side effects, such as cellular rejection and tumorigenesis, should be taken into consideration. A safer alternative to MSC transplantation is represented by the MSC secretome, which retains the same beneficial effect of the cell of origin, without showing any considerable side effect. The paracrine effect of MSCs is mainly carried out by secreted particles in the nanometer range, known as extracellular vesicles (EVs) that play a fundamental role in intercellular communication. In this review, we discuss the current literature on MSCs and MSC-EVs, focusing on their potential therapeutic action in liver fibrosis and on their molecular content (proteins and RNA), which contributes in reverting fibrosis and prompting tissue regeneration.
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INTRODUCTION

Chronic liver disease (CLD) may be caused by different types of injury (viral infection, alcohol abuse, NASH, ischemic injury, chemical compounds, autoimmune and genetic diseases, etc.), and it is one of the major global health problems that causes about 2 million deaths per year worldwide (Asrani et al., 2019; Roehlen et al., 2020). Fibrosis is the main characteristic of CLD and is due to an excessive ECM accumulation, which compromises the normal morphology and function of the liver. Excessive ECM deposition is due to a persistent activation of myofibroblasts that proliferate and produce different matrix components (type I and III collagen, fibronectin, laminin, and proteoglycans) (Roehlen et al., 2020).

Hepatocytes are proliferative cells that support the physiological renewal of liver parenchyma. In case of injury, proliferation is due to the activation of resident HpSCs, which are quiescent during physiological turnover of the organ (Ibrahim et al., 2018). Different studies have observed only a marginal contribution of these resident progenitor cells in ameliorating the damage in several models of hepatocellular injury. In particular, the HpSCs are not able to totally regenerate the hepatocytes damaged in CLD, especially in the presence of a massive destruction of the liver tissue (Español-Suñer et al., 2012). For this reason, an exogenous treatment that supports the regeneration of the altered tissue is demanded.

A possible therapeutic option is the use of MSCs that can be isolated from various adult tissues, such as bone marrow (BM), adipose tissue, muscle, periosteum, umbilical cord, blood, and liver (Puglisi et al., 2011). MSCs were originally described as a rare population of cells in the BM with fibroblast-like morphology (Friedenstein et al., 1974) and a characteristic pattern of cell-surface antigens (Pittenger et al., 1999). Besides their self-replicating ability, MSCs can differentiate in mesenchymal (osteoblasts, chondrocytes, adipocytes, and myocytes) and non-mesenchymal cells (cardiac, neural, renal, and hepatic cells) (Krause, 2002; Alhadlaq and Mao, 2004). These peculiar properties combined with the immunoregulatory activity of MSCs make these cells ideal candidates for regenerative therapy of various diseases, including liver fibrosis (Eom et al., 2015; Han et al., 2019).

In this review, we summarize recent findings in the field of MSCs application as anti-fibrotic strategy and on molecular pathways modulated by MSCs and their secretome, in particular by EVs.



CELLS AND MOLECULAR PATHWAYS INVOLVED IN HEPATIC FIBROSIS

Different types of hepatic cells contribute to fibrosis development. Hepatocyte death is the initial event in liver diseases that conducts to damage progression. Dead hepatocytes release different molecules (intracellular proteins, ATP, nucleic acids, mitochondrial or nucleic compounds) collectively named DAMPs (Mihm, 2018). These intracellular compounds negatively influence the neighboring cells, such as HSCs and Kupffer cells, favoring cell activation and fibrosis development. Moreover, a pro-fibrogenic signal can be triggered by apoptosis of hepatocytes by the activation of Fas death receptor (Feldstein et al., 2003) and by the release of apoptotic bodies. These can be absorbed by Kupffer cells and by HSCs to activate pro-fibrogenic signals (Canbay et al., 2003; Zhan et al., 2006).

Hepatic stellate cells are the key players in hepatic fibrosis development, since they represent the major source of myofibroblast precursors. In physiological conditions, HSCs are perisinusoidal non-proliferating cells characterized by numerous lipid droplets containing vitamin A in the cytoplasm. Different types of injury may induce HSC activation. In this case, HSCs start to proliferate, acquire a contractile myofibroblast phenotype, express α-SMA, and produce ECM components and pro-inflammatory cytokines (Mederacke et al., 2013). Other important sources of myofibroblasts may be portal fibroblasts (Wells et al., 2004), BM-derived cells (Forbes et al., 2004), and cells derived from hepatocytes or cholangiocytes by EMT (Zeisberg et al., 2007). In addition, the production of pro-inflammatory cytokines induces the recruitment and the activation of other important cells in fibrosis development, such as platelets, endothelial cells, and infiltrating immune cells that may amplify the pro-fibrogenic environment and contribute to support HSC and myofibroblast activation state. Hepatic macrophages, which can be liver resident (Kupffer cells) or monocyte-derived (Krenkel and Tacke, 2017), play a central role in this fibrosis development. Macrophages may be classified into pro-inflammatory macrophages (M1) and immunoregulatory macrophages (M2). Hepatic macrophages may shift from M1 to M2 phenotypes in response to different stimuli, and different macrophage subpopulations may coexist and contribute to different phases of fibrosis (Sun et al., 2017).

A complex network of cytokines and pathways is responsible for HSC activation and for induction of fibrogenic alterations. The most important growth factors and pathways involved in fibrogenesis are the PDGF, the TGF-β, the inflammasome NLRP3–caspase-1, and the Wnt/β-catenin signaling pathway (Dewidar et al., 2019; Roehlen et al., 2020). Moreover, resident immune cells produce under stimulation the TNF-α, the interleukins (IL-6 and IL-1α), and the CCL2, that trigger the activation of Kupffer cells and the recruitment of monocyte-derived macrophages from blood (Roehlen et al., 2020). In physiological conditions, PDGF is produced by platelets. Different types of liver injury induce the production of PDGF also by Kupffer cells, endothelial cells, and activated HSCs, and PDGF receptor is expressed by HSCs (Campbell et al., 2005; Hayes et al., 2014). The binding of PDGF to its receptor triggers the activation of several signaling pathways, including the PI3K/Akt, the JAK/STAT, and the Ras/Raf system. These different pathways regulate downstream the expression levels of the key pro-fibrotic genes, such as type I collagen α1 chain, MMPs, tissue inhibitors of metalloproteinases (TIMPs), and also apoptosis regulators (Bcl-2) that favor the survival and proliferation of myofibroblasts (Ying et al., 2017). Endothelial cells, macrophages, and hepatocytes can synthesize TGF-β, as a latent precursor. The inactive form of TGF-β, bound to the latency-associated protein, is stored in the ECM. TGF-β becomes active when cleaved by a specific protease. The active form binds to TGF-β receptor type II, which recruits the TGF-β receptor type I, with downstream activation of SMAD proteins. In particular, the activation of SMAD3 by phosphorylation at its C-terminus is considered the main fibrogenic pathway (Liu et al., 2006; Fabregat et al., 2016). Furthermore, the activation of the SMAD3-dependent TGF-β signaling pathway in hepatocytes contributes to fibrosis development, especially in NASH, by inducing hepatocyte death and lipid accumulation. SMAD6 and SMAD7, which negatively regulate TGF-β signaling, are considered as anti-fibrotic factors (Yang et al., 2014).

Another important pathway involved in hepatic fibrosis development is the Wnt/β-catenin signaling. β-Catenin is an adhesion molecule that can also act as a transcription factor. After activation, Wnt binds the receptor Frizzled and forms a complex, which inhibits β-catenin degradation causing its translocation to the nucleus that activates target genes transcription by recruiting cyclic AMP-response element binding (CREB) protein (Nishikawa et al., 2018). In hepatic damage, the Wnt signaling pathway is activated in the HSCs and may contribute to fibrosis development by upregulating α-SMA and collagen expression (Berg et al., 2010).

Despite the increasing number of studies deeply investigating the molecular mechanisms of liver fibrosis development, an approved drug to counteract liver fibrosis is still missing. Anti-fibrotic therapies have to focus on different mechanisms of action: hepatocyte protection, the inhibition of HSC activation, the consequent deposition of fibrotic molecules, and the modulation of inflammation.



MSC TREATMENT COUNTERACTS LIVER FIBROSIS DEVELOPMENT

Several studies demonstrated that the injection of MSCs improved liver fibrosis and enhanced liver functionality by reducing hepatocyte apoptosis, prompting hepatocyte regeneration, and regulating inflammatory responses in different animal models of CLD (Table 1). In particular, numerous published results demonstrated the reduction of TGF-β1 and α-SMA gene expression in liver tissue after treatment with MSCs (Rabani et al., 2010; Jang et al., 2014; Winkler et al., 2014; Idriss et al., 2018; Fathy et al., 2020; Sun et al., 2020).


TABLE 1. Anti-fibrotic effect of MSCs from different sources in chronic liver injury.

[image: Table 1]In the CCl4-induced CLD model, the administration of murine BM-derived-MSCs reduced fibrosis, ameliorated the hypoxic liver microenvironment, and improved liver function. These beneficial effects were correlated with a modulation of the TGF-β1/SMADs signaling pathway in liver cells. In particular, BM-MSCs reduced TGF-β1 and SMAD3 expression and increased SMAD7 expression (Zhang et al., 2015, 2019). SMAD7 can be regulated by different stimuli, including TGF-β, IFN-γ, and TNF-α. The downregulation of SMAD7 expression is associated with both tissue fibrosis and inflammatory disease; instead, its over-expression antagonizes TGF-β-mediated fibrosis and inflammation (Yan et al., 2009).

Another aspect that characterizes in a distinctive manner liver fibrosis is the induction of collagen deposition, with a consequent complete remodeling of the ECM. The interstitial ECM is mainly composed of structural fibrils of type I and type III collagen and in a minor quantity of type V collagen (Karsdal et al., 2020). The analysis of gene expression profile of ECM in MSC-treated fibrotic animals indicated the reduction of the deposition of collagen in the area of injury. The pro-collagen gene expression significantly decreased when MSCs were administrated in liver fibrosis models generated by the injection of CCl4 and of TAA chemical drugs (Jang et al., 2014; Farouk et al., 2018), especially when the transplantation of cells occurred via the portal vein rather than by the tail vein (Truong et al., 2016). Besides, IL-6 stimulates the activation of STAT3 and increases collagen mRNA expression in HSCs; the phosphorylation of STAT3 activates the TGF-β cascade through SMAD3 activation (O’Reilly et al., 2014). In this framework, Zhang et al. (2019) demonstrated that BM-MSCs reduced fibrosis by modulating the TGF-β1/SMADs signaling. Yuan et al. (2019) showed that the low amount of collagen deposition was related to low IL-6 mRNA levels and the reduction was evident especially for type III collagen α1. Several studies reported the involvement of IL-17A in liver fibrosis (Zepeda-Morales et al., 2016), since the IL-17 receptor complex IL-17RA/IL-17RC induced in HSC the activation of STAT3, which led to increased collagen mRNA expression. After MSC transplantation, the expression of fibrogenic type I collagen α1 mRNA decreased in liver tissue. Moreover, a gradual reduction of the mRNA expression of IL-17a, IL-17f, and IL-17ra and IL-17rc receptors was observed in the BM-MSC-treated group (Farouk et al., 2018).

The reduction in pro-collagen gene expression often correlates with increased secretion of collagen-degrading MMPs (Rengasamy et al., 2017; Du et al., 2018). In fact, the administration of MSCs induces the reduction of fibrosis by increasing the expression of MMP-9, which degrades the ECM (Tanimoto et al., 2013) and modulates genes involved in matrix remodeling, such as MMP-2 and TIMP-1 (Zhao et al., 2012; Rengasamy et al., 2017; Du et al., 2018; Khalifa et al., 2019; Iwanaka et al., 2020).

Mesenchymal stromal cells can influence the fibrosis development indirectly through the reduction of the hepatic inflammatory state. In fact, MSCs display an immunoregulatory activity by preventing the maturation of immune cells. In particular, they inhibit the proliferation of dendritic, T helper-1, and natural killer cells and induce the activation of M2 macrophages through the production of PGE2, IDO, and NO and secretion of anti-inflammatory ILs, such as IL-10 (Aggarwal and Pittenger, 2005). Anti-inflammatory effects of MSCs in liver tissue were evaluated by measuring the expression levels of pro-inflammatory cytokines in different animal models of CLD, such as HFD, MCDD, CCl4 infusion, and TAA administration (Zhao et al., 2012; Nasir et al., 2013; Idriss et al., 2018; Bruno et al., 2019). These studies demonstrated that TNF-α, IL-6, and other pro-inflammatory cytokines [IL-1β, TGF-β1, INF-γ, and monocyte chemoattractant protein-1 (MCP-1)] were downregulated in the liver of treated mice (Zhao et al., 2012; Nasir et al., 2013; Idriss et al., 2018; Bruno et al., 2019; Choi et al., 2019; Kojima et al., 2019). Moreover, treatment with MSCs increased the production of the anti-inflammatory IL-10 that may modulate the expression of α-SMA, collagen I, and TGF-β in target cells both in vitro and in vivo (Rabani et al., 2010; Idriss et al., 2018; Choi et al., 2019).

Although MSC transplantation has shown beneficial effects in liver fibrosis, several issues must be carefully considered, including the injected cell dose and the timing of treatment. The anti-fibrotic effect of MSCs seems to be dose-dependent: in fact, compared with lower doses, higher cell doses showed a significant reduction in collagen release (Hong et al., 2014). Furthermore, the anti-fibrotic effect of MSCs in the liver is more evident when MSCs are administered in the earlier stages of injury (Zhao et al., 2005), whereas no beneficial effects are observed when MSCs are injected after long-term injury (Popp et al., 2007; Carvalho et al., 2008).



MSC ENGRAFTMENT AND DIFFERENTIATION INTO LIVER TISSUE

A few studies support the idea of the engraftment and differentiation of MSCs in the damaged tissue (di Bonzo et al., 2008; Stock et al., 2014; Iwanaka et al., 2020). In a model of intoxication of the liver caused by a sub-lethal dose of acetaminophen (APAP) and treated with human MSCs differentiated into hepatocyte-like cells in vitro (hMSC-HCs), the engrafted cells were detected in liver section after long-term transplantation (7 weeks after treatment). In particular, hMSC-HCs were localized in the periportal areas of the liver damaged by APAP, expressing both human albumin and HepPar1, a mitochondrial antigen of hepatocytes, indicating an in situ differentiation of hMSC-HCs into hepatic precursors. The engraftment of hMSC-HCs did not cause an increment in the collagen content with respect to untreated APAP animals (Stock et al., 2014). Recently, also in CCl4-injured liver, it was reported that the hepatic regeneration is due to in situ differentiation of the transplanted hDPSCs. The regenerative effect was correlated with the reduced gene expression of α-SMA, collagen 1, and other fibrosis-related genes and proteins, such as MMP-2, MMP-3, TIMP-1, TIMP-2, and TGF-β (Iwanaka et al., 2020).

In contrast, some authors have reported that, after in vivo injection, BM-MSCs can differentiate into myofibroblasts, thus contributing to the progression of liver fibrosis (di Bonzo et al., 2008; Baertschiger et al., 2009). di Bonzo et al. (2008) demonstrated that human BM-MSCs were able not only to engraft around the portal tract of both normal and CCl4-injured liver of NOD/SCID mice but also to differentiate into hepatic cells in the in vivo acute liver injury model (di Bonzo et al., 2008). In the chronic liver injury model, the percentage of cells expressing the human leukocyte antigen (HLA)-I was significantly higher than in the acute setting; however, a significant number of human cells co-expressed markers of myofibroblast-like cells (α-SMA or glial fibrillary acidic protein) and were located around fibrotic areas, indicating a pro-fibrotic effect of MSCs. These evidences correlated in part with the results obtained by Baertschiger et al. (2009) in a murine model of partial hepatectomy associated with the inhibition of endogenous liver regeneration by retrorsine treatment. Following intrasplenic injection of BM-MSCs, the engraftment of these cells was not achieved in the liver. However, after intrahepatic injection, BM-MSCs permanently engrafted into the liver and might contribute to fibrosis by differentiating into myofibroblasts (Baertschiger et al., 2009). Besides, by comparing the in vivo effect of adult BM-MSCs with the effect of pediatric BM-MSCs, no difference in MSC engraftment and no evidence of MSC differentiation into hepatocytes were observed (Baertschiger et al., 2009). Whether the transplanted MSCs have a positive or negative effect on resident liver cell populations (HSCs, immune cells, hepatocytes) is an important aspect that needs to be considered (Kallis and Forbes, 2009). Further studies are required to better understand those mechanisms that could induce MSCs or resident liver cells to produce scar or ECM-degrading substances.



ANTI-FIBROTIC AND ANTI-INFLAMMATORY EFFECTS OF MSC SECRETOME

In addition to direct differentiation of MSCs into liver cells, MSCs exert pro-regenerative and anti-fibrotic effects in liver tissue by inducing the proliferation of resident mature hepatocytes or of progenitor cells through the secretion of paracrine factors. Analysis of gene expression of different sources of MSC revealed that MSCs produce several molecules that can inhibit the activation of HSCs in vitro, such as IL-10, VEGF-A, and HGF (Aggarwal and Pittenger, 2005). In particular, HGF promotes hepatic regeneration and exerts anti-fibrotic effects by enhancing hepatocyte proliferation and inhibiting apoptosis (Lee et al., 2018). It has been demonstrated that the stable expression of HGF in BM-MSCs improved cell homing capacity and differentiation into liver cells, thus alleviating CCl4-induced liver fibrosis in rats (Sun et al., 2020). Therefore, the release of HGF in the parenchyma of damaged livers could be associated with the ability of MSCs to reverse the progression of liver fibrosis.

The MSC secretome has been proven to be safer and equally effective in liver regeneration (Driscoll and Patel, 2019). In fact, the secretome obtained by UC-MSCs, either undifferentiated or committed into hepatocyte-like cells, improved hepatic fibrosis both in vivo and in vitro. In particular, the UC-MSC secretome was enriched in the milk factor globule EGF 8 (MFGE8), an anti-fibrotic protein, which expression is reduced in fibrotic or cirrhotic livers. The MFGE8-containing secretome reduced the ECM deposition and suppressed the activation of HSCs by downregulating α-SMA expression and the TGF-β signaling pathway (An et al., 2017). A similar anti-fibrotic effect was also observed in vitro on TGF-β-activated HSCs, using conditioned medium derived from AMSCs (Fu et al., 2018) and from BM-MSCs (Huang et al., 2016). Interestingly, in a CCl4-induced fibrosis murine model, the BM-MSC secretome also showed immunosuppressive properties, by reducing inflammatory infiltration, and pro-regenerative effects, by enhancing hepatocyte proliferation and promoting HSC apoptosis (Huang et al., 2016). Taken together, these findings suggest that the anti-fibrogenic effect of MSCs can be mediated through the release of paracrine factors, which include soluble factors and EVs.

Extracellular vesicles are small membrane particles delimited by a lipid bilayer membrane that are secreted by virtually all cells into the extracellular microenvironment and can be isolated from all biological fluids. EVs display great heterogeneity in size and molecular cargo, and since specific markers to distinguish one vesicle subpopulation from another are still lacking, EVs are currently classified based on their size and biogenesis in exosomes, ectosomes, and apoptotic bodies (Meldolesi, 2018; Bruno et al., 2020a).

Exosomes (30–120 nm) are small EVs that arise from the inward invagination of the membrane of endosomal structures, known as MVBs. Exosomes are released into the extracellular space upon fusion between MVBs and the plasma membrane. This process, called exocytosis, is principally coordinated by the ESCRT machinery (Meldolesi, 2018) and by other ESCRT-associated proteins, such as ALIX that contributes to cargo packaging into vesicles and triggers exosome formation (Baietti et al., 2012; Hurley and Odorizzi, 2012). Besides, an ESCRT-independent mechanism has been described in exosome formation and secretion (Stuffers et al., 2009). Among the proteins participating in this process, the tetraspanins CD63, CD81, and CD9 coordinate the specific sorting of cargo into exosomes (Chairoungdua et al., 2010; Nazarenko et al., 2010; van Niel et al., 2011; Perez-Hernandez et al., 2013), whereas the Rab GTPases Rab11, 27a, 27b, and 35 are involved in vesicle budding, transport along the cytoskeleton, and fusion with the plasma membrane (Savina et al., 2005; Stenmark, 2009; Hsu et al., 2010; Ostrowski et al., 2010; Bobrie et al., 2012; Zhen and Stenmark, 2015). Furthermore, exosome release can be controlled by calcium signaling (Savina et al., 2003), cytoskeleton rearrangements (Granger et al., 2014), and ceramide synthesis (Trajkovic et al., 2008).

Extracellular vesicles generated by the direct outward budding of the plasma membrane are defined as ectosomes or microvesicles (100–1,000 nm). The modifications in the plasma membrane curvature result from changes in protein interactions, which involve the ARRDC1 and the late endosomal protein TSG101 (Nabhan et al., 2012), and from the calcium-dependent activation of enzymes, such as flippases, floppases, scramblases, and calpain, which alter the lipidic composition of the plasma membrane (van Niel et al., 2018). As for exosomes, the process of ectosomes vesiculation and release also relies on cytoskeleton rearrangements, controlled by the ROCK (Li et al., 2012) and the signaling cascade of Ras-related GTPase ARF6 (Muralidharan-Chari et al., 2009). Lastly, fragments of dead cells that are released through the plasma membrane blebbing of apoptotic cells are defined as apoptotic bodies (1,000–5,000 nm) (Hristov et al., 2004).

At present, EVs are considered as important mediators of intercellular communication (Lee et al., 2011; Lawson et al., 2017). In fact, the EV cargo includes proteins, lipids, and nucleic acids that can be transferred between cells protected from degradation, thus eliciting their intracellular uptake by endocytosis. The specific molecular content of EVs usually depends on the tissue of origin, but it can also be genetically modified to allow EVs to carry the desired therapeutic molecules (Varderidou-Minasian and Lorenowicz, 2020). Once internalized by target cells, EVs can modulate a number of physiological and pathophysiological processes, including metabolism, immune responses, tumor progression, and metastasis (Lou et al., 2017a).



MSC-EV EFFECTS IN LIVER FIBROSIS

Recently, the role of EVs in tissue repair and regeneration has been extensively studied. In particular, MSC-derived EVs have shown a pro-regenerative effect in several tissues, including heart, lung, bone, skin, brain, kidney, and liver (Fiore et al., 2018; Varderidou-Minasian and Lorenowicz, 2020). As reported for MSCs, also MSC-EVs exhibit therapeutic effects in several preclinical models of hepatic fibrosis (Table 2). In a context of liver fibrosis, MSC-EVs act by modulating different molecular pathways into hepatocytes, activated HSCs and immune cells (Figure 1).


TABLE 2. Anti-fibrotic effect of MSC-EVs in different models of chronic liver injury.
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FIGURE 1. Effects of EVs derived from MSCs on inflammatory cells, Kupffer cells, hepatic stellate cells (HSCs), and hepatocytes during liver fibrosis. EVs from MSCs derived from different sources can modulate various molecular pathways in target cells by reducing inflammation, Kupffer cell activation, HSC activation and fibrogenesis, and hepatocyte apoptosis and EMT.


The first evidence that MSC-EVs were able to alleviate liver fibrosis came from Li et al. (2013). In a mouse model of CCl4-induced liver fibrosis, they showed that EVs derived from UC-MSCs ameliorated hepatic inflammation and collagen deposition. Moreover, in vitro UC-MSC-EV administration suppressed both the EMT and the TGF-β/SMAD signaling pathway through the inhibition of SMAD2 phosphorylation and the reduction of type I and III collagen and TGF-β transcripts expression in hepatocytes. The therapeutic effect of UC-MSC-EVs has been also demonstrated in schistosomiasis, a parasitic disease that leads to serious chronic liver inflammation (Dong et al., 2020). In vivo administration of UC-MSC-EVs in Schistosoma japonicum-infected mice alleviated hepatic fibrosis by downregulating the expression of α-SMA and types I and III collagen. The consequent inhibition of HSC activation was also confirmed in vitro on HSCs. In addition, UC-MSC-EVs reduced the mRNA expression of pro-inflammatory cytokines TNF-α, IL-1β, and IFN-gamma in schistosome-infected liver tissue. Also, EVs obtained from UC-PVCs can effectively reduce both fibrosis and inflammation in a TAA-induced model of chronic liver injury (Fiore et al., 2020). Interestingly, EVs derived from UC-PVCs that were transduced by an adenovirus vector to produce human IGF-1 exhibited a stronger anti-fibrotic effect with respect to their green fluorescent protein (GFP)-transfected counterpart. In vitro experiments demonstrated that treatment with IGF-1-containing UC-PVC-EVs reduced the activation of HSCs by downregulating the expression of type I collagen, α-SMA, and TGF-β1. Furthermore, IGF-1-containing UC-PVC-EVs converted pro-fibrogenic hepatic macrophages into anti-inflammatory phagocytes by increasing arginase-1 and downregulating iNOS, TNF-α, and IL-6 expression levels.

Another embryonic-derived source of MSCs is the amnion. In two different models of CLD, Ohara et al. (2018) have demonstrated the anti-inflammatory and anti-fibrotic effects of EVs obtained from AMSCs. In a rat model of NASH, induced by a HFD, AMSC-EVs downregulated the expression of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 and reduced the activation of pro-inflammatory M1 macrophages (Kupffer cells) in liver tissue. In CCl4-induced hepatic fibrosis, treatment with AMSCs attenuated fibrosis by reducing the expression of α-SMA and the number of Kupffer cells. In vitro, AMSCs treatment reduced the expression of TNF-α in both HSCs and Kupffer cells activated by LPS and reduced the NF-kB transcriptional activity induced by LPS, through the inhibition of the phosphorylation of IkB-α and p65. Since AMSC-EVs did not affect NF-kB transcriptional activity induced by TRAF, one could speculate that AMSC-EVs might suppress the earlier steps of the LPS/TLR4 signaling pathway. Interestingly, another research study on a rat model of CCl4-induced liver fibrosis demonstrated that EVs released by CP-MSCs were able to transfer miR-125b between MSCs and HSCs. The inhibition of miR-125b targets smo, resulting in the suppression of Hedgehog signaling with consequent amelioration of hepatic fibrosis (Hyun et al., 2015).

Recently, ESCs have been identified as an alternative source of MSCs. In a rat model of TAA-induced chronic liver injury, (Mardpour et al., 2018) reported the hepatoprotective effect of EVs obtained from human ESC-derived MSCs. In TAA animals, the ESC-MSC-EVs improved hepatocyte viability and reduced both apoptosis and the expression of pro-fibrotic molecules, such as collagen, α-SMA, and TIMP-1, while increasing the expression of collagenases, such as matrix metalloproteinase MMP-9 and -13. In addition, ESC-MSC-EVs exhibited immunomodulatory properties by reducing immune cell infiltration and modulating the expression of inflammatory cytokines, with a decrease in TNF-α and IL-2 levels and an increase in TGF-β and IL-10 levels. Interestingly, the anti-inflammatory effect of the ESC-MSC-EVs resulted to be stronger than the one of other somatic tissue-derived MSC secretome, such as BM-MSCs and ADSCs (Mardpour et al., 2018). However, the efficiency of EV treatments might be reduced by a rapid clearance of EVs from the target organ. To extend the bioavailability of the EVs in the liver, the use of ESC-MSC-EVs encapsulated in polyethylene glycol macromeres has been proven to be effective in a TAA rat model of hepatic fibrosis. Once injected into the peritoneum cavity, the hydrogel-released EVs were gradually swollen upon biodegradation and progressively released over 1 month, resulting in liver accumulation. Histological and molecular analysis have pointed out that, compared with freely injected EVs, the hydrogel-released EVs had stronger anti-fibrotic, anti-apoptotic, and anti-inflammatory effects in fibrotic liver tissue (Mathieu et al., 2019).

Adipose tissue-derived MSC have also shown therapeutic effects in hepatic fibrosis (Lou et al., 2017b; Qu et al., 2017). Qu et al. (2017) demonstrated that the transient over-expression of miR-181-5p in ADSCs increased their therapeutic potential in a CCl4-induced fibrosis model. In addition, the miR-181-5p over-expressing ADSC-EVs induced autophagy in HSCs by inhibiting the STAT3/Bcl-2/Beclin pathway and suppressed HSC activation induced by TGF-β through the reduction of fibrosis-related genes, such as fibronectin and type I and III collagen (Qu et al., 2017). Another study showed that the engineering of ADSCs with a miR-122 over-expressing lentiviral vector made the ADSC-EVs more effective against liver fibrosis than their non-transfected counterpart. In fact, ADSC-EVs efficiently transfer miR-122 to HSCs, inhibiting cell cycle progression and suppressing miR-122-target genes CCNG1, IGF1R, and P4HA1, which regulate proliferation and collagen maturation in HSCs (Lou et al., 2017b).

Extracellular vesicle engineering has been proven effective against liver fibrosis also for MSC-EVs derived from other sources, such as the bone marrow. In a murine model of autoimmune hepatitis, EVs derived from BM-MSCs improved liver function by downregulating the expression of inflammasome and apoptosis-related genes NLRP3 and caspase-1. The lentivirus-driven upregulation of miR-223 in BM-MSCs improved the anti-inflammatory and cytoprotective properties of BM-MSC-EVs, both in vitro and in vivo, whereas the specific inhibition of miR-223 completely abrogated the therapeutic effect of BM-MSC-EVs (Chen et al., 2018). Besides, the administration of BM-MSC-EVs in CCl4-induced liver fibrosis suppressed the Wnt signaling pathway in activated HSCs by downregulating the expression of β-catenin, Wnt3a, Wnt10b, and PPAR-gamma (Rong et al., 2019).

Recently, our group has investigated the therapeutic effect of EVs released by HLSCs in CLD (Bruno et al., 2020b). HLSCs are stem cell populations resident in human adult liver that have MSC-like features (phenotype, gene expression profile, multilineage differentiation, and immunoregulatory capacities). Moreover, HLSCs showed commitment toward hepatic lineage and contributed to tissue regeneration in different experimental animal models of liver injury (Herrera et al., 2006; Bruno et al., 2019). In a murine model of liver fibrosis, HLSC-EVs improved liver function and morphology through the reduction of fibrosis and inflammation. Molecular analyses revealed that HLSC-EV administration downregulated most of the fibrosis-associated genes, such as type I collagen, α-SMA, TGF-β, and the gene latent-TGF-β-binding protein 1 (Ltbp1), which expression was increased by MCDD. The HLSC-EVs treatment also reverted the expression of genes involved in tissue remodeling (MMP-1a, -8, -13, and -14 and TIMP-1) and in inflammation (IFN-gamma, IL-1β, and TNF-α). Furthermore, the increase of IL-10 expression levels and the reduction of inflammatory infiltrations in the liver confirmed the anti-inflammatory potential of HLSC-EVs. Interestingly, proteomic analyses of HLSC-EV cargo revealed a number of anti-inflammatory proteins that might contribute to the improvement of liver fibrosis.



CONCLUSION

Mesenchymal stromal cells treatment can reduce fibrosis by downregulating gene expression levels of different transcripts fundamental for fibrosis development, such as α-SMA, TGF-β, and collagens. In liver, the regression of fibrosis could be also attributed to the enhanced levels of MMPs secreted by MSCs that degrade and remodel the fibrotic matrix. Immunomodulatory capacities of MSCs could also be implicated in anti-fibrotic effects by coordinating the recruitment and the polarization of inflammatory cells and the production of cytokines, thus regulating the pro-fibrotic environment. However, it is still debated whether MSCs could engraft into the liver and whether, once engrafted, MSCs could differentiate into hepatocytes, thus participating in liver regeneration, or into pro-fibrotic cells, thus getting worse both liver function and morphology. To avoid the differentiation of MSCs into pro-fibrotic cells, the use of the MSC secretome would be preferable over the MSC treatment. Several research articles indicated that secretome could mimic the effects of cell injection and exert similar anti-fibrotic effects. Among the paracrine factors produced by MSCs, EVs emerge as a valid and alternative tool to cell treatment. Compared with cell-based approach, the EV treatment shows some benefits, such as the possibility of avoiding cell misdifferentiation and the consequent aggravation of liver fibrosis. In fact, to our knowledge, no evidence of fibrogenic potential of MSC-EVs has been reported. In addition, the use of MSC-EVs has a higher efficacy profile than MSC therapy since, once injected in vivo, the EVs pass through the biological barriers and shuttle different molecules (proteins, RNAs, and lipids) to target cells and tissues. Interestingly, in the context of CLD, MSC-EVs have been proven to regulate different molecular pathways in liver cells, such as the TGF-β/SMAD, the LPS/TLR4, the STAT3/Bcl-2/Beclin, and the Wnt signaling pathway.

Despite the promising results obtained in CLD preclinical studies with MSC-EVs, many problems need to be solved prior to clinical EV applications. Currently, EV purification is a challenging topic: several protocols have been proposed for EV isolation, and most of them can be combined to achieve higher purity of the EV sample by removing cell debris, protein aggregates, and vesicles of non-endosomal origin, such as lipoproteins (Mathieu et al., 2019). Differential ultracentrifugation represents the “gold standard” for EV purification (Théry et al., 2006), but long times, possible EV damage and contamination by non-EV particles hamper the clinical application of this technology. An alternative approach to isolate distinct EV subtypes is density gradient centrifugation, which consists in an iodixanol gradient able to separate different EV populations based on their density (Iwai et al., 2016). Moreover, the density gradient ultracentrifugation may be combined with floating to separate vesicles from contaminant proteins (Kowal et al., 2016). Immunoaffinity capture technology takes advantage of EV-associated molecules, such as tetraspanins and ESCRT proteins, but the lack of specific EV subpopulation markers makes it difficult to distinguish one type of vesicle from another (Lozano-Andrés et al., 2019). The majority of these techniques are suitable for research but limited to application for scalable production of EVs for therapeutic purposes. Membrane filtration is potentially applicable to large volumes of conditioned medium. This technique has been proven to be effective in separating EV subpopulations based on their density and hydrodynamic properties (Heinemann et al., 2014). Tangential flow filtration has been also proposed for scalable production of EVs from large volumes of conditioned medium (Busatto et al., 2018). Similarly, size exclusion chromatography has revealed one of the most rapid EV isolation techniques, particularly indicated for exosome purification (Blans et al., 2017). Even if EVs appeared more stable and resistant for long-term storage than MSCs, further studies on pharmacological and pharmacodynamic properties are needed to clarify whether the use of MSC-EVs is suitable for clinical application.
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REFERENCES

Aggarwal, S., and Pittenger, M. F. (2005). Human mesenchymal stem cells modulate allogeneic immune cell responses. Blood 105, 1815–1822. doi: 10.1182/blood-2004-04-1559

Alhadlaq, A., and Mao, J. J. (2004). Mesenchymal stem cells: isolation and therapeutics. Stem Cells Dev. 13, 436–448. doi: 10.1089/scd.2004.13.436

An, S. Y., Jang, Y. J., Lim, H.-J., Han, J., Lee, J., Lee, G., et al. (2017). Milk fat globule-EGF Factor 8, secreted by mesenchymal stem cells, protects against liver fibrosis in mice. Gastroenterology 152, 1174–1186. doi: 10.1053/j.gastro.2016.12.003

Asrani, S. K., Devarbhavi, H., Eaton, J., and Kamath, P. S. (2019). Burden of liver diseases in the world. J. Hepatol. 70, 151–171. doi: 10.1016/j.jhep.2018.09.014

Baertschiger, R. M., Serre-Beinier, V., Morel, P., Bosco, D., Peyrou, M., Clément, S., et al. (2009). Fibrogenic potential of human multipotent mesenchymal stromal cells in injured liver. PLoS One 4:e6657. doi: 10.1371/journal.pone.0006657

Baietti, M. F., Zhang, Z., Mortier, E., Melchior, A., Degeest, G., Geeraerts, A., et al. (2012). Syndecan-syntenin-ALIX regulates the biogenesis of exosomes. Nat. Cell Biol. 14, 677–685. doi: 10.1038/ncb2502

Berg, T., DeLanghe, S., Al Alam, D., Utley, S., Estrada, J., and Wang, K. S. (2010). β-catenin regulates mesenchymal progenitor cell differentiation during hepatogenesis. J. Surg. Res. 164, 276–285. doi: 10.1016/j.jss.2009.10.033

Blans, K., Hansen, M. S., Sørensen, L. V., Hvam, M. L., Howard, K. A., Möller, A., et al. (2017). Pellet-free isolation of human and bovine milk extracellular vesicles by size-exclusion chromatography. J. Extracell. Vesicles 6:1294340. doi: 10.1080/20013078.2017.1294340

Bobrie, A., Krumeich, S., Reyal, F., Recchi, C., Moita, L. F., Seabra, M. C., et al. (2012). Rab27a supports exosome-dependent and -independent mechanisms that modify the tumor microenvironment and can promote tumor progression. Cancer Res. 72, 4920–4930. doi: 10.1158/0008-5472.CAN-12-0925

Bruno, S., Chiabotto, G., and Camussi, G. (2020a). Extracellular vesicles: a therapeutic option for liver fibrosis. Int. J. Mol. Sci. 21:4255. doi: 10.3390/ijms21124255

Bruno, S., Herrera Sanchez, M. B., Pasquino, C., Tapparo, M., Cedrino, M., Tetta, C., et al. (2019). Human liver-derived stem cells improve fibrosis and inflammation associated with nonalcoholic steatohepatitis. Stem Cells Int. 2019:6351091. doi: 10.1155/2019/6351091

Bruno, S., Pasquino, C., Herrera Sanchez, M. B., Tapparo, M., Figliolini, F., Grange, C., et al. (2020b). HLSC-derived extracellular vesicles attenuate liver fibrosis and inflammation in a murine model of non-alcoholic steatohepatitis. Mol. Ther. 28, 479–489. doi: 10.1016/j.ymthe.2019.10.016

Busatto, S., Vilanilam, G., Ticer, T., Lin, W.-L., Dickson, D. W., Shapiro, S., et al. (2018). Tangential flow filtration for highly efficient concentration of extracellular vesicles from large volumes of fluid. Cells 7:273. doi: 10.3390/cells7120273

Campbell, J. S., Hughes, S. D., Gilbertson, D. G., Palmer, T. E., Holdren, M. S., Haran, A. C., et al. (2005). Platelet-derived growth factor C induces liver fibrosis, steatosis, and hepatocellular carcinoma. Proc. Natl. Acad. Sci. U.S.A. 102, 3389–3394. doi: 10.1073/pnas.0409722102

Canbay, A., Feldstein, A. E., Higuchi, H., Werneburg, N., Grambihler, A., Bronk, S. F., et al. (2003). Kupffer cell engulfment of apoptotic bodies stimulates death ligand and cytokine expression. Hepatology 38, 1188–1198. doi: 10.1053/jhep.2003.50472

Carvalho, A. B., Quintanilha, L. F., Dias, J. V., Paredes, B. D., Mannheimer, E. G., Carvalho, F. G., et al. (2008). Bone marrow multipotent mesenchymal stromal cells do not reduce fibrosis or improve function in a rat model of severe chronic liver injury. Stem Cells 26, 1307–1314. doi: 10.1634/stemcells.2007-0941

Chairoungdua, A., Smith, D. L., Pochard, P., Hull, M., and Caplan, M. J. (2010). Exosome release of β-catenin: a novel mechanism that antagonizes Wnt signaling. J. Cell Biol. 190, 1079–1091. doi: 10.1083/jcb.201002049

Chen, L., Lu, F.-B., Chen, D.-Z., Wu, J.-L., Hu, E., Xu, L.-M., et al. (2018). BMSCs-derived miR-223-containing exosomes contribute to liver protection in experimental autoimmune hepatitis. Mol. Immunol. 93, 38–46. doi: 10.1016/j.molimm.2017.11.008

Choi, J. S., Chae, D.-S., Ryu, H. A., and Kim, S.-W. (2019). Transplantation of human adipose tissue derived-SVF enhance liver function through high anti-inflammatory property. Biochim. Biophys. Acta Mol. Cell. Biol. Lipids 1864:158526. doi: 10.1016/j.bbalip.2019.158526

Dewidar, B., Meyer, C., Dooley, S., and Meindl-Beinker, A. N. (2019). TGF-β in hepatic stellate cell activation and liver fibrogenesis-updated 2019. Cells 8:1419. doi: 10.3390/cells8111419

di Bonzo, L. V., Ferrero, I., Cravanzola, C., Mareschi, K., Rustichell, D., Novo, E., et al. (2008). Human mesenchymal stem cells as a two-edged sword in hepatic regenerative medicine: engraftment and hepatocyte differentiation versus profibrogenic potential. Gut 57, 223–231. doi: 10.1136/gut.2006.111617

Dong, L., Pu, Y., Chen, X., Qi, X., Zhang, L., Xu, L., et al. (2020). hUCMSC-extracellular vesicles downregulated hepatic stellate cell activation and reduced liver injury in S. japonicum-infected mice. Stem Cell Res. Ther. 11:21. doi: 10.1186/s13287-019-1539-8

Driscoll, J., and Patel, T. (2019). The mesenchymal stem cell secretome as an acellular regenerative therapy for liver disease. J. Gastroenterol. 54, 763–773. doi: 10.1007/s00535-019-01599-1

Du, C., Jiang, M., Wei, X., Qin, J., Xu, H., Wang, Y., et al. (2018). Transplantation of human matrix metalloproteinase-1 gene-modified bone marrow-derived mesenchymal stem cell attenuates CCL4-induced liver fibrosis in rats. Int. J. Mol. Med. 41, 3175–3184. doi: 10.3892/ijmm.2018.3516

Eom, Y. W., Shim, K. Y., and Baik, S. K. (2015). Mesenchymal stem cell therapy for liver fibrosis. Korean J. Intern. Med. 30, 580–589. doi: 10.3904/kjim.2015.30.5.580

Español-Suñer, R., Carpentier, R., Van Hul, N., Legry, V., Achouri, Y., Cordi, S., et al. (2012). Liver progenitor cells yield functional hepatocytes in response to chronic liver injury in mice. Gastroenterology 143, 1564.e7–1575.e7. doi: 10.1053/j.gastro.2012.08.024

Fabregat, I., Moreno-Càceres, J., Sánchez, A., Dooley, S., Dewidar, B., Giannelli, G., et al. (2016). TGF-β signaling and liver disease. FEBS J. 283, 2219–2232. doi: 10.1111/febs.13665

Farouk, S., Sabet, S., Abu Zahra, F. A., and El-Ghor, A. A. (2018). Bone marrow derived-mesenchymal stem cells downregulate IL17A dependent IL6/STAT3 signaling pathway in CCl4-induced rat liver fibrosis. PLoS One 13:e0206130. doi: 10.1371/journal.pone.0206130

Fathy, M., Okabe, M., Saad Eldien, H. M., and Yoshida, T. (2020). AT-MSCs antifibrotic activity is improved by eugenol through modulation of tgf-β/smad signaling pathway in rats. Molecules 25:348. doi: 10.3390/molecules25020348

Feldstein, A. E., Canbay, A., Angulo, P., Taniai, M., Burgart, L. J., Lindor, K. D., et al. (2003). Hepatocyte apoptosis and fas expression are prominent features of human nonalcoholic steatohepatitis. Gastroenterology 125, 437–443. doi: 10.1016/s0016-5085(03)00907-7

Fiore, E., Domínguez, L. M., Bayo, J., Malvicini, M., Atorrasagasti, C., Rodriguez, M., et al. (2020). Human umbilical cord perivascular cells-derived extracellular vesicles mediate the transfer of IGF-I to the liver and ameliorate hepatic fibrogenesis in mice. Gene Ther. 27, 62–73. doi: 10.1038/s41434-019-0102-7

Fiore, E. J., Domínguez, L. M., Bayo, J., García, M. G., and Mazzolini, G. D. (2018). Taking advantage of the potential of mesenchymal stromal cells in liver regeneration: cells and extracellular vesicles as therapeutic strategies. World J. Gastroenterol. 24, 2427–2440. doi: 10.3748/wjg.v24.i23.2427

Forbes, S. J., Russo, F. P., Rey, V., Burra, P., Rugge, M., Wright, N. A., et al. (2004). A significant proportion of myofibroblasts are of bone marrow origin in human liver fibrosis. Gastroenterology 126, 955–963. doi: 10.1053/j.gastro.2004.02.025

Friedenstein, A. J., Deriglasova, U. F., Kulagina, N. N., Panasuk, A. F., Rudakowa, S. F., Luriá, E. A., et al. (1974). Precursors for fibroblasts in different populations of hematopoietic cells as detected by the in vitro colony assay method. Exp. Hematol. 2, 83–92.

Fu, Q., Ohnishi, S., and Sakamoto, N. (2018). Conditioned medium from human amnion-derived mesenchymal stem cells regulates activation of primary hepatic stellate cells. Stem Cells Int. 2018:4898152. doi: 10.1155/2018/4898152

Granger, E., McNee, G., Allan, V., and Woodman, P. (2014). The role of the cytoskeleton and molecular motors in endosomal dynamics. Semin. Cell Dev. Biol. 31, 20–29. doi: 10.1016/j.semcdb.2014.04.011

Han, Y., Li, X., Zhang, Y., Han, Y., Chang, F., and Ding, J. (2019). Mesenchymal stem cells for regenerative medicine. Cells 8:886. doi: 10.3390/cells8080886

Hayes, B. J., Riehle, K. J., Shimizu-Albergine, M., Bauer, R. L., Hudkins, K. L., Johansson, F., et al. (2014). Activation of platelet-derived growth factor receptor alpha contributes to liver fibrosis. PLoS One 9:e92925. doi: 10.1371/journal.pone.0092925

Heinemann, M. L., Ilmer, M., Silva, L. P., Hawke, D. H., Recio, A., Vorontsova, M. A., et al. (2014). Benchtop isolation and characterization of functional exosomes by sequential filtration. J. Chromatogr. A 1371, 125–135. doi: 10.1016/j.chroma.2014.10.026

Herrera, M. B., Bruno, S., Buttiglieri, S., Tetta, C., Gatti, S., Deregibus, M. C., et al. (2006). Isolation and characterization of a stem cell population from adult human liver. Stem Cells 24, 2840–2850. doi: 10.1634/stemcells.2006-0114

Hong, J., Jin, H., Han, J., Hu, H., Liu, J., Li, L., et al. (2014). Infusion of human umbilical cord-derived mesenchymal stem cells effectively relieves liver cirrhosis in DEN-induced rats. Mol. Med. Rep. 9, 1103–1111. doi: 10.3892/mmr.2014.1927

Hristov, M., Erl, W., Linder, S., and Weber, P. C. (2004). Apoptotic bodies from endothelial cells enhance the number and initiate the differentiation of human endothelial progenitor cells in vitro. Blood 104, 2761–2766. doi: 10.1182/blood-2003-10-3614

Hsu, C., Morohashi, Y., Yoshimura, S.-I., Manrique-Hoyos, N., Jung, S., Lauterbach, M. A., et al. (2010). Regulation of exosome secretion by Rab35 and its GTPase-activating proteins TBC1D10A-C. J. Cell Biol. 189, 223–232. doi: 10.1083/jcb.200911018

Huang, B., Cheng, X., Wang, H., Huang, W., la Ga Hu, Z., Wang, D., et al. (2016). Mesenchymal stem cells and their secreted molecules predominantly ameliorate fulminant hepatic failure and chronic liver fibrosis in mice respectively. J. Transl. Med. 14:45. doi: 10.1186/s12967-016-0792-1

Hurley, J. H., and Odorizzi, G. (2012). Get on the exosome bus with ALIX. Nat. Cell Biol. 14, 654–655. doi: 10.1038/ncb2530

Hyun, J., Wang, S., Kim, J., Kim, G. J., and Jung, Y. (2015). MicroRNA125b-mediated Hedgehog signaling influences liver regeneration by chorionic plate-derived mesenchymal stem cells. Sci. Rep. 5:14135. doi: 10.1038/srep14135

Ibrahim, S. H., Hirsova, P., and Gores, G. J. (2018). Non-alcoholic steatohepatitis pathogenesis: sublethal hepatocyte injury as a driver of liver inflammation. Gut 67, 963–972. doi: 10.1136/gutjnl-2017-315691

Idriss, N. K., Sayyed, H. G., Osama, A., and Sabry, D. (2018). Treatment efficiency of different routes of bone marrow-derived mesenchymal stem cell injection in rat liver fibrosis model. Cell. Physiol. Biochem. 48, 2161–2171. doi: 10.1159/000492558

Iwai, K., Minamisawa, T., Suga, K., Yajima, Y., and Shiba, K. (2016). Isolation of human salivary extracellular vesicles by iodixanol density gradient ultracentrifugation and their characterizations. J. Extracell. Vesicles 5:30829. doi: 10.3402/jev.v5.30829

Iwanaka, T., Yamaza, T., Sonoda, S., Yoshimaru, K., Matsuura, T., Yamaza, H., et al. (2020). A model study for the manufacture and validation of clinical-grade deciduous dental pulp stem cells for chronic liver fibrosis treatment. Stem Cell Res. Ther. 11:134. doi: 10.1186/s13287-020-01630-w

Jang, Y. O., Kim, M. Y., Cho, M. Y., Baik, S. K., Cho, Y. Z., and Kwon, S. O. (2014). Effect of bone marrow-derived mesenchymal stem cells on hepatic fibrosis in a thioacetamide-induced cirrhotic rat model. BMC Gastroenterol. 14:198. doi: 10.1186/s12876-014-0198-6

Kallis, Y. N., and Forbes, S. J. (2009). The bone marrow and liver fibrosis: friend or foe? Gastroenterology 137, 1218–1221. doi: 10.1053/j.gastro.2009.08.026

Karsdal, M. A., Daniels, S. J., Holm Nielsen, S., Bager, C., Rasmussen, D. G. K., Loomba, R., et al. (2020). Collagen biology and non-invasive biomarkers of liver fibrosis. Liver Int. 40, 736–750. doi: 10.1111/liv.14390

Khalifa, Y. H., Mourad, G. M., Stephanos, W. M., Omar, S. A., and Mehanna, R. A. (2019). Bone marrow-derived mesenchymal stem cell potential regression of dysplasia associating experimental liver fibrosis in albino rats. Biomed. Res. Int. 2019:5376165. doi: 10.1155/2019/5376165

Kojima, Y., Tsuchiya, A., Ogawa, M., Nojiri, S., Takeuchi, S., Watanabe, T., et al. (2019). Mesenchymal stem cells cultured under hypoxic conditions had a greater therapeutic effect on mice with liver cirrhosis compared to those cultured under normal oxygen conditions. Regen. Ther. 11, 269–281. doi: 10.1016/j.reth.2019.08.005

Kowal, J., Arras, G., Colombo, M., Jouve, M., Morath, J. P., Primdal-Bengtson, B., et al. (2016). Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc. Natl. Acad. Sci. U.S.A. 113, E968–E977. doi: 10.1073/pnas.1521230113

Krause, D. S. (2002). Plasticity of marrow-derived stem cells. Gene Ther. 9, 754–758. doi: 10.1038/sj.gt.3301760

Krenkel, O., and Tacke, F. (2017). Liver macrophages in tissue homeostasis and disease. Nat. Rev. Immunol. 17, 306–321. doi: 10.1038/nri.2017.11

Lawson, C., Kovacs, D., Finding, E., Ulfelder, E., and Luis-Fuentes, V. (2017). Extracellular vesicles: evolutionarily conserved mediators of intercellular communication. Yale J. Biol. Med. 90, 481–491.

Lee, E. J., Hwang, I., Lee, J. Y., Park, J. N., Kim, K. C., Kim, G.-H., et al. (2018). Hepatocyte growth factor improves the therapeutic efficacy of human bone marrow mesenchymal stem cells via RAD51. Mol. Ther. 26, 845–859. doi: 10.1016/j.ymthe.2017.12.015

Lee, T. H., D’Asti, E., Magnus, N., Al-Nedawi, K., Meehan, B., and Rak, J. (2011). Microvesicles as mediators of intercellular communication in cancer–the emerging science of cellular “debris.”. Semin. Immunopathol. 33, 455–467. doi: 10.1007/s00281-011-0250-3

Li, B., Antonyak, M. A., Zhang, J., and Cerione, R. A. (2012). RhoA triggers a specific signaling pathway that generates transforming microvesicles in cancer cells. Oncogene 31, 4740–4749. doi: 10.1038/onc.2011.636

Li, T., Yan, Y., Wang, B., Qian, H., Zhang, X., Shen, L., et al. (2013). Exosomes derived from human umbilical cord mesenchymal stem cells alleviate liver fibrosis. Stem Cells Dev. 22, 845–854. doi: 10.1089/scd.2012.0395

Liu, X., Wang, W., Hu, H., Tang, N., Zhang, C., Liang, W., et al. (2006). Smad3 specific inhibitor, naringenin, decreases the expression of extracellular matrix induced by TGF-beta1 in cultured rat hepatic stellate cells. Pharm. Res. 23, 82–89. doi: 10.1007/s11095-005-9043-5

Lou, G., Chen, Z., Zheng, M., and Liu, Y. (2017a). Mesenchymal stem cell-derived exosomes as a new therapeutic strategy for liver diseases. Exp. Mol. Med. 49:e346. doi: 10.1038/emm.2017.63

Lou, G., Yang, Y., Liu, F., Ye, B., Chen, Z., Zheng, M., et al. (2017b). MiR-122 modification enhances the therapeutic efficacy of adipose tissue-derived mesenchymal stem cells against liver fibrosis. J. Cell. Mol. Med. 21, 2963–2973. doi: 10.1111/jcmm.13208

Lozano-Andrés, E., Libregts, S. F., Toribio, V., Royo, F., Morales, S., López-Martín, S., et al. (2019). Tetraspanin-decorated extracellular vesicle-mimetics as a novel adaptable reference material. J. Extracell. Vesicles 8:1573052. doi: 10.1080/20013078.2019.1573052

Mardpour, S., Ghanian, M. H., Sadeghi-Abandansari, H., Mardpour, S., Nazari, A., Shekari, F., et al. (2019). Hydrogel-mediated sustained systemic delivery of mesenchymal stem cell-derived extracellular vesicles improves hepatic regeneration in chronic liver failure. ACS Appl. Mater. Interfaces 11, 37421–37433. doi: 10.1021/acsami.9b10126

Mardpour, S., Hassani, S.-N., Mardpour, S., Sayahpour, F., Vosough, M., Ai, J., et al. (2018). Extracellular vesicles derived from human embryonic stem cell-MSCs ameliorate cirrhosis in thioacetamide-induced chronic liver injury. J. Cell. Physiol. 233, 9330–9344. doi: 10.1002/jcp.26413

Mathieu, M., Martin-Jaular, L., Lavieu, G., and Théry, C. (2019). Specificities of secretion and uptake of exosomes and other extracellular vesicles for cell-to-cell communication. Nat. Cell Biol. 21, 9–17. doi: 10.1038/s41556-018-0250-9

Mederacke, I., Hsu, C. C., Troeger, J. S., Huebener, P., Mu, X., Dapito, D. H., et al. (2013). Fate tracing reveals hepatic stellate cells as dominant contributors to liver fibrosis independent of its aetiology. Nat. Commun. 4:2823. doi: 10.1038/ncomms3823

Meldolesi, J. (2018). Exosomes and ectosomes in intercellular communication. Curr. Biol. 28, R435–R444. doi: 10.1016/j.cub.2018.01.059

Mihm, S. (2018). Danger-associated molecular patterns (DAMPs): molecular triggers for sterile inflammation in the liver. Int. J. Mol. Sci. 19:3104. doi: 10.3390/ijms19103104

Muralidharan-Chari, V., Clancy, J., Plou, C., Romao, M., Chavrier, P., Raposo, G., et al. (2009). ARF6-regulated shedding of tumor cell-derived plasma membrane microvesicles. Curr. Biol. 19, 1875–1885. doi: 10.1016/j.cub.2009.09.059

Nabhan, J. F., Hu, R., Oh, R. S., Cohen, S. N., and Lu, Q. (2012). Formation and release of arrestin domain-containing protein 1-mediated microvesicles (ARMMs) at plasma membrane by recruitment of TSG101 protein. Proc. Natl. Acad. Sci. U.S.A. 109, 4146–4151. doi: 10.1073/pnas.1200448109

Nasir, G. A., Mohsin, S., Khan, M., Shams, S., Ali, G., Khan, S. N., et al. (2013). Mesenchymal stem cells and Interleukin-6 attenuate liver fibrosis in mice. J. Transl. Med. 11:78. doi: 10.1186/1479-5876-11-78

Nazarenko, I., Rana, S., Baumann, A., McAlear, J., Hellwig, A., Trendelenburg, M., et al. (2010). Cell surface tetraspanin Tspan8 contributes to molecular pathways of exosome-induced endothelial cell activation. Cancer Res. 70, 1668–1678. doi: 10.1158/0008-5472.CAN-09-2470

Nishikawa, K., Osawa, Y., and Kimura, K. (2018). Wnt/β-catenin signaling as a potential target for the treatment of liver cirrhosis using antifibrotic drugs. Int. J. Mol. Sci. 19:3103. doi: 10.3390/ijms19103103

Ohara, M., Ohnishi, S., Hosono, H., Yamamoto, K., Yuyama, K., Nakamura, H., et al. (2018). Extracellular vesicles from amnion-derived mesenchymal stem cells ameliorate hepatic inflammation and fibrosis in rats. Stem Cells Int. 2018:3212643. doi: 10.1155/2018/3212643

O’Reilly, S., Ciechomska, M., Cant, R., and van Laar, J. M. (2014). Interleukin-6 (IL-6) trans signaling drives a STAT3-dependent pathway that leads to hyperactive transforming growth factor-β (TGF-β) signaling promoting SMAD3 activation and fibrosis via Gremlin protein. J. Biol. Chem. 289, 9952–9960. doi: 10.1074/jbc.M113.545822

Ostrowski, M., Carmo, N. B., Krumeich, S., Fanget, I., Raposo, G., Savina, A., et al. (2010). Rab27a and Rab27b control different steps of the exosome secretion pathway. Nat. Cell Biol. 12, 19–30. doi: 10.1038/ncb2000

Perez-Hernandez, D., Gutiérrez-Vázquez, C., Jorge, I., López-Martín, S., Ursa, A., Sánchez-Madrid, F., et al. (2013). The intracellular interactome of tetraspanin-enriched microdomains reveals their function as sorting machineries toward exosomes. J. Biol. Chem. 288, 11649–11661. doi: 10.1074/jbc.M112.445304

Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J. D., et al. (1999). Multilineage potential of adult human mesenchymal stem cells. Science 284, 143–147. doi: 10.1126/science.284.5411.143

Popp, F. C., Slowik, P., Eggenhofer, E., Renner, P., Lang, S. A., Stoeltzing, O., et al. (2007). No contribution of multipotent mesenchymal stromal cells to liver regeneration in a rat model of prolonged hepatic injury. Stem Cells 25, 639–645. doi: 10.1634/stemcells.2006-0515

Puglisi, M. A., Tesori, V., Lattanzi, W., Piscaglia, A. C., Gasbarrini, G. B., D’Ugo, D. M., et al. (2011). Therapeutic implications of mesenchymal stem cells in liver injury. J. Biomed. Biotechnol. 2011:860578. doi: 10.1155/2011/860578

Qu, Y., Zhang, Q., Cai, X., Li, F., Ma, Z., Xu, M., et al. (2017). Exosomes derived from miR-181-5p-modified adipose-derived mesenchymal stem cells prevent liver fibrosis via autophagy activation. J. Cell. Mol. Med. 21, 2491–2502. doi: 10.1111/jcmm.13170

Rabani, V., Shahsavani, M., Gharavi, M., Piryaei, A., Azhdari, Z., and Baharvand, H. (2010). Mesenchymal stem cell infusion therapy in a carbon tetrachloride-induced liver fibrosis model affects matrix metalloproteinase expression. Cell Biol. Int. 34, 601–605. doi: 10.1042/CBI20090386

Rengasamy, M., Singh, G., Fakharuzi, N. A., Siddikuzzaman, Balasubramanian, S., Swamynathan, P., et al. (2017). Transplantation of human bone marrow mesenchymal stromal cells reduces liver fibrosis more effectively than Wharton’s jelly mesenchymal stromal cells. Stem Cell Res. Ther. 8:143. doi: 10.1186/s13287-017-0595-1

Roehlen, N., Crouchet, E., and Baumert, T. F. (2020). Liver fibrosis: mechanistic concepts and therapeutic perspectives. Cells 9:875. doi: 10.3390/cells9040875

Rong, X., Liu, J., Yao, X., Jiang, T., Wang, Y., and Xie, F. (2019). Human bone marrow mesenchymal stem cells-derived exosomes alleviate liver fibrosis through the Wnt/β-catenin pathway. Stem Cell Res. Ther. 10:98. doi: 10.1186/s13287-019-1204-2

Savina, A., Fader, C. M., Damiani, M. T., and Colombo, M. I. (2005). Rab11 promotes docking and fusion of multivesicular bodies in a calcium-dependent manner. Traffic 6, 131–143. doi: 10.1111/j.1600-0854.2004.00257.x

Savina, A., Furlán, M., Vidal, M., and Colombo, M. I. (2003). Exosome release is regulated by a calcium-dependent mechanism in K562 cells. J. Biol. Chem. 278, 20083–20090. doi: 10.1074/jbc.M301642200

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 10, 513–525. doi: 10.1038/nrm2728

Stock, P., Brückner, S., Winkler, S., Dollinger, M. M., and Christ, B. (2014). Human bone marrow mesenchymal stem cell-derived hepatocytes improve the mouse liver after acute acetaminophen intoxication by preventing progress of injury. Int. J. Mol. Sci. 15, 7004–7028. doi: 10.3390/ijms15047004

Stuffers, S., Sem Wegner, C., Stenmark, H., and Brech, A. (2009). Multivesicular endosome biogenesis in the absence of ESCRTs. Traffic 10, 925–937. doi: 10.1111/j.1600-0854.2009.00920.x

Sun, T., Li, H., Bai, Y., Bai, M., Gao, F., Yu, J., et al. (2020). Ultrasound-targeted microbubble destruction optimized HGF-overexpressing bone marrow stem cells to repair fibrotic liver in rats. Stem Cell Res. Ther. 11:145. doi: 10.1186/s13287-020-01655-1

Sun, Y.-Y., Li, X.-F., Meng, X.-M., Huang, C., Zhang, L., and Li, J. (2017). Macrophage Phenotype in Liver Injury and Repair. Scand. J. Immunol. 85, 166–174. doi: 10.1111/sji.12468

Tanimoto, H., Terai, S., Taro, T., Murata, Y., Fujisawa, K., Yamamoto, N., et al. (2013). Improvement of liver fibrosis by infusion of cultured cells derived from human bone marrow. Cell Tissue Res. 354, 717–728. doi: 10.1007/s00441-013-1727-2

Théry, C., Amigorena, S., Raposo, G., and Clayton, A. (2006). Isolation and characterization of exosomes from cell culture supernatants and biological fluids. Curr. Protoc. Cell Biol. 30, 3.22.1–3.22.29. doi: 10.1002/0471143030.cb0322s30

Trajkovic, K., Hsu, C., Chiantia, S., Rajendran, L., Wenzel, D., Wieland, F., et al. (2008). Ceramide triggers budding of exosome vesicles into multivesicular endosomes. Science 319, 1244–1247. doi: 10.1126/science.1153124

Truong, N. H., Nguyen, N. H., Le, T. V., Vu, N. B., Huynh, N., Nguyen, T. V., et al. (2016). Comparison of the treatment efficiency of bone marrow-derived mesenchymal stem cell transplantation via tail and portal veins in CCl4-induced mouse liver fibrosis. Stem Cells Int. 2016:5720413. doi: 10.1155/2016/5720413

van Niel, G., Charrin, S., Simoes, S., Romao, M., Rochin, L., Saftig, P., et al. (2011). The tetraspanin CD63 regulates ESCRT-independent and -dependent endosomal sorting during melanogenesis. Dev. Cell 21, 708–721. doi: 10.1016/j.devcel.2011.08.019

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi: 10.1038/nrm.2017.125

Varderidou-Minasian, S., and Lorenowicz, M. J. (2020). Mesenchymal stromal/stem cell-derived extracellular vesicles in tissue repair: challenges and opportunities. Theranostics 10, 5979–5997. doi: 10.7150/thno.40122

Wells, R. G., Kruglov, E., and Dranoff, J. A. (2004). Autocrine release of TGF-beta by portal fibroblasts regulates cell growth. FEBS Lett. 559, 107–110. doi: 10.1016/S0014-5793(04)00037-7

Winkler, S., Borkham-Kamphorst, E., Stock, P., Brückner, S., Dollinger, M., Weiskirchen, R., et al. (2014). Human mesenchymal stem cells towards non-alcoholic steatohepatitis in an immunodeficient mouse model. Exp. Cell Res. 326, 230–239. doi: 10.1016/j.yexcr.2014.04.017

Yan, X., Liu, Z., and Chen, Y. (2009). Regulation of TGF-beta signaling by Smad7. Acta Biochim. Biophys. Sin. 41, 263–272. doi: 10.1093/abbs/gmp018

Yang, L., Roh, Y. S., Song, J., Zhang, B., Liu, C., Loomba, R., et al. (2014). Transforming growth factor beta signaling in hepatocytes participates in steatohepatitis through regulation of cell death and lipid metabolism in mice. Hepatology 59, 483–495. doi: 10.1002/hep.26698

Ying, H.-Z., Chen, Q., Zhang, W.-Y., Zhang, H.-H., Ma, Y., Zhang, S.-Z., et al. (2017). PDGF signaling pathway in hepatic fibrosis pathogenesis and therapeutics (Review). Mol. Med. Rep. 16, 7879–7889. doi: 10.3892/mmr.2017.7641

Yuan, K., Lai, C., Wei, L., Feng, T., Yang, Q., Zhang, T., et al. (2019). The effect of vascular endothelial growth factor on bone marrow mesenchymal stem cell engraftment in rat fibrotic liver upon transplantation. Stem Cells Int. 2019:5310202. doi: 10.1155/2019/5310202

Zeisberg, M., Yang, C., Martino, M., Duncan, M. B., Rieder, F., Tanjore, H., et al. (2007). Fibroblasts derive from hepatocytes in liver fibrosis via epithelial to mesenchymal transition. J. Biol. Chem. 282, 23337–23347. doi: 10.1074/jbc.M700194200

Zepeda-Morales, A. S. M., Del Toro-Arreola, S., García-Benavides, L., Bastidas-Ramírez, B. E., Fafutis-Morris, M., Pereira-Suárez, A. L., et al. (2016). Liver fibrosis in bile duct-ligated rats correlates with increased hepatic IL-17 and TGF-β2 expression. Ann. Hepatol. 15, 418–426. doi: 10.5604/16652681.1198820

Zhan, S.-S., Jiang, J. X., Wu, J., Halsted, C., Friedman, S. L., Zern, M. A., et al. (2006). Phagocytosis of apoptotic bodies by hepatic stellate cells induces NADPH oxidase and is associated with liver fibrosis in vivo. Hepatology 43, 435–443. doi: 10.1002/hep.21093

Zhang, L., Zhou, D., Li, J., Yan, X., Zhu, J., Xiao, P., et al. (2019). Effects of bone marrow-derived mesenchymal stem cells on hypoxia and the transforming growth factor beta 1 (TGFβ-1) and SMADs pathway in a mouse model of cirrhosis. Med. Sci. Monit. 25, 7182–7190. doi: 10.12659/MSM.916428

Zhang, L.-T., Fang, X.-Q., Chen, Q.-F., Chen, H., Xiao, P., Peng, X.-B., et al. (2015). Bone marrow-derived mesenchymal stem cells inhibit the proliferation of hepatic stellate cells by inhibiting the transforming growth factor β pathway. Mol. Med. Rep. 12, 7227–7232. doi: 10.3892/mmr.2015.4362

Zhao, D.-C., Lei, J.-X., Chen, R., Yu, W.-H., Zhang, X.-M., Li, S.-N., et al. (2005). Bone marrow-derived mesenchymal stem cells protect against experimental liver fibrosis in rats. World J. Gastroenterol. 11, 3431–3440. doi: 10.3748/wjg.v11.i22.3431

Zhao, W., Li, J.-J., Cao, D.-Y., Li, X., Zhang, L.-Y., He, Y., et al. (2012). Intravenous injection of mesenchymal stem cells is effective in treating liver fibrosis. World J. Gastroenterol. 18, 1048–1058. doi: 10.3748/wjg.v18.i10.1048

Zhen, Y., and Stenmark, H. (2015). Cellular functions of Rab GTPases at a glance. J. Cell. Sci. 128, 3171–3176. doi: 10.1242/jcs.166074


Conflict of Interest: GCa is a component of Scientific Advisory Board of Unicyte AG.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Chiabotto, Pasquino, Camussi and Bruno. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Molecular Pathways Modulated by Mesenchymal Stromal Cells and Their Extracellular Vesicles in Experimental Models of Liver Fibrosis



		INTRODUCTION



		CELLS AND MOLECULAR PATHWAYS INVOLVED IN HEPATIC FIBROSIS



		MSC TREATMENT COUNTERACTS LIVER FIBROSIS DEVELOPMENT



		MSC ENGRAFTMENT AND DIFFERENTIATION INTO LIVER TISSUE



		ANTI-FIBROTIC AND ANTI-INFLAMMATORY EFFECTS OF MSC SECRETOME



		MSC-EV EFFECTS IN LIVER FIBROSIS



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

MolecularPathways Modulated

by Mesenchymal Stromal Cells

and Their Extracellular Vesicles

in Experimental Models of Liver
Fibrosis









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-08-594794-g001.jpg
Endothelial

cell
LPS/TLR4
Kupfter [
cell
Activated
1 Activation HSC
Hedgeh:
MSC-EVs LPeTLRe
0e® * STAT3/Bcl-2/Beclin-1
Fald i TGF-beta/SMAD
® l Wnt/Beta-catenin
Granulocyte @
Tcell

Collagen

Space of Disse Epithelium

1 Inflammation

Sinusoid





OPS/images/fcell-08-594794-t001.jpg





OPS/images/fcell-08-594794-t002.jpg
oo UGCs
iroreat
percoor
Homan s

122700800
eroADSCs
16150
e

ara g s
ety
a2z

o BaASCs

DsorC.
Concatsin (050w,
Doroy gt
Funon 022 umi
Funsen 1y
Concvan (050w,
Doy e UG-
P22 i
[

DG

Faneon B2z

[rRe——s

BoouToR

IR

DG,

Do,
Fanten B 2zum

o o it
oo catin
s T8

‘Sonaonmssnose

ety 16551

fr——

o ot .
RS0 st
RakCwa ot

ot 7S

o o ekt
Felanana X2

oo

T
Cizscnton

O oo makt
TS s sy
ToE

s epats
oo
et
N2 et w155
jorsy

o ot .

154 00) o

Doverguston ot gees (001 203 O3 actin
I TG SHAD oy 151, SHAD e T .
Noucyes € cocan, oo, o)

s i i mprerartof e i by
i e s (001, COLS, o SHAY 00
oot ok -, .1, e gae

Rt of Kt cl s HG acotin o
oo oy o (-, L8 0018
1 e i TG 51, A i TWE1) 2y
Pociing e LPSTLA s ey 65 30 084
Proanan H60s s it e

Pt s of i 1250 e g S sted
e o 7 G ey o sn
ks o S of g Sy PRy 50
Pttt et ot eorten'y crepsany
cleris AP0 P13 s iy TG54
1101300 st B0L2 g sy dowropin
oot G012 S THE) it
e 8500, s -t s -1 0 1.2)
Pt o s, atonmton ax s ey
et M3 30 1) 0 . s 10
s by w0 1.4 A
TP 10 st e s, 5%, 00
ooty g -0 2

Pt o H6 st of e of
OLIAT 122 gt s CONGH, G 1, A1
P ———

v 3w B st o 00
Flammaion by coure g ot gnes L1, COLS
Vi o S i, o 161 gt 5
B2 o o e ook -, L6, 0917
Ioroamer o o e s ncin. rbctenot
i e, S o o Ty
s -, L300 78 30 s st s,

o, i, W10 WSP1 50 1)
Iorosmer oo eton s rsion s

o, . 5 TP L WP 1. 13 14, 8
fritiey

——

e

Moo et

s, 270

Rorgetat 2019





