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The Transregional Collaborative Research Center “Organ Fibrosis: From Mechanisms of Injury to Modulation of Disease” (referred to as SFB/TRR57) was funded for 13 years (2009–2021) by the German Research Council (DFG). This consortium was hosted by the Medical Schools of the RWTH Aachen University and Bonn University in Germany. The SFB/TRR57 implemented combined basic and clinical research to achieve detailed knowledge in three selected key questions: (i) What are the relevant mechanisms and signal pathways required for initiating organ fibrosis? (ii) Which immunological mechanisms and molecules contribute to organ fibrosis? and (iii) How can organ fibrosis be modulated, e.g., by interventional strategies including imaging and pharmacological approaches? In this review we will summarize the liver-related key findings of this consortium gained within the last 12 years on these three aspects of liver fibrogenesis. We will highlight the role of cell death and cell cycle pathways as well as nutritional and iron-related mechanisms for liver fibrosis initiation. Moreover, we will define and characterize the major immune cell compartments relevant for liver fibrogenesis, and finally point to potential signaling pathways and pharmacological targets that turned out to be suitable to develop novel approaches for improved therapy and diagnosis of liver fibrosis. In summary, this review will provide a comprehensive overview about the knowledge on liver fibrogenesis and its potential therapy gained by the SFB/TRR57 consortium within the last decade. The kidney-related research results obtained by the same consortium are highlighted in an article published back-to-back in Frontiers in Medicine.

Keywords: hepatic stellate cell, hepatocytes, inflammation, chemokines, cytokines, cirrhosis, extracellular matrix, resolution


INTRODUCTION

Fibrosis and resulting organ failure accounts for at least one third of all disease-related deaths worldwide (1). The liver and the kidney both develop excessive fibrotic tissue as a consequence of chronic diseases. Although the increasing incidence of end-stage liver and kidney disease associated with fibrosis is a major cause of morbidity and mortality and a substantial economic burden to health care systems, no specific anti-fibrotic drugs are available to date for hepatic or renal fibrosis. Consequently, there is an urgent need for a better understanding of the molecular mechanisms of fibrotic liver and kidney diseases in order to improve diagnostics and develop new treatment options. In order to foster research on liver and kidney fibrosis, the German Research Foundation (DFG) has established the Collaborative Research Center SFB/TRR57 “Organ Fibrosis: From Mechanisms of Injury to Modulation of Disease,” which was funded from 2009 to 2021. Here, we will review the liver-related proceedings made by this consortium in the context of the state-of-the-art knowledge.

The SFB/TRR57 investigated essential mechanisms of organ fibrosis in the liver. To this end, the consortium focussed on important subject areas referred to as: (i) initiation of liver fibrosis, (ii) immunological mechanisms, and (iii) repair and modulation of liver fibrosis as specified in detail further below.



INITIATION OF LIVER FIBROSIS

Regarding initiation of liver fibrosis, in particular four mechanisms will be emphasized in this review as illustrated in Figure 1. Notable achievements included the identification of a novel risk factor for aggravation of alcoholic liver damage and liver fibrosis as well as the development of RNAi-mediated anti-fibrotic therapy concepts. Moreover, a potential role of a novel form of programmed cell death called “necroptosis” in non-alcoholic steatohepatitis (NASH) mediated fibrosis has been identified that might represent a potential drug target. We will further report on the important role of hepatocyte growth factor (HGF)/c-mesenchymal-epithelial transition receptor (c-Met)-dependent signaling during NASH fibrogenesis, and describe a novel model of iron overload-associated liver fibrosis uncovering lysosomal iron overload as a novel pro-fibrotic mechanism.
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FIGURE 1. Relevant mechanisms of liver fibrosis initiation reviewed in this article. Four liver-related aspects will be reviewed which aimed to characterize and prevent fibrosis initiation at the level of hepatocyte injury or myofibroblast activation. Hepatocyte injury can be mediated by a variety of mechanisms such as alcohol, NASH, RIPK3-mediated necroptosis, impaired c-Met signaling, iron overload and AAT. In any case, death of hepatocytes triggers activation of HSCs and their transdifferentiation and proliferation of Myofibroblasts. The latter process depends on the cell cycle regulator Cyclin E1 and its interacting kinase Cdk2. It is hypothesized that fibrosis can be halted by inducing Caspase-mediated MFB cell death. AAT, α1-antitrypsin; AAT-d, α1-antitrypsin-deficiency; DAMPs, Danger-associated molecular patterns; Fe, Iron overload; NASH, non-alcoholic steatohepatitis.



Hepatic Cell Cycle Activity in Initiation and Progression of Liver Fibrosis

Initiation of liver fibrosis is associated with cell cycle activity of several hepatic cell entities including hepatocytes, hepatic stellate cells, endothelial cells and others. This is plausible, considering that liver fibrosis is based on chronic liver damage and liver cell death. Dying hepatocytes are replaced through compensatory hepatocyte proliferation. In addition, hepatocyte cell death and tissue injury triggers activation and proliferation of hepatic stellate cells (HSCs) as well as other hepatic cell types. Activated HSCs transdifferentiate into myofibroblasts, which continue to proliferate and produce extracellular matrix (Figure 1), which is the basis for liver scarring with fibrogenesis and the risk of disease progression toward cirrhosis as well as toward hepatocellular carcinoma (HCC). Thus, hepatic proliferation is a key event during liver fibrosis initiation and targeting cell cycle activity in the liver could be a promising anti-fibrotic treatment approach.

One key for preventing liver fibrogenesis by targeting the cell cycle machinery will be the identification of cell cycle factors that are specifically important for driving liver fibrosis without affecting general liver homeostasis or liver regeneration. Basically, the mammalian cell cycle is regulated by specific combinations of cyclin-dependent kinases (CDKs) and their regulatory subunits referred to as cyclins. Importantly, many of the known cyclins and Cdks are dispensable for overall cell cycle activity presumably due to high functional redundancy between these proteins. For instance, we have shown that single genetic loss of Cyclin E1, Cyclin E2, or Cdk2 in mice does not prevent proper liver regeneration after partial hepatectomy, and even the concomitant genetic deletion of all three genes still allows sufficient liver mass restitution to prevent mortality of hepatectomized mice (2, 3). However, this does not exclude the possibility that any of these factors might perform essential, cell type specific functions in the context of disease development. In addition to cyclins and Cdks, an abundance of other mitogens (i.e., growth factors, transcription factors) is capable of modulating and/or controlling the cell cycle activity. The proto-oncogene c-myc is a transcription factor that activates expression of many pro-proliferative genes including E-type cyclins and Cdk2 (4). In a recent study, it has been observed that patients with advanced liver fibrosis or liver cirrhosis showed significant up-regulation of hepatic c-myc gene expression (5). These findings were mirrored in experimental mouse models. Briefly, mice with over-expression of c-myc in hepatocytes (alb-myctg) revealed increased basal liver collagen disposition and spontaneous HSC activation. Importantly, primary HSC derived from alb-myctg mice showed enhanced proliferation and accelerated transdifferentiation into myofibroblasts in vitro. Accordingly, fibrosis initiation in vivo after chronic carbon tetrachloride (CCl4) treatment was accelerated in alb-myctg mice compared to controls. Mechanistically, some data pointing to a paracrine crosstalk of c-myc over-expressing hepatocytes and HSC as livers of alb-myctg mice revealed increased levels of PDGF-B. As a consequence, over-expression of c-myc in hepatocytes triggered accelerated experimental liver fibrogenesis.

The sequels of elevated hepatic c-myc expression were also evaluated in the clinical relevant setting of liver fibrogenesis due to alcoholic liver disease (ALD). It has been demonstrated that c-myc was induced in human and murine (i.e., experimental) ALD (6). Moreover, patient-derived data clearly showed a significant correlation of hepatic c-myc expression with the strength of ALD progression. Overall, expression of c-myc and alcohol-uptake synergistically accelerated the progression of ALD, and additional data strongly indicated that this was most likely due to a loss of p53-dependent protection mechanisms (6). Thus, c-myc can be considered a new potential marker for the early detection of ALD and for the identification of risk patients. Unfortunately, due to its complex functions in almost all cellular processes, c-myc is still considered an undruggable target. However, several approaches are currently under development which could help to modulate c-myc dependent effects in the future (7).

Another aspect of cell cycle regulation during liver fibrosis initiation has become evident in the last years by focussing on the pro-fibrotic role of E-type cyclins. Of note, Cyclin E/Cdk2 kinase was shown to be regulated by c-myc in several independent studies (8–10). In good agreement with the published investigations on the role of c-myc, increased expression of Cyclin E1—but not of Cyclin E2 has been shown in human and murine liver fibrosis (11). In humans, Cyclin E1 mRNA expression was significantly up-regulated in patients with advanced hepatic fibrosis and liver cirrhosis, compared to healthy control livers or patients with mild fibrosis. In contrast, Cyclin E2 was not aberrantly expressed in liver fibrosis at any stage. In mice, Cyclin E1, but not Cyclin E2 was induced in the liver after repeated treatment with the fibrosis-inducing toxin CCl4, and correlated with the strength of fibrosis progression. Genetic experiments revealed that the constitutive inactivation of Cyclin E1 prevents the initiation at least of experimental liver fibrosis in mice. Further investigations showed that Cyclin E1 is essential for cell cycle progression, transdifferentiation and survival of HSCs suggesting that HSCs are a key effector cell of the pro-fibrogenic function of Cyclin E1. As Cyclin E1 is not required for liver regeneration (2), these findings suggest that its therapeutic inhibition could reduce liver fibrogenesis without affecting the regenerative capacity of the liver.

Advanced studies then addressed whether these key findings could be translated into a pre-clinical therapeutic approach. So far, pharmacological small-molecule inhibitors directly targeting Cyclin E1 have not been developed; however, there are several groups of inhibitors available targeting the kinase activity of Cdk2. Yet, it has to be mentioned that these inhibitors are not completely specific to Cdk2 but also mediate off-target effects on other Cdks such as Cdk1, Cdk5, 7, 9 and others (12). In order to treat experimental liver fibrosis by targeting Cyclin E/Cdk2, basically two different strategies have been used. For targeting Cyclin E1 in vivo, liposome-based delivery of Cyclin E1- specific small interfering RNA (siRNA) was applied, whereas for targeting Cdk2 in HSCs, the efficacy of the second-generation pan-Cdk inhibitor CR8 (13) was tested in a series of in vitro experiments. Importantly, both approaches turned out to be highly promising and will be briefly reviewed below.

In wild type (WT) mice, systemic delivery of stabilized siRNA, using a liposome-based carrier, targeted ~95% of HSCs, 70% of hepatocytes, and 40% of CD45-positive leukocytes after single injection, and the accumulation of siRNA after 24 h was mainly limited to the liver (14). Importantly, ubiquitous delivery of Cyclin E1 siRNA to all liver cells turned out to be strongly beneficial during acute toxic liver injury and in the course of hepatic fibrogenesis. Major side effects regarding toxicity or survival were not observed using this strategy. In more detail, it could be demonstrated that preventive systemic delivery of stabilized CcnE1-siRNA in vivo only once a week was sufficient to inhibit Cyclin E1 induction in settings of both, acute and chronic liver injury, and this was sufficient to prevent the initiation of experimental liver fibrosis. For the underlying mechanisms it has been suggested that the CcnE1-siRNA primarily prevents proliferation and survival of activated HSCs during chronic fibrosis progression thereby reducing the formation of extracellular matrix. In addition, it has been shown that CcnE1-siRNA reduces the proliferation and infiltration of pro-fibrotic leukocytes in the challenged liver and thereby may attenuate the overall inflammatory response after a pro-fibrotic stimulation.

However, in a real clinical situation, a patient would only be treated after the development of liver fibrosis. It is therefore important to note that Cyclin E1 siRNA was shown to still act anti-fibrotic, if it is administered after induction of liver fibrosis. In conclusion, this approach could basically be a promising treatment option for patients with liver fibrosis in the future (14). In this context it is very promising to note that currently two independent siRNA-based therapeutics have been approved by the U. S. Food and Drug Administration (FDA) (15, 16), which suggests that RNA-interference is a suitable technology for the treatment of diseases in humans.

The characterization of the pleiotropic Cdk inhibitor CR8 for its anti-fibrotic properties was so far restricted to in vitro analyses on established immortalized HSC lines, primary HSCs and primary hepatocytes (17). CR8 treatment of HSCs resulted in cell cycle arrest, apoptosis and down-regulation of pro-fibrotic genes. In contrast, it has been shown that hepatocytes tolerate substantially higher doses of CR8 than HSCs without prominent cytotoxic effects. Therefore, this proof-of-concept study demonstrated that pharmacological Cdk-inhibition restricts the pro-fibrotic properties of HSCs, while preserving the regeneration capacity of hepatocytes under the same conditions. Thus, CR8 and related drugs might be promising therapeutic agents for the treatment of liver fibrosis. However, it needs to be addressed in the future if other non-parenchymal liver cells such as Kupffer cells, infiltrating immune cells or biliary epithelial cells will also tolerate CR8 to the same extend as hepatocytes. In addition, this concept will need intensive in vivo validations in the future before pan-Cdk inhibitors can be considered for anti-fibrotic therapies.

The findings on the role of cell cycle activation in liver fibrogenesis are summarized in Figure 2: Initiation of liver fibrogenesis is associated with increased cell cycle activity involving the proto-oncogene c-myc and Cyclin E1. The latter one act in complex with its kinase subunit Cdk2. Overexpression of c-myc is observed in patients with liver fibrosis of several etiologies including ALD; yet it is considered undruggable at present due to its numerous functions. Cyclin E1 is indispensable for initiation of liver fibrosis and also essential for proliferation, differentiation and survival of HSCs. Direct targeting of Cyclin E1 at present is only feasible by using RNA interference, but was shown to act highly anti-fibrotic in mice without any notable side effects. It needs to be evaluated in future if this can be developed into a human siRNA therapeutic. Finally, anti-fibrotic effects in HSCs can also be triggered by the use of pharmacological inhibition of Cdk-activity without major effects on hepatocyte viability at least in vitro. However, before Cdk inhibitors can be considered for anti-fibrotic therapies in humans, an abundance of in vivo trials need to be performed. It is concluded that the modulation of the hepatic cell cycle activity could be general approach for the treatment of patients with moderate liver fibrosis.
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FIGURE 2. Role of cell cycle mediators for liver fibrosis initiation. Initiation of liver fibrogenesis is associated with increased hepatic cell cycle activity in HSCs. Important cell cycle mediators in these processes are c-myc and the Cyclin-dependent kinase 2 (Cdk2) in complex with its regulatory subunit Cyclin E1. In general, c-myc is involved in activation of Cyclin E1/Cdk2. Moreover, over-expression of c-myc in hepatocytes triggers activation of HSCs and is observed in patients and mice with liver fibrosis. Cyclin E1 is indispensable for initiation of liver fibrosis and also essential for proliferation, differentiation and survival of HSCs. Direct targeting of Cyclin E1 is currently feasible by using RNA interference (siRNA) in vivo. Anti-fibrotic effects in HSCs can also be triggered by the use of pharmacological inhibition of Cdk-activity.




Programmed Cell Death in Non-alcoholic Steatohepatitis and Fibrosis

Non-alcoholic fatty liver disease (NAFLD), now the most prevalent liver disease in Western countries, represents an enormous threat to our health care systems. NASH, the chronic progressive manifestation of NAFLD, is the second leading risk factor for hepatocellular carcinoma (HCC), the most frequent form of liver cancer (18). Currently, there are no existing pharmacological treatment options for NASH, therefore the current treatment is primarily aimed at lifestyle change with more exercise and modification of food intake.

The occurrence of cell death—e.g., caused by lipotoxicity—represents a critical event in NASH. It triggers the recruitment of immune cells and consequently drives disease progression toward fibrosis and liver cancer development (19). How cell death and inflammation are associated with the malignant transformation of hepatocytes is currently poorly understood. In the past, apoptosis, for decades a synonym for programmed cell death, was considered the main driver for the development of NASH (20). However, recent work revealed that key molecules of necroptosis—the programmed form of necrosis—mediated by receptor interacting protein kinase (RIPK) 1, RIPK3 and mixed lineage kinase domain-like pseudokinase (MLKL)—are major contributors in the pathophysiology of NASH, fibrosis and liver cancer development (21–23). Necroptosis is a type of cell death whose features are similar to apoptosis and necrosis. However, it is initiated by ligand binding to the tumor necrosis factor receptor 1 (TNFR1), thereby forming a specific complex with capacity to initiate different downstream cascades in which the cells rupture and leak their content into the intercellular space (24). Necroptosis plays a vital role in different stages of liver disease including cholestatic liver disease, alcoholic liver disease, NASH, viral hepatitis, and liver cancer (19, 25).

As such, it was shown, that in livers of NASH patients, apoptosis is only negligibly activated while the necroptosis mediator RIPK3 is strongly overexpressed (26, 27). Of note, genetic inhibition of RIPK3 resulted in a very effective inhibition of liver fibrosis in a murine model of NASH [methionine/choline-deficient (MCD) diet], whereas apoptosis inhibition even increased disease progression (26, 28).

In contrast to the MCD model, Ripk3 deficient mice fed with a high fat diet (HFD), exhibited more steatosis, fibrosis, and inflammation compared to HFD-treated WT mice (29). Moreover, Ripk3 deficient mice showed an aggravation of systemic insulin resistance and increased compensatory adipocyte apoptosis in the choline deficient-high fat diet (CD-HFD) model (27). Interestingly, aggravated insulin resistance was reverted to WT conditions upon additional inhibition of apoptosis, probably in adipocytes (27). Thus, RIPK3 may have a protective, counterbalancing function in adipose tissue. This could explain the observed increased expression of RIPK3 in adipose tissue of obese patients (27). Consistent with RIPK3, increased expression of RIPK1 was found in adipose tissue of obese patients (30). Thus, genetic knock out of Ripk1 using antisense oligonucleotides in HFD treated wild type mice resulted in reduced diet-induced obesity and adipose tissue inflammation and improved insulin resistance. These protective effects were independent of a kinase activity, as RIPK1K45A kinase dead knock in mice did not improve insulin resistance or reduce obesity on HFD feeding (30). However, Tao et al. observed less liver injury, less steatosis and decreased inflammation in HFD- and MCD-fed RIPK1K45A mice (31). Further investigations revealed that RIPK1′ kinase activity in hematopoietic-derived macrophages contributed mostly to the disease progression in NASH (31).

Finally, the terminal executor of necroptosis, MLKL was found activated in livers of NASH patients (32). In contrast to RIPK3, recent studies showed protective effects in the previous mentioned high fat models upon genetic deletion of Mlkl. As such, Saeed et al. reported reduced hepatic steatosis and inflammation in Mlkl-deficient HFD-fed mice (33), as well as enhanced hepatic insulin sensitivity (34). A further study using the Western diet (FFC diet, high in fat, fructose and cholesterol), also showed reduced liver injury and hepatic steatosis upon genetic ablation of Mlkl, probably through a necroptosis-independent but autophagy-dependent mechanism (35).

Together, these studies suggest that the necroptosis-associated proteins are overexpressed in human liver and/or adipose tissue and that they are involved in the transition from NAFLD to NASH and NASH-fibrosis in mice (Figure 3). Moreover, there is evidence that the respective involvement of RIPK1, RIPK3, and MLKL may be independent of their primary function in necroptosis activation. It is so far completely unclear, whether necroptosis is executed in vivo at all and under which pathological circumstances. The metabolic studies carried out with the different knockout mice represent a helpful tool to approach this issue, but despite the fact that necroptosis-independent functions have been identified for all three proteins, no final conclusion can be given whether necroptosis is relevant in NASH disease. Here, an in vivo visualization in real time would be required, showing the execution of necroptosis with the typical associated morphological criteria. Moreover, since constitutive knockout mice were used in most murine studies, the specific function in the individual organs is still not evident. Therefore, it would be important to repeat the studies with cell type-specific conditional knockout mice in order to more precisely describe the specific function of RIPK1, RIPK3, and MLKL in NASH-fibrosis.


[image: Figure 3]
FIGURE 3. Summary of the involvement of the necroptosis-associated proteins RIPK1, RIPK3 and MLKL in obese/NASH patients and in murine NASH models. The necroptosis-associated proteins RIPK1, RIPK3, and MLKL are overexpressed in the liver and/or adipose tissue of NASH patients. Murine NASH studies with distinct knock-in and knock-out mouse models confirmed an essential function of RIPK1, RIPK3, and MLKL in the transition from NAFLD to NASH and NASH-fibrosis, including both protective and inducing mechanisms. While RIPK3 deletion led to a decrease in fibrosis in the MCD model, NASH progression was observed in the HFD and CD-HFD models. Deletion of RIPK1 and MLKL was predominantly protective in the MCD and HFD models.




Defining HGF/c-Met Dependent Diagnostic Markers and Novel Therapeutic Targets in NASH-Development

c-Met acts as the cellular receptor for hepatocyte growth factor (HGF), thereby regulating cell growth, motility and morphogenesis. This growth factor is mainly produced by cells of mesenchymal origin and it acts on epithelial and endothelial cells. Originally, c-Met has been identified as an oncogene. It serves as an important regulator for stem cell growth during embryonic development and in particular also for the growth of hepatocytes. In this regard, it is of interest that HGF knockout mice as well as mice deficient for its receptor c-Met display severe developmental defects and both die between day 13 and 16 of embryonic development. The lack of both genes results in impaired placental and liver development (36, 37). Binding of HGF to c-Met induces dimerization and phosphorylation of the receptor and lead to recruitment of intracellular adapter proteins that bind to c-Met and lead to activation of specific intracellular signaling cascades. Those activate PI3K, Ras and ERK-dependent signaling pathways and control HGF-induced pro-mitogenic and anti-apoptotic events. The latter are of particular importance, as interference with apoptosis regulating pathways can have deleterious consequences for the whole organism. Usually, the apoptosis inducing death-receptor Fas is sequestered by c-Met. This prevents an uncontrolled Fas-ligand induced death-receptor activation and apoptosis is inhibited (38). This control mechanism is disturbed during NASH pathogenesis. Fas-Ligand is produced in excess and the physiological inhibition through c-Met is hampered (39). As a consequence, apoptosis is induced and liver damage occurs (40). Thus, HGF/c-Met has direct implications for the pathogenesis of NASH and seems to be hepatoprotective. Further light into the manifold c-Met controlled activities that regulate liver physiology became evident through the introduction of conditional c-Met knockout mice by Borowiak et al. (41). Here, mice carrying the Mx-cre-induced c-Met deletion displayed a reduced liver regeneration. Analysis of hepatocellular cell cycle progression in conditional Met knockout mice indicated a defective exit from quiescence and diminished entry into S-phase. This was accompanied by a reduced activation of Erk1/2 kinase, while Akt-phosphorylation was still intact—highlighting the importance of cytokine induced signaling cross talks.

Studying the role of c-MET in murine NASH models revealed that hepatocyte specific c-Met knockout mice (c-MetΔhepa) exhibited increased steatosis and liver infiltration upon a methionine-choline deficient (MCD) diet compared to wild type controls (c-MetloxP/loxP). This was accompanied by an outstanding upregulation of genes involved in fatty acid metabolism, generation of reactive oxygen species and enhanced fibrosis. Interestingly, c-MetΔhepa mice also display more apoptosis in the liver which could be reverted in c-Met/Caspase-8 double knockout animals, emphasizing the prominent role of c-Met in the regulation of cell survival (42). Of note, a later publication could indicate that the protective role of c-Met is not restricted to hepatocytes since genetic deletion of c-Met in Kupffer cells/macrophages, myofibroblasts and CK19+ cells also attenuated steatohepatitis and fibrosis in the MCD-model, highlighting a more global role of c-Met beyond liver parenchymal cells (43). Noteworthy, the mineralocorticoid receptor (MR), which has been implicated in the pathogenesis of insulin resistance and type 2 diabetes, on myeloid cells (i.e., macrophages), might contain protective HGF/c-Met signaling in hepatocytes whereby these two cells could be functionally linked in the formation of steatohepatitis and related fibrosis (44). In line with hepatoprotective consequences of c-Met signaling in experimental NASH models, Pioglitazone, a ligand of peroxisome proliferator-activated receptor gamma (PPARγ), which was shown to alleviate human steatohepatitis in clinical trials, acts through activation of c-Met (45).

Accordingly, it has also been demonstrated that the c-Met ligand HGF counteracts steatohepatitis since mice with transgenic HGF overexpression were largely protected from the deleterious effects of MCD-diet by amelioration of fibrosis and inflammation and protection from oxidative stress (46). In a subsequent study the hepatoprotective effect of HGF in NASH could be attributed to the JAK2-STAT3 pathway thereby limiting inflammation (47). Furthermore, HGF exerts anti-oxidative properties by inducing glutathione and related enzymes (48) and dampens insulin resistance and liver triglyceride and cholesterol content which might involve nuclear receptors such as the Farnesoid X receptor (FXR) (49). Blocking c-Met mitigated the beneficial effects of HGF indicating the importance of HGF/c-Met downstream signaling. Furthermore, an earlier pivotal study indicated that the HGF/c-MET axis suppresses hepatic glucose uptake promoting insulin responsiveness by direct engagement of the insulin receptor (INSR) in a INSR/c-Met complex (50). The potential role of recombinant HGF in the treatment of NASH was also demonstrated by Yang et al., who could show that mice which were fed a choline-deficient amino acid defined diet (CDAA) display improved inflammation, steatosis and lipid profile when treated with recombinant feline HGF (51).

As already mentioned, oxidative stress plays a critical role during the progression from simple steatosis toward manifest steatohepatitis. The transcription factor termed nuclear factor-E2-related factor-2 (NRF2) serves as a cellular sensor for oxidative stress. NRF2 itself is sequestered in the cytosol by Kelch-like ECH-associated protein (Keap1). During oxidative challenge, modification of Keap1 sulfhydryl groups results in the stabilization and nuclear translocation of NRF2 (52). NRF2 is crucial for antioxidant, responsive element/electrophile-responsive element (ARE/EpRE)-mediated induction of detoxifying enzymes, anti-oxidative stress genes and other target genes involved in cellular protection. Activation of these target genes serves to decrease the oxidative burden of the cells (53). This seems to be pathogenetically related to the development of NASH, as Nrf2−/− mice are more prone to develop fatty liver degeneration (54). More refined investigations of related molecular mechanisms and potential cross talks to other signaling pathways involved in NASH pathogenesis are still scant and need to be better explored. Given this role as a master-regulator, pharmacologic or genetic inhibition of Keap1 function results in constitutive activation of Nrf2 signaling that has been shown to exert hepato-protection against chemical-induced cytotoxicity, ischemia/reperfusion injury and alcohol-induced liver steatosis (55, 56). However, in spite of multiple published reports, results supporting an involvement of this transcription factor in the modulation of hepatic lipid accumulation and steatohepatitis remain deeply controversial. Indeed, whereas genetic Nrf2 deletion has been demonstrated to accelerate the transition from simple steatosis to NASH (57), genetic activation of Nrf2 resulted in different and sometimes contradictory effects. These results seem to depend on the site of Keap1 deletion, the experimental NASH model and the experimental conditions (58). Indeed, Nrf2 over-activation in hepatocyte-specific Keap1 knockout mice results in amelioration of steatosis but does not affect liver inflammation and fibrosis (59). A recent study highlighted the potential synergistic hepatoprotective role of c-Met and NRF2 in NASH by investigating the consequences of combined c-Met/Keap1 gene deletion in hepatocytes in rodent models of steatohepatitis. It was clearly demonstrated that double-knockout mice exhibit less inflammation, steatosis and oxidate stress in comparison to c-MetΔhepa animals indicating that the anti-oxidative factor NRF2 can override the detrimental effects of c-Met deficiency by restoring the cellular redox homeostasis (60). This finding emphasizes the crucial role of reactive oxygen species for the development and progression of steatohepatitis.

Despite these promising findings, hepato-cancerogenic effects of HGF/c-Met and Keap1/Nrf2 activity currently limit the therapeutic exploitation of the potential beneficial properties of HGF/c-Met and NRF2 in human NASH. For example, aberrant NRF2 activation has been identified to accelerate the development of hepatocellular carcinoma (HCC) from pre-cancerous lesions (61) and the HGF/c-Met axis is fundamentally involved in HCC pathogenesis via canonical and non-canonical pathways (62). More research is therefore warranted to unravel potential applications of c-Met and Nrf2 agonists in fatty liver disease.



Novel Insights Into the Alpha1-Antitrypsin Deficiency-Related Liver Disease

Alpha1-antitrypsin deficiency (AATD) is a genetic condition resulting from mutations in the alpha1-antitrypsin (AAT) gene. Out of the >100 variants described to date, Pi*Z, resulting from a substitution of glutamate at position 342 to lysine, is the most relevant one. It results in a rapid degradation of about 70% of the synthesized protein, while 15% is secreted and another 15% forms polymers. The latter fraction gives rise to roundish globules that can be visualized in periodic acid–Schiff–diastase staining or by the appropriate immunohistochemistry. These aggregates constitute the histological hallmark of the disease (63).

Heterozygous and homozygous presence of this variant is termed as Pi*MZ and Pi*ZZ genotype, respectively, while Pi*MM refers to individuals without AAT mutations. Pi*ZZ genotype is found in around 1:3,000 individuals of European descent and is the cause of classic, severe AATD, whereas Pi*MZ is seen in up to 1:28 individuals in certain populations (63). Pi*ZZ subjects have markedly decreased serum AAT levels and are strongly predisposed to both, early onset lung emphysema as well as pediatric and adult liver disease. Recent work suggests that significant liver fibrosis develops in 20–36% of Pi*ZZ individuals, especially in individuals with risk factors such as male sex, older age or presence of metabolic syndrome (64, 65). Pi*ZZ subjects more commonly display severe liver steatosis and have decreased serum triglyceride levels, which points toward impaired lipid metabolism (65). Several non-invasive techniques have been shown as useful surrogates to identify Pi*ZZ subjects with significant liver involvement. Among them, liver stiffness measurement by transient elastography and determination of aspartate aminotransferase to platelet ratio index (APRI) in serum might be particularly suitable to estimate the amount of histological liver fibrosis (64–66). Regular liver ultrasounds are recommended for individuals with advanced liver fibrosis as a method for HCC surveillance (67).

People with Pi*MZ genotype have normal or mildly decreased serum AAT levels and are at much lower risk of developing a pathogenic liver fibrosis than Pi*ZZ individuals, but are still more susceptible to liver scaring than non-carriers, in particular when simultaneously suffering background liver disease (68, 69). In these conditions, Pi*Z carriage confers numerically higher risks for liver cirrhosis that the established genetic variants such as PNPLA3 p.I148M or TMGSF2 p.E167K (69). As a further evidence of an pathogenetic role AATD even in heterozygotes is an increased susceptibility of Pi*MZ individuals for development of significant liver fibrosis in case of additional metabolic stresses, obesity or presence of diabetes (69).

As a sign of AAT accumulation, PAS-D positive aggregates are seen in a vast majority of Pi*ZZ individuals, whereas they are found only in ~40% of Pi*MZ subjects (69). In line with that intrahepatic AAT levels are markedly increased in Pi*ZZ individuals, while they are largely unaltered in Pi*MZ subjects (69). However, the numbers have to be interpreted with caution since subjects with higher fibrosis stages typically display more inclusions (64, 69). Further research is needed to clarify, whether this association reflects the inability of liver-sick individuals to handle misfolded proteins or whether the protein accumulation indeed increases with progressive liver fibrosis.

While the above work defines the amount of risk associated with the carriage of Pi*Z variant, it also reveals a marked phenotypic heterogeneity, that makes it challenging to study the disease pathogenesis. With regard to the latter, much of our current understanding stems from mice overexpressing Pi*Z variant, that uncovered the importance of autophagic degradation as well as stress-associated signaling pathways such as NF-κB or JNK in the disease pathogenesis (Figure 4) (70–72). However, compared to humans, these mice express much higher PI*Z levels and also retains their endogenous AAT production. As a consequence, they frequently develop liver fibrosis and even liver tumors that are seen only in a small fraction of humans (70). In contrast, the human AATD-related liver disease seems to be a combination of the monogenic disorders with an additional hit, either acquired such as metabolic comorbidity or inherited. To reflect the latter, several groups started to study hepatocyte-like cells derived from patient induced pluripotent stem cells (iPSCs). These cells provided several important insights such as up-regulation of inflammation and unfolded protein response (73). They also revealed that individuals with AATD-related liver disease display a marked delay in the rate of Pi*Z degradation compared to liver healthy-subjects, that likely leads to appearance of globular inclusions (74).
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FIGURE 4. Clinical and scientific insights in alpha1-antitrypsin deficiency. Genotype MZ/ZZ refers to a presence of a heterozygous/homozygous Pi*Z mutation in alpha1-antitrypsin (AAT) gene. The upper boxes describe the frequency of both genotypes in Caucasians, the resulting serum AAT levels and their risk to develop advanced liver fibrosis compared to individuals without AAT mutations. Non-invasive techniques such as liver stiffness measurement by transient elastography or determination of aspartate aminotransferase to platelet ratio index (APRI) are suitable to estimate the amount of histological liver fibrosis. Liver ultrasounds are recommended for individuals with advanced liver fibrosis as a method of HCC surveillance. Several molecular pathways (NF-κB, JNK), protein degradation machineries (UPR, autophagy) as well as epigenetic modifications or appearance of extracellular vesicles with pro-fibrogenic cargo may contribute to disease developments. Created with BioRender.com. iPSCs, induced pluripotent stem cells; JNK, C-Jun N-terminal kinase; NF-κB, nuclear factor 'kappa-light-chain-enhancer' of activated B-cells; UPR, unfolded protein response.


Since animal models and iPSC cells represent only an approximation of the situation occurring in the human liver, it is imperative to complement these analyses by examination of human liver tissues, which are, however, very scarce. As an example of this effort, a systematic analysis of DNA methylation was carried out in human livers. Compared to other liver diseases, AATD livers displayed a significant genomic hypomethylation in several genes. In addition, unique epigenetic signatures that corresponded to various hallmarks of AATD have been identified (75). In plasma, AATD-individuals had a distinct population of extracellular vesicles with pathological cytokine and miRNA contents. Notably, when cultured with hepatic stellate cells, these vesicles induced an expression of fibrosis-promoting genes (76). In summary, while a substantial progress has been made in the clinical characterization of the AATD-related liver disease, the exact pathomechanisms underlying the disease development in a subset of individuals still remain to be further elucidated.




IMMUNOLOGICAL MECHANISMS IN LIVER FIBROSIS

Understanding immunological mechanisms is central for the research and therapy of liver fibrosis. Here, we will review selected approaches designed to clarify immunological mechanisms that drive the initiation, progression and regression of fibrosis in the liver as illustrated in Figure 5. Areas of interest included—among others- the identity of the pro-fibrotic immune cells infiltrating the liver, the chemokines that attracted them, their interaction with tissue-resident extracellular matrix (ECM)-producing cells as well as mechanisms of fibrosis resolution as specified in detail as follows.
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FIGURE 5. Immunological mechanisms in liver fibrogenesis. Selected potential signaling pathways and proposed cell-cell interactions discussed in this article are shown schematically. Mediators and triggers are depicted in smaller font size as follows: NASH, non-alcoholic steatohepatitis; CXCR7, CXC chemokine receptor type 7; HCV, hepatitis C virus; ILCs, Innate lymphoid cells; NKT, Natural killer T-cells; MIF, Macrophage migration inhibitory factor. In the center of this chapter is the potential crosstalk of monocytes, macrophages, hepatic stellate cells and ILCs, which can be modulated by distinct triggers such as NASH, toxins, inflammasome activation or HCV infection. Crosstalks may eventually lead to modulation of stellate cell activation and subsequent liver fibrogenesis.



Targeting MIF Family Proteins in Liver Fibrosis

Macrophage migration inhibitory factor (MIF) is an evolutionarily conserved defense protein and upstream regulator of innate immunity that was more recently re-defined as a broadly expressed and pleiotropic inflammatory cytokine. The 3D architecture of the MIF trimer is similar to tautomerase enzymes found in various kingdoms, but the MIF monomer also exhibits similarities to dimeric CXC chemokines such as CXCL8. In fact, MIF engages in high-affinity non-cognate interactions with the CXC chemokine receptors CXCR2 and CXCR4 and accordingly, has been recognized to be a prototypical member of the emerging family of atypical chemokine (ACK) (77–79). MIF promotes monocyte and neutrophil recruitment through CXCR2, while enhancing T-cell, B-cell, and progenitor cell recruitment, as well as cancer cell metastasis through CXCR4. Combined activation of the MIF/CXCR2 and MIF/CXCR4 axes drives monocyte/macrophage atherogenic recruitment and is a major driver of atherosclerotic lesion development (78, 80). In addition to the CXC chemokine receptors, MIF interacts with CD74, the membrane form of invariant chain (Ii). While Ii functions as an MHC class II chaperone with a critical role in class II trafficking and control of peptide loading in the endolysosomal compartment, the membrane form of CD74 acts as cytokine receptor for MIF (81). Under inflammatory and neoplastic conditions, CD74 is upregulated also in the absence of class II (82). Receptor activities of CD74 encompass proliferation and survival responses through NF-κB/TAp63 and ERK-MAPK, while blocking p53-mediated apoptosis (82). Signaling through MIF/CD74 requires recruitment of signaling-competent co-receptors, which can either be the accessory protein CD44 mediating Src tyrosine kinase and PI3K/AKT activation, MIF associated chemokine receptors, which can form hetero-oligomeric complexes with CD74 (78), or nuclear translocation of the intracellular domain (ICD) of CD74. The more recently described MIF homolog D-dopachrome tautomerase (D-DT/MIF-2) shares an inflammatory activity spectrum with MIF in sepsis, but has opposing properties in adipose inflammation, and also engages the MIF cognate receptor CD74 (83, 84).

MIF is a critical mediator in the pathogenesis of various inflammatory and immune diseases such as septic shock, rheumatoid arthritis, and atherosclerosis, as well as several cancers (80, 85). MIF levels correlate with the inflammatory status and disease stage and the predominant MIF gene promoter polymorphisms, a −173 G/C SNP and −794 (CATT)5−8 microsatellite repeat, are associated with the severity of asthma, atherosclerosis, kidney injury, and rheumatoid arthritis (86, 87). With regard to fibrotic disorders, MIF has been firmly linked to cystic fibrosis, fibrosis in the bladder, and myocardial interstitial fibrosis (88, 89). Here, we discuss current knowledge on MIF's role in liver disease and fibrogenesis.

In the liver, MIF is not only produced by immune, endothelial cells, and cancer cells, but also by hepatocytes. In a study on alcoholic liver injury, MIF serum levels were significantly augmented in patients with alcoholic steatohepatitis (ASH) and alcoholic cirrhosis as compared to controls and MIF expression in ASH could be pinpointed to (ballooned) hepatocytes and infiltrating inflammatory cells i.e., neutrophils (90). This data is supported by a recent study identifying the liver—and more specifically hepatocytes—as significant source of circulating MIF levels in ASH, which correlated with disease severity and mortality (91). On the other hand, one study analyzing MIF expression and the MIF gene −173 G/C polymorphism in NASH failed to detect a correlation between MIF expression in hepatocytes and fibrosis stage, but observed that MIF expression of mononuclear cells in liver tissue significantly increased according to fibrosis stage.

Besides metabolic liver injury, MIF has also been functionally implicated in the course of human chronic liver diseases of various etiologies such as autoimmune disorders or chronic viral infections (92–94). In HCV-induced liver fibrosis, microsatellite polymorphism −794CATT5−8 and the −173G/C SNP were predictive of fibrosis severity and cirrhosis-associated complications such as impaired liver function and prevalence of hepatocellular carcinoma (94). Moreover, MIF promoter polymorphisms and serum levels in patients correlated with the presence of autoimmune hepatitis and primary biliary cholangitis (92, 93).

Functional studies in two independent mouse models of hepatotoxin-driven chronic liver injury revealed a protective effect of MIF, which could be attributed to inhibitory effects on hepatic stellate cell activation and proliferation—key events in liver fibrogenesis—via engaging the CD74/AMPK pathway (95). Moreover, MIF/CD74/AMPK signaling in hepatocytes prevented fatty degeneration in a model of NASH (96). The activation of these protective pathways in the liver is reminiscent of reported cardioprotective activities of MIF mediated through the CD74/AMPK axis (80). In experimental models of ethanol-induced liver injury, however, MIF's impact seems to be context-dependent. While MIF exacerbates liver injury during chronic ethanol feeding by modulating chemokine production and immune cell infiltration (91, 97), it mediates protective effects following chronic-binge ethanol feeding by regulating the unfolded protein response in hepatocytes (98). A similar effect might also be seen during the course of NASH. While MIF conveys anti-steatotic effects on hepatocytes, it contributes to liver fibrogenesis in a murine model of NASH (MCD diet feeding) by skewing the intrahepatic immune milieu toward a pro-fibrotic polarization of innate lymphocytes (99).

In summary, these results underline a pivotal, but complex role of MIF during chronic liver diseases, with even dichotomic effects in response to the same insults. Figure 6 summarizes the regulatory role of the MIF/receptor network in chronic liver diseases. Considering the complexity of this network is of specific importance when designing MIF-directed therapeutic strategies in the setting of chronic liver disease. Of note, several efforts to therapeutically target the MIF system are currently assessed in early clinical trials concerning various disease settings such as rheumatic, cardiovascular disease, or neoplastic disorders, including small molecule-, antibody- and peptide-based approaches targeting either MIF or specific MIF receptor-mediated pathways (80). Based on the mechanistic insight from the experimental data, one might speculate that a key determinant of MIF-mediated outcome could be the predominance of MIF's impact on immune cell recruitment/polarization over its direct effects on liver resident cells. This predominance might be guided by specific intrahepatic MIF receptor expression patterns. Whether these patterns are a valid and stable surrogate to predict MIF-mediated effects warrants further investigations, which also should consider potential distinct activities of D-DT/MIF-2. A further comprehensive understanding of MIF's role in the different settings and even at distinct disease stage is a prerequisite to guide MIF-directed therapeutic interventions and predict the outcome of these therapeutic strategies in clinical practice during the course of chronic liver injury.


[image: Figure 6]
FIGURE 6. Macrophage migration inhibitory factor in chronic liver injury and fibrogenesis. In the liver, the atypical chemokine Macrophage migration inhibitory factor (MIF) is mostly expressed by infiltrating immune cells as well as hepatocytes especially under stress condition e.g., fatty degeneration or inflammation during NASH, ASH and viral hepatitis. In addition, it is most likely that MIF is involved in the pathogenesis of hepatic autoimmune disorders because this cytokine was previously shown to be associated with many autoimmune disorders including rheumatoid arthritis, inflammatory arthritis, inflammatory bowel disease, multiple sclerosis, autoimmune uveitis., autoimmune glomerulonephritis, systemic lupus erythematosus, sarcoidosis and many other autoimmune inflammatory disorder [for review see (85, 100)]. MIF engages high-affinity non-cognate interactions with three different surface receptors expressed by liver resident cells as well as infiltrating cells, the CXC chemokine receptors CXCR2 and CXCR4 as well as with CD74, the membrane form of invariant chain (Ii). While MIF engagement with the CD74 receptor on hepatocytes and hepatic stellate cells exert protective effect via AMPK signaling during chronic liver injury, MIF also mediates pro-inflammatory effects orchestrating the intrahepatic recruitment and activation of inflammatory immune cells via engagement of CXCR2 and CXCR4. The balance between these opposing, regulatory roles of the MIF/receptor network is crucial for the overall impact of MIF on severity and progression of chronic liver disease in distinct settings and has to be considered when designing MIF-directed therapeutic strategies. Blue arrow indicates MIF release. Red arrow marks pro-inflammatory properties and green arrow protective features of MIF on respective pathways.




Monocyte and Macrophages in Liver Fibrosis

Macrophages comprise the most abundant immune cell type of the liver, playing an essential part in the maintenance of liver homeostasis and in reparative or propagating mechanisms following acute or chronic liver injury. Two major subtypes of hepatic macrophages can be distinguished; the liver resident Kupffer cells (KCs), which are considered to be a self-sustaining and often tolerogenic phagocyte population, and the immunogenic monocyte-derived infiltrating macrophages (MoMΦs) (101, 102). Interestingly, upon liver disease, dynamic changes in these macrophage subsets can be observed, such as a rapid loss of KCs after injury, and an increased recruitment and subsequent accumulation of inflammatory MoMΦs that are characterized by Ly6Chigh (Gr-1) expression in mice. Moreover, such infiltrated Ly6Chigh MoMΦs, of which the recruitment was shown to be critically controlled by the chemokine CCL2/CCR2 signaling pathway, represent the dominant macrophage population during the early phases of liver injury, promoting the progression of liver fibrosis by activating hepatic stellate cells (HSCs) and other myofibroblasts (103). Furthermore, the pharmacological inhibition of CCL2 with the Spiegelmer-based antagonist mNOX-E36 efficiently inhibits the infiltration of Ly6Chigh MoMΦs into chronic CCl4- or methionine-choline-deficient (MCD)-diet-induced injured liver in mice, ameliorating hepatic inflammation and steatosis (104). Administration of mNOX-E36 during the regression phase of these murine models of liver disease, however, significantly accelerated fibrosis resolution, by causing a shift in hepatic dominance from the pro-inflammatory, tumor necrosis factor (TNF)-secreting, Ly6Chigh MoMΦs toward “restorative” Ly6Clow MoMΦs (105). Also cenicriviroc (CVC), an orally available dual CCR2/CCR5-inhibitor has been shown to efficiently block monocyte recruitment, and to promote amelioration of insulin resistance as well as anti-inflammatory-, and anti-fibrotic effects in murine NASH models (106). This drug has been evaluated in a large (n = 289 patients) biopsy-controlled phase 2b clinical trial in NASH patients, in which CVC promoted accelerated fibrosis regression after 1 year of therapy (107). However, the anti-fibrotic efficacy appears neither increased nor sustained over 2 years of therapy (108). CVC had entered phase 3 clinical development with about 2,000 patients (109), but the trial was prematurely terminated since the primary endpoint of fibrosis improvement after 1 year was not reached upon pre-specified interim analysis.

Besides the CCL2/CCR2-pathway, also the CCL1/CCR8-signaling cascade represents an important chemoattraction axis. Indeed, Ccr8−/− mice undergoing chronic CCl4-injections or bile duct ligation (BDL) display reduced infiltration of inflammatory MoMΦs, neutrophils and natural killer (NK) cells, whereas the number of hepatic CD4+ T cells was increased. An overall protection from liver fibrosis was observed in these models in Ccr8−/− mouse, when compared to their respective controls (110). The importance of chemokine-axes can be further demonstrated by the regulation of hepatic inflammation through the CXCR6/CXCL16-axis during liver disease. CXCL16 was found to be secreted by hepatic endothelium and macrophages. It can control the recruitment and functionality of CXCR6-expressing pro-inflammatory NK T-cells, especially during the early response in experimental liver damage. Moreover, reduced NK T-cell accumulation in Cxcr6−/− mice led to the diminished presence of the pro-inflammatory cytokines IFN-γ, TNF-α, and IL-4 in the hepatic microenvironment, and overall reduced fibrogenesis (111).

While all above-mentioned research suggests the interception of chemokine-axes as potential therapeutic strategy, it should be noted that the inflammatory system has a dual function in liver disease, and that some chemoattractants may thus be necessary for disease amelioration and tissue repair (Figure 7). For example, CX3CL1 (also known as fractalkine) is shed by HSCs and hepatocytes upon liver injury, creating a chemo-attractive gradient for the CX3CR1-expressing leukocytes. Surprisingly, the abrogation of this axis in CCl4- or BDL-challenged mice causes an increased presence of pro-inflammatory TNF/iNOS- producing MoMΦs and subsequent extent of fibrosis (112). The CCR6/CCL20-axis has a similar –protective—functionality. Upon liver damage, the secretion of CCL20 by parenchymal cells is elevated, causing increased recruitment of CCR6-expressing T-helper (Th)17, regulatory, and gamma-delta (γδ) T-cells. Elimination of this signaling cascade during liver disease caused by CCl4 and MCD-diet, using mice with a Ccr6−/− phenotype, identified reduced accumulation of interleukin (IL)-17 and −22 expressing γδ T-cells, and causing more inflammation and fibrosis as compared to wild type mice. These effects would be partly derived through the potential of γδ T-cells to induced HSC apoptosis in a cell-cell contact dependent manner involving Fas-ligand (CD95L) (113).
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FIGURE 7. The dual role of inflammatory cells in liver fibrosis. While the chemokine-axes CCL2/CCR2, CCL1/CCR8, and CXCL16/CXCR6 have been shown to play a role in disease propagation through induction of a pro-inflammatory and pro-fibrogenic environment, the axes CX3CL1/CX3CR1, and CCL20/CCR6 were identified to be essential to obtain amelioration of liver function after acute or chronic damage. Besides its effects on inflammatory cell recruitment, the liver environment also influences the function of immune cells, such as through secretion of histidine-rich glycoprotein (HRG), promoting the polarization of macrophages toward an inflammatory phenotype. While therapeutic agents targeting the inflammatory system may be a promising strategy, their potential off-target effects limit their future use. Cell-specific nano-scale delivery systems such as liposomes, polymers and microbubbles may therefore aid in the development of such inflammatory-specific therapeutic tools.


The injured liver environment not only tightly regulates the inflammatory response through secretion of chemoattractants, and thus the recruitment of inflammatory cells, but also by shaping the inflammatory cell polarization and functionality. One example includes histidine-rich glycoprotein (HRG), a liver-derived plasma protein, which promotes the polarization of macrophages toward the proinflammatory (“M1-like”) phenotype, thus stimulating the propagation of liver injury and subsequent fibrogenesis (114). Disease-induced effects on immune cell function and polarization are even suggested to be obtained in the precursory bone marrow monocytes, and remain conserved in their functional derivates, the hepatic myeloid cells. For example, in murine models of NAFLD, a prominent down-regulation of calprotectin coding genes S100a8 and S100a9 is observed in the myeloid cells of both the liver and bone marrow (115). Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors, subdivided into 3 isoforms (PPARα, PPARγ, and PPARδ/β), with PPARγ and PPARδ being involved in macrophage polarization. Such effects where proven through administration of lanifibranor, a pan-PPAR agonist, to palmitic acid-stimulated murine macrophages and patient-derived circulating monocytes, leading to a reduction in the expression of proinflammatory genes. When administered to choline-deficient amino acid-defined high fat (CDAA)- and Western-diet (WD) mice models, lanifibranor showed significant beneficial effects on the extent of steatosis and hepatitis, thus suggesting its potential use as therapeutic agent for NAFLD/NASH (116).

While modulators of immune cell recruitment, functionality and polarization may represent interesting therapeutic options in the battle against liver disease, their systemic administration may cause unwanted side-effects. Nanomedicine-based approaches, targeting specific cell types, may eliminate this drawback. Different nano- and micrometer-sized drug delivery systems have been developed and were shown to target distinct cellular players of the inflammatory process (117). Indeed, after systemic administration, PEGylated liposomes are rapidly taken up by the dendritic cells of the liver, lung, and kidney, poly(N-(2-hydroxypropyl) methacrylamide) polymers by the endothelial cells in the liver, neutrophils and alveolar macrophages, and poly n-butylcyanoacrylate (PBCA) microbubbles by KC and splenic red pulp macrophages (118). The absence of any effects of these drug carrier systems with regard to hepatotoxicity or inflammation, regardless of its efficient uptake by myeloid immune cell in the liver, is promising concerning future clinical application (119). It should be noted that the fibrotic liver environment significantly affects the targeting efficiency of the different mentioned carrier systems, therefore suggesting the need for an adapted nanomedicine-based approach for interfering with early events in the pathogenesis of chronic liver disease (120).



Innate Lymphoid Cells and Liver Fibrosis

Innate lymphoid cells (ILCs) represent a heterogeneous family of innate immune cells with lymphoid phenotypes, but lack rearranged antigen receptors (121). Traditionally, ILCs have been divided into 3 groups based on the expression of specific transcription factors, cell-surface markers, and signature cytokines. Members of group 1 are IFN-γ producing and T-bet dependent ILCs (ILC1s). Group 2 ILCs (ILC2s) are a population of cells that preferentially produce type 2 cytokines, including IL-5 and IL-13, and require GATA3. Group 3 ILCs (ILC3s) can produce IL-17 and/or IL-22, and are dependent on RORγt.

This classification was recently revised. Two new members were added to the ILC family: conventional NK cells (cNK) and lymphoid tissue-inducer cells. However, the unambiguous definition of ILC1 and cNK and their differentiation from each other is still challenging and is likely to differ between mice and men (122). For instance, transcriptional profiling of hepatic ILCs demonstrated mouse liver ILC1s to display unique expression patterns for several chemokine receptors and adhesion molecules, including CXCR6, CD103, CD49a, CD69 (123, 124), markers that have been proposed to characterize liver resident NK (lrNK) cells in humans (125, 126). Within each group, ILCs are heterogeneous in terms of phenotype and cytokine profiles within tissue and between different organs, both in mice and humans. Moreover, there is increasing data suggesting that localization of ILC subsets in specific compartments relates to their roles in immune and inflammatory responses.

cNK cells are critically involved in the immune-pathogenesis of liver disease and both murine and human cNK cells have been shown to exhibit anti-fibrotic activity by the induction of apoptosis and/or killing of activated star cells (127, 128). This anti-fibrotic function of cNK cells is linked to the surface expression of activating NK cell receptors including NKG2D, NKp46, and NKp30, that recognize specific molecules expressed on activated HSC. In addition to NK cell receptors, members of the TNF superfamily are also involved in the anti-fibrotic activity of NK cells. Activation of HSCs leads to an increased expression of TRAIL receptors resulting in an increased susceptibility to apoptosis induction by TRAIL-expressing NK cells (128).

Of note, most of these data were obtained in studies with peripheral cNK cells, so it is unclear to what extent these results can be extrapolated to lrNK cells. In addition, further work is needed to clarify which subsets of lrNK cells are involved in modulating liver fibrosis. Moreover, it is important that the function of NK cells is influenced by the surrounding microenvironment, such as local cytokine concentration or interactions with other immunocompetent cells. For instance, we demonstrated that CD4+ T cells effectively trigger anti-fibrotic cNK cell activity in an IL-2 dependent fashion (129) whereas regulatory T cells can exert inhibitory effects on NK cell anti-fibrotic activity, thus promoting fibrogenesis (130). In addition, chronic liver cell damage leads to increased levels of Transforming growth factor-β (TGF-β), which inhibits the anti-fibrotic function of NK cells by downregulating NKG2D and 2B4. With regard to the other members of the ILC family, data on their possible role in hepatic fibrogenesis are rather sparse. McHedlidze et al. demonstrated that in mice interleukin-33 (IL-33), secreted by injured hepatocytes, activates ILC2 to produce IL-13, which then induces activation of hepatic stellate cells, thereby promoting hepatic fibrogenesis (131). This observation provided first evidence that ILCs other than cNK cells also modulate hepatic fibrosis.

In the context of human liver disease, Forkel and co-workers observed a correlation between the severity of fibrosis and the proportion of intrahepatic ILC2, which may produce IL-13 and mediate pro-fibrotic activity. The increased production of IL-33 and thymic stromal lymphopoeitin by hepatocytes, HSCs and Kupffer cells is discussed as a possible mechanism of ILC2 activation (132). However, given the low abundance of ILC2 in the human liver the exact role of this subset still has still to be defined. With respect to ILC3, Wang et al. observed an intrahepatic accumulation of IL-17 and IL-22 producing ILC3, which displayed pro-fibrotic activity in CCl4-induced liver fibrosis (133). Whether human group 3 ILCs also play a role in hepatic fibrogenesis is unclear at the moment. However, given their important role in maintaining intestinal health by promoting immunity to pathogens, limiting inappropriate inflammatory responses to commensal bacteria or dietary antigens, or mediating repair following tissue damage ILCs may also indirectly modulate liver fibrosis via affecting the so called “gut-liver axis.” Both, derangement of the gut microflora (the microbiome) as well as defects of the intestinal barrier integrity have been shown to promote microbial translocation (MT) and there is accumulating evidence, mainly obtained in mouse models, indicating that ILCs critically affect both parameters. Exposure of hepatic immune cells to such gut-derived microbial products is considered to trigger hepatic inflammation in an inflammasome-dependent manner and to modify immune responses of intrahepatic immune cells, thereby accelerating hepatic fibrogenesis. Thus, it is tempting to speculate that alterations of the intestinal ILC population in liver disease may result in increased microbial translocation, thereby promoting hepatic inflammation and fibrogenesis.

Despite relevant progress, our understanding of hepatic ILCs and their role in fibrogenesis is still incomplete. Important questions concerning the role of specific subsets, the influence of the hepatic microenvironment and the gut-liver axis still need to be answered in detail to improve our understanding of the immunopathogenesis of liver cirrhosis.



NLRP3 Inflammasome Activation in Liver Disease Progression

Inflammasomes are intracellular multi-protein complexes expressed in parenchymal as well as non-parenchymal cells in the liver. They act as key regulators of inflammation and cell fate in various diseases (134). In humans, Nlrp3 gain-of-function mutations are causing a spectrum of rare auto-inflammatory disorders known as cryopyrin associated periodic syndromes (CAPS). The nucleotide-binding oligomerization domain-like receptor (NLR) pyrin domain containing 3 (NLRP3) inflammasome consists of NLRP3, apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), and pro-caspase-1. The assembly of these three main components is triggered by different molecular and pathogenic structures such as bacterial LPS, adenosine triphosphate (ATP), uric acid, reactive oxygen species (ROS), fatty acids, bile acids (134). The activation of the functional inflammasome requires two signals (or two hits), one for inducing gene expression and assembly and the second for activating the effector component caspase 1. Active caspase-1 mediates the cleavage and release of the pro-inflammatory cytokines IL-1β and IL-18. Alongside Nlrp3-associated programmed cell death termed pyroptosis is initiated ultimately causing cell swelling and disruption of plasma membrane due to the assembly of the pore forming gasdermin D. This form of cell death is triggered by pro-inflammatory signals and associated with inflammation in which processes are triggered that enhance or initiate attraction and activation of immune cells but also perpetuate an abnormal wound-healing response (135, 136). This is also reflected in the term pyroptosis composed of “pyro” and “ptosis.” While “pyro” comes from the Greek word fire indicating the properties of an inflammatory reaction, the Greek word term “ptosis” standing for falling indicate the processes that are associated with the process of cell death (136).

Methionine- and choline-deficient diet (MCDD) or prolonged high fat diet (HFD) induced murine NASH characterized by steatosis and immune cell infiltrates, display increased hepatic mRNA expression of IL-1β, NLRP3, caspase 1, and ASC alongside elevated caspase-1 activity (137, 138). NLRP3 knockout mice fed a choline-deficient amino acid-defined [CDAA] diet were protected from similar inflammation and fibrosis development (139). Hepatic stellate cell (HSC) specific NLRP3-inflamasome-activation induced transdifferentiation to pro-fibrotic myofibroblasts, with livers of 24 weeks old mice showing increased expression of fibrotic α-smooth muscle actin (α-SMA) and collagen independent of inflammation (140). Interestingly, severe inflammatory changes associated with universal overactive Nlrp3 were almost completely rescued by TNF knockout alongside decreased IL-1β levels, while IL-17 deletions had only minor influence on the induced phenotype (141). Specific blocking of TNF by eternacept also rescued the gain of function phenotype, while reducing serum IL-1ß and IL-18 levels significantly in vitro and in vivo (142). Targeting the inflammasome with the selective small-molecule inhibitor MCC950 suppressed infiltration with immune cells in NASH caused by overnutrition in atherogenic diet-fed foz/foz mouse model alongside decreased IL-1β, IL-6, and MCP-1 levels (143). These results warrant targeting Nlrp3 as a possible therapeutic approach. In addition to its effect on the liver, global Nlrp3 knockout mice fed with MCDD for 3 weeks showed hepatic steatosis alongside alterations in the gut microbiota. Co-housing resulted in exacerbated fatty liver phenotype in wild type animals (144). In the MDR2 knockout model of primary sclerosing cholangitis, intestinal dybiosis was associated with pronounced Nlrp3 inflammasome activation in the gut-liver axis. Microbiome transfer from healthy mice markedly reduced liver injury in the recipient, so did the pan caspase inhibitor IDN-7314 hinting toward the importance of caspase activation to promote liver injury (145). Nlrp3-deficient mice that underwent bile duct ligation (BDL) as a model for primary sclerosing cholangitis (PSC) had significantly less inflammation in acute (2 days) and chronic (28 days) injury in liver and kidney, hinting toward an important role of the inflammasome as well. This finding was confirmed with the use of the specific Nlrp3 inhibitor MCC950 that cut down disease progression in wild type mice in the BDL model (146).

Recently, a lot of effort was focused on the evaluation of gut microbiota, which was found to be important in the constant interplay between gut and liver. NASH condition induced by MCD diet was markedly improved using the depletion of gut microbiota and consequent repopulation. Commensal microbiota appears to be hepatoprotective in that regard (147). Gastrointestinal dysbiosis associates with increased production of PAMPs and DAMPs, which then enter portal circulation and promote NLRP3 inflammasome activation and specifically inflammation in the liver most importantly by interacting with TLR4 (Figure 8) (148). In obesity, increased intestinal permeability attenuated the expression of tight junctions, which facilitated the effect (149). Depletion of the G-Protein coupled receptor CX3CR1 was associated with significantly altered intestinal microbiota composition due to an impaired intestinal barrier. Endotoxin levels in portal serum and consequently inflammatory macrophages in liver were increased in CX3CR1 deficient mice, indicating an increased inflammatory response (150). As persistent inflammation of gut and fibrosis are preconditions for the development of hepatocellular carcinoma (HCC), effort focused on connecting inflammation in the liver with tumor biology. Signaling of Toll like receptors through the universal adaptor Myd88 and consequent IRAK resulting in NF-κB activation might be important in this process. Functional evaluation of the CC-chemokine ligand 5 in murine model of HCC using hepatocyte specific knockout of NF-κB essential modulator (NEMO) reduced TNF induced apoptosis in those mice, alongside reduced immune cell infiltration of granulocytes and pro inflammatory monocytes (151). While hepatocyte-specific deletion of MyD88/NEMO promotes the tumor progression in mice, this development was ablated in global Myd88/hepatocyte-specific knockouts of NEMO providing further evidence that inflammatory signaling through TLR in non- parenchymal cells of the liver is a driver of disease progression and might be a relevant target for disease treatment or prevention (152).
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FIGURE 8. Multitudes of metabolic products like alcohol and free fatty acids can lead to enhanced intestinal permeability by disrupting tight junctions of intestinal epithelial cells. PAMPs and DAMPs that enter the liver initiate gene transcription of pro-IL-1β, pro-IL-18, and NLRP3 itself by binding to an appropriate receptor (here TLR4; signal 1). Injured and dying hepatocytes release DAMPs including endogenous ATP or uric acid that promote the assembly of the three main effectors NLRP3, ASC and procaspase 1 to form the inflammasome. The active caspase 1 cleaves pro-IL-1β and pro-IL-18 as well as Gasdermin (GSDMD) into their mature forms. The N-terminal GSDMD fragments form a membrane pore to enable the release of IL-1β and IL-18 in order to attract further immune cells (Figure was partly created by Biorender).


In summary (see Figure 8), the Nlrp3 inflammasome was shown to be important in fibrosis progression in various models of murine liver disease. Especially continuous inflammatory conditions are often causing for advanced stages of liver fibrosis including HCC. Hence, targeting inflammation and especially NLRP3 seems a viable choice in decreasing severity and slowing fibrosis progression in the future.



Impact of Chronic IFN-I Signaling in Liver Fibrosis on Anti-viral Immunity

Next to its metabolic functions, the liver represents an important immunological organ housing the largest macrophage population in the body, the Kupffer cells, as well as a great number of conventional and innate-like lymphocytes. Due to its anatomical location, the liver with its arsenal of immune cells acts as firewall against invading pathogens as well as microbial products crossing the gut barrier (153).

Chronic liver injury, caused by toxins, viral infections or auto-immune disease can lead to the development of liver fibrosis and cirrhosis, resulting in a progressive loss of functional liver parenchyma as well as an impairment of the antimicrobial functions of the liver. The gut-liver axis plays a pivotal role in the perpetuation and outcome of liver fibrosis, as the loss of barrier integrity and translocation of gut microbiota have emerged as key risk factors associated with the high incidences of bacterial infections, the aggravation of the fibrotic process and long-term malignancy and HCC development (154, 155). Acute bacterial and viral infections leading to hepatic decompensation and multi-organ failure account for the most important clinical consequences and constitute the main cause of morbidity and mortality in patients with liver cirrhosis (156–158). Previous data suggested that the enhanced susceptibility to infection and overall suboptimal immune responses were due to impaired innate immune cell functionality, as impairments in macrophage (159) and neutrophil function as well as defects in the complement system (160) were reported. The exact mechanisms determining the failure of cirrhotic patients to contain bacterial infections however, remained unclear.

Within the SFB/TRR57 consortium, it has been discovered that innate sensing of translocated gut microbiota by hepatic myeloid cells induces a chronic production of type I interferon that massively impairs innate immune responses to de novo bacterial infections during cirrhosis (161). Upon infection with cytosolic pathogens such as Listeria, IFNAR signaling in these myeloid cells triggers the expression of IL-10, resulting in the inhibition of key bactericidal mechanisms in monocytes and macrophages (162). Using two different mouse models of liver fibrosis, i.e., BDL and CCl4 injection, it was shown that liver fibrosis is associated with enhanced lethality and impaired clearance of the pathogenic bacteria Listeria monoytogenes. Beside impaired phagocytosis and reduced production of effector cytokines such as IL-12 and IL-1β, the chronic IFNAR signaling in mice with fibrosis led to impaired granulopoiesis indicated by drop of neutrophil numbers in the blood upon Listeria infection. Using Germ-free or TLR-deficient mice it was shown that TLR-mediated sensing of microbiome-derived PAMPs is the trigger of the “immune suppressive” IFN-I, as myeloid cells from GF mice compared to their counterparts from SPF mice showed normal phagocytic and antibacterial functions as well as low levels of IL-10 upon Listeria infection despite liver fibrosis. Importantly, these findings were mirrored in human tissues and cells, as patients with NASH or ASH induced cirrhosis showed significantly higher hepatic IFNβ expression. Moreover, IL-10 production in monocytes was increased after infection with the intracellular bacteria, L. monocytogenes, Legionella pneumophila, Mycobacterium avium, or Salmonella typhimurium.

Both genetic ablation as well as antibody-mediated inhibition of IFNAR signaling led to improved survival and bacterial clearance in fibrotic mice, suggesting that the described signaling axis could be targeted for the benefit of liver fibrosis patients. Improved anti-bacterial immune response upon inhibition of IFNAR signaling was associated with decreased levels of IL-10, strengthening the idea that IL-10 might mediate the downstream mechanism by which IFN-I exerts its immune suppressive function in fibrosis. Strikingly, antibody-mediated neutralization IL-10 receptor promoted Listeria clearance and prevented infection-associated mortality. Of note, blockade of IL-10R signaling in the fibrotic mice after Listeria infection did not induced any immune pathology in our models. These findings suggested that interference with the IL-10R signaling pathway in patients with liver cirrhosis might offer a safe therapeutic option with beneficial effects on antibacterial immune defenses and reduce infection associated mortality.

These results highlight the pathophysiological importance of gut microbial translocation in liver cirrhosis and identify IL-10 and interferon receptor signaling as molecular targets for therapeutic intervention to overcome the failure to control infection with intracellular bacteria. The findings further support the key role of the liver as a firewall of the immune system as the loss of this line of defense during liver cirrhosis leads to systemic immune failure upon bacterial infections.




REPAIR AND MODULATION OF LIVER FIBROSIS

In the subsequent paragraphs we will review a selection of novel regulatory mechanisms contributing to the pathogenesis of liver fibrosis that have been investigated in detail by the SFB/TRR57 consortium. In particular, individual members of the CCN protein family representing matricellular proteins that coordinate and promote signaling among extracellular matrix, secreted proteins and cell surface receptors were in the focus of research as illustrated in Figure 9. Similarly, the consortium investigated the influence of the renin-angiotensin system and its counteracting receptors for hepatic fibrosis and portal hypertension. These studies were complemented with the establishment of novel imaging probes and protocols for monitoring, molecular diagnosis, staging and monitoring fibrosis reversal in the liver during pharmacological intervention. As such, this subject area significantly contributed to the understanding of molecular mechanisms of fibrosis and provided a step forward to translate research findings on organ fibrosis to novel diagnostic and therapeutic strategies for future clinical management of patients suffering from organ fibrosis.
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FIGURE 9. Concepts for the repair and modulation of liver fibrosis. Detailed explanations are given in the main text. CCN1, Cellular Communication network factor 1; PDGF, Platelet-derived growth factor.



Targeting CCN1/CYR61 as a New Treatment Modality in Hepatic Fibrosis

The protein family of Cellular Communication network (CCN) factors contains six matricellular proteins (CCN1-CCN6). A CCN protein is composed of a signal sequence and four distinct structural modules including an insulin-like growth factor binding domain, a von Willebrand factor type C motif, a thrombospondin type I module, and a carboxyl-terminal cystine knot motif containing two disulfide bridges (163–165). These proteins are critically involved in the control of development, cell fate, angiogenesis, tumorigenesis, osteogenesis, cell adhesion, mitogenesis, migration, chemotaxis, cell survival, and extracellular matrix production. CCN proteins are further capable to bind pro-fibrogenic cytokines such as TGF-β and the production of reactive oxygen species (ROS) that are both involved in the production of liver damage and initiation of hepatic fibrogenesis. Most strikingly, individual CCN members can mutually inhibit each other's expression and drive opposite effects of biological processes (166, 167). In this dualistic Yin and Yang activity concept, individual CCN proteins are independently acting but interconnected in a regulatory dynamic network that decides about the outcome of both, physiological and pathological processes. In regard to liver fibrosis, the interplay of CCN actions is even more complex and far beyond the complementary nature of Yin and Yang. This was exemplarily documented in a study showing that the adenoviral overexpression of CCN2 suppressed CCN3 expression, while the overexpression of CCN3 as well as the suppression of CCN3 by targeted siRNAs both resulted in enhanced CCN2 expression (168). In vivo, the expression of CCN2 and CCN3 are both increased in models of ongoing fibrogenesis. However, the cellular subsets expressing CCN2 or CCN3 are different and are strongly dependent on the model. In the BDL model, CCN3 expression in damaged liver is majorly found in mesenchymal and proliferating bile duct epithelia cells along the fibrotic septa, while CCN3 is predominant in persinusoidal areas peripheral to centrilobular hepatic necrosteatosis in the CCl4 model (168). In contrast, CCN2 expression is markedly increased in damaged and cultured hepatocytes, which however do not express CCN3 (168). Artificial overexpression of CCN3 reduced expression of CCN2 in cultured hepatocytes, but failed to reduce liver fibrogenesis in the BDL model (169). Interestingly, adenoviral overexpression of either CCN2 or CCN3 in cultured hepatocytes induced reactive oxygen species formation and activated p38 and JNK pathways, thereby triggering hepatocyte apoptosis (169).

In the liver, CCN1 has several important activities (Figure 10). It acts as a senescence inducer that might be particularly important in later stages of wound healing by avoiding progressive fibrosis and by initiating resolution of fibrotic scar tissue (170). When massively overexpressed, CCN1 is directed to the endoplasmic reticulum (ER), resulting in ER stress and unfolded protein response (UPR). The resulting apoptosis of HSC is correlated with reduced collagen expression confirming that CCN1 has the capacity to attenuate liver fibrogenesis by modulating the three phases of endoplasmic reticulum stress, namely adaptation, alarm, and apoptosis (170). Moreover, CCN1 was shown to attenuate TGF-β signaling by scavenging TGF-β, thereby mitigating the overall fibrogenic response in vitro and in vivo during phases of liver insult (171). In portal myofibroblasts, CCN1 induced ROS formation, p38 phosphorylation, and upregulation of Fas, suggesting that resulting apoptosis requires excessive formation of free radicals and modulation of associated downstream cellular signaling pathways (171). Similarly, the overexpression of CCN2, CCN3, or CCN4 effectively induced ER stress and UPR in HSC, hepatocytes, and portal myofibroblasts suggesting that CCN proteins are generally associated with processes involved in hepatic tissue repair following liver injury (172, 173). Although UPR-mediated hepatocyte apoptosis might hinder hepatic tissue repair, it was suggested that CCN expression might be therapeutically attractive to mitigate liver fibrosis, especially when gene expression is specifically directed to HSC, MFB and portal myofibroblasts (172, 173). Hepatocytes express large quantities of CCN2. This alone does not cause hepatic injury or fibrosis per se, but renders the liver more susceptible to injurious actions of other fibrotic stimuli including TGF-β (174, 175). In addition, the reverse (i.e., the blockade of CCN2) has the potential to be an effective treatment for liver fibrosis. This again highlights the complexity in CCN protein biology and demonstrates that targeting of a specific member of this family might result in an unexpected outcome. Therefore, it was proposed that CCN proteins are part of an interconnected team that forms a scaffolding system in which the different CCN proteins act as connectors to permit a balanced series of biological effects (165).


[image: Figure 10]
FIGURE 10. CCN1 in liver homeostasis and disease. CCN1 consists of a secretory signal (SP), an insulin-like growth factor-binding protein domain (IGFBP), a von Willebrand type C domain (VWC), a thrombospondin-1 domain (TSP-1), and a cysteine knot (CT). The biological activities of CCN proteins manifest during liver injury. They stimulate the activation and transdifferentiation of hepatic stellate cells (HSC) to matrix-producing myofibroblasts (MFB), modulate cytokine activity, regulate apoptosis/necrosis, and fine-tune mechanisms involved in control of cell-cell contacts, cell renewal, epithelial-to-mesenchymal transition (EMT), and (neo-)angiogenesis. Large quantities induce endoplasmic reticulum stress and unfolded protein response. Moreover, they can bind cytokines such as TGF-β, thereby modulating their activities and pathways.




Angiotensin Stimulated Hepatic Fibrogenesis and Portal Hypertension: Receptor Regulation and Intracellular Signaling
 
Liver Fibrosis and Portal Hypertension

Chronic liver injury drives hepatic fibrosis defined as excessive production and deposition of extracellular matrix (ECM) components (176). In the pathogenesis of liver fibrosis there are two decisive cellular processes, namely recruitment of inflammatory cells leading to perpetuating of inflammation and proliferation of myofibroblasts. They derive mainly from activated HSCs representing the main ECM-producer (177). Inflammation and fibrosis cause narrowing of intrahepatic microvessels and increase intrahepatic resistance to portal blood flow. The intrahepatic hyper-responsiveness of myofibroblasts to vasoconstrictors such as angiotensin II further augments hepatic resistance to portal flow. Thus, progression of fibrosis leads to end-stage liver disease (cirrhosis) and increased portal pressure, both of which are responsible for morbidity and mortality in chronic liver diseases (178). The renin-angiotensin-system (RAS) is crucially involved in the pathogenesis of fibrosis and portal hypertension.



Role of Renin-Angiotensin-System in Hepatic Fibrosis and Portal Hypertension

In patients and animals with liver cirrhosis, RAS is activated (Figure 11), leading to increased levels of circulating angiotensin II (179). In human liver samples of cirrhotic patients, the components of the classical renin-angiotensin-system (angiotensinogen, renin, angiotensin-converting-enzyme) are upregulated, and Angiotensin-II-type-1 receptor (AT1R) stimulation is increased (180, 181). The link between AT1R stimulation and development of fibrosis with portal hypertension has been well-established in animal models. The continuous injection of angiotensin II induced fibrosis in rats as shown by elevated hepatic hydroxyproline-content. The absence of AT1R in mice resulted in reduced fibrosis upon liver injury, which is in agreement with previous data and supports our working hypothesis that the AT1-receptor is important for the development of fibrosis and portal hypertension. This was underlined in TG(mREN2)27 rats, which overexpress Renin, especially in the liver, and develop spontaneous liver fibrosis and portal hypertension (182) without additional experimental hepatic injury.
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FIGURE 11. Renin-angiotensin-system (RAS) in liver fibrosis. Angiotensinogen is cleaved by renin into Angiotensin I (Ang I), which is further converted to Angiotensin II (Ang II) by Angiontensin-Coverting-Enzyme (ACE). Ang II is the agonist of AT1R, which signals G-protein dependent via Janus-kinase 2 (JAK2), Argef1/RhoA/Rho-kinase. This constitutes the classical RAS, which is known to lead to activation of hepatic stellate cells (HSC) and thereby to fibrosis and their contraction. The G-protein coupled pathway is terminated by beta-arrestin-2 binding to AT1R, which may terminate the contraction, but still may induce fibrosis via ERK-activation. Ang II may be further metabolized to Ang1-7 by ACE2, which represents the alternative RAS-pathway. The alternative RAS-pathway may block contraction via mas-receptor (masR) stimulation. The role of masR and beta-arrestin-2 are still under investigation and be crucial to elucidate the mechanisms in HSC, but also may offer therapeutic options for liver fibrosis and portal hypertension.


On the other side, the alternative RAS, including angiotensin-converting-enzyme-2 and mas-Receptor (masR), is also increased in cirrhotic livers (179, 183). This mediates vasodilation by formation of NO. Thus, the stimulation of the masR using angiotensin (1–7) and/or the non-peptidic orally active agonist AVE 0991 could decrease hepatic resistance and portal pressure in cirrhotic rats (183, 184). Since both receptors are upregulated in liver fibrosis with portal hypertension, it should be important to distinguish interaction of pathways induced by stimulation of the respective receptors (Figure 11).



Intracellular Effectors of AT1R in Hepatic Fibrosis

AT1R is coupled to heterotrimeric G-proteins (Gaq/11, Ga12/13) allowing stimulation and activation of several signal pathways (phospholipase C, RhoA, protein kinase C, MAP kinases), which are involved in both smooth muscle contraction, as well as ECM-production. Especially G-protein coupled RhoA/Rho-kinase stimulation of the AT1R-pathway seems to be responsible for fibrosis and portal hypertension (185–187). AT1R stimulation causes G-protein mediated activation of the small monomeric GTPase, RhoA, via GTP-loading and membrane translocation of the protein. GTP-RhoA in turn activates its effector Rho-kinase, which mediates vasoconstriction via inhibition of myosin light chain phosphatase. Inhibition of RhoA-activation using statins decreased intrahepatic resistance in cirrhosis and reduced fibrosis as shown in different fibrosis models in vivo (185–187). This effect was achieved by inducing p21 dependent senescence in activated hepatic stellate cells/myofibroblast (185–187). Interestingly, the link between AT1R and the RhoA/Rho-kinase pathway is obtained via Janus-kinase-2 (JAK2) and Arhgef1, the nucleotide-exchange-factor for RhoA involved in RhoA-activation (180, 181). This could be demonstrated not only in several animal models of liver fibrosis with portal hypertension, but also in liver samples of cirrhotic patients (180–182). As expected, pharmacological inhibition and genetic deletion of JAK2 decreased fibrosis and portal hypertension via downregulation and inhibition of downstream effectors (Arhgef1/RhoA/Rho-kinase) (180, 181) as reported by different groups (188). The G-protein coupled AT1R-pathway is terminated by intracellular binding of beta-arrestin-2, which is also over-expressed in liver fibrosis, probably in HSC, as shown recently (189). The exact role of beta-arrestin-2 in liver fibrosis, beyond a countering AT1R-stimulation, is still under investigation.

masR seems to play a greater role in the regulation of vascular tone than in fibrogenesis, although it is highly upregulated in hepatic fibrosis and likely co-localized with α-SMA, suggesting an expression in activated hepatic stellate cells (179, 183, 184). Intracellular pathways in hepatic stellate cells induced by the masR are still under investigation.



HSC-Specific Targeting of AT1R-Downstream Effectors in Portal Hypertension

This increased portal pressure is not only a consequence of increased hepatic resistance in hepatic fibrosis, but is also maintained by splanchnic hyperperfusion as a consequence of decreased splanchnic vascular resistance. This is due to a dysfunctional Rho-kinase pathway among others (190). Therefore, targeting the Rho-kinase system does not only decrease intrahepatic resistance, but also diminishes systemic vascular resistance leading to severe and dangerous hypotension. This may be bypassed by cell-specific targeting of Rho-kinase-inhibitor (Y27632), using different drug-carriers, selectively binding to either M6P/insulin-like growth factor II (M6P/IGFII) receptor or PDGF-R on activated HSC. This strategy decreased portal pressure in different rat models of fibrosis with portal hypertension without major extrahepatic effects (191, 192).

In summary, the role of RAS is complex in hepatic fibrosis and portal hypertension. RAS offers several targets which may be useful in translational approach to treat fibrosis and portal hypertension with distinct effects within and outside the liver.




Imaging Liver Fibrosis

Diagnosis and staging of liver fibrosis can be done using histopathological stainings of tissue biopsies, using tissue biopsies, circulating biomarkers, multimodal risk scores and non-invasive imaging. Biopsies have remained to be the gold standard, in spite of the fact that they have several drawbacks. These include their invasive nature and the fact that they provide limited spatial information, which leads to sampling variability and which thereby negatively affects diagnostic accuracy (193). Regarding liquid biopsies, several blood biomarker tests are available, including the FibroTest (which assesses the serum levels of α2-macroglobulin, apolipoprotein A1, haptoglobin, γ-glutamyl transpeptidase, total bilirubin and alanine transaminase), the ELF test (i.e., the Enhanced Liver Fibrosis test; which assess the serum levels of hyaluronic acid, tissue inhibitor of metalloproteinase-1 and procollagen 3 aminoterminal peptide) and the APRI test (i.e., the aspartate transaminase to platelet ratio index). Imaging biomarkers have thus far mostly relied on the assessment of tissue stiffness using elastography. Ultrasound-based FibroScan analyses have been shown to be reasonably useful for detecting liver cirrhosis, but their accuracy for diagnosing and staging of intermediate to late stage liver fibrosis has its limits (194). The same holds true for magnetic resonance (MR) elastography, as well as for other MRI-based techniques that have been employed for fibrosis diagnosis and staging, such as MR spectroscopy and diffusion-weighted imaging (195). Thus, it would be valuable to possess readily repeatable diagnostic tests for monitoring liver fibrosis progression and treatment response.

Contrast-enhanced computed tomography (CT) was employed to study pathological angiogenesis during liver fibrosis progression in mice (196). Both CCl4 and BDL mouse models were employed. The methodology for in vivo functional and ex vivo anatomical blood vessel imaging was adapted from studies in mouse tumor models (197). As shown in Figure 12A, contrast-enhanced CT revealed a correlation between liver fibrosis stage and the hepatic relative blood volume. This was partially explained by the enhanced infiltration of inflammatory monocyte-derived macrophages, which co-localized with newly formed blood vessels. These cells had a pro-angiogenic phenotype, expressing VEGF and MMP9. To attenuate the accumulation of inflammatory macrophages in the liver, an RNA aptamer was employed that binds to CCL2 and inhibits the infiltration of CCR2-positive macrophages. Using both in vivo and ex vivo CT imaging (Figure 12A), it was demonstrated that blocking inflammatory macrophage infiltration reduced pathological angiogenesis during liver fibrosis progression. It did not, however, affect the overall extent of liver fibrosis. In the combined fibrosis-HCC mouse model (which relies on the application of DEN and CCl4), subsequently the contribution of CCR2-positive macrophages to hepatocarcinogenesis and tumor angiogenesis was studied (198). Using transcriptional profiling, three major myeloid cell populations were identified in liver tumors, of which the CCR2-positive subset displayed potent activation of inflammatory and angiogenic signaling pathways. As evidenced by anatomical and functional CT imaging, as well as extensive histology, inhibiting CCR2-positive macrophage infiltration using the CCL2-binding RNA aptamer reduced pathological angiogenesis, hepatic blood volume and liver tumor volume (Figures 12B,C).
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FIGURE 12. Imaging liver fibrosis. (A) Contrast-enhanced in vivo and ex vivo micro-CT imaging reveals pathological angiogenesis in CCl4-induced liver fibrosis, as well as inhibition of fibrosis-associated angiogenesis upon anti-CCL2 RNA aptamer therapy. (B,C) Micro-CT-based assessment of the antitumor and anti-angiogenic effect of anti-CCL2 RNA aptamer therapy in the DEN-CCl4 fibrosis-HCC mouse model. (D) ESMA-enhanced molecular MRI of perivascular elastin deposition in CCl4-induced liver fibrosis in mice. (E,F) Multimodal optical imaging was employed to demonstrate that CCl4-induced liver fibrosis affects the organ distribution and cellular accumulation of prototypic drug delivery systems in the liver. Images reproduced, with permission, from (118, 120, 196, 198, 199).


Regarding molecular imaging, probes and protocols have been established to address the gradual deposition of ECM components in the liver during fibrosis progression. Caravan et al. combined MRI and the collagen-binding agent EP-3533 for diagnosis and staging of CCl4-induced liver fibrosis in mice (200). We employed the elastin-binding agent ESMA, which had been shown to be suitable for imaging atherosclerotic plaque burden by Makowski et al. (201), to non-invasively assess elastin deposition in fibrotic livers. As shown in Figure 12D, it was found that the elastin-binding probe accumulated in perivascular areas in large and medium-sized vessels in fibrotic livers, but not in healthy livers (199). Such targeted molecular imaging setups are considered to be useful for non-invasive and disease-specific diagnosis and staging. Because they are more easily repeatable than biopsies, they can serve as surrogate endpoints in clinical trials, facilitating the development and testing of novel anti-fibrotic drugs.

Drug delivery systems, also known as nanomedicine formulations, are extensively used to improve the biodistribution and target site accumulation of pharmacologically active agents. In the past couple of years, several nanomedicine formulations have been developed for drug targeting in liver inflammation and fibrosis. These have e.g., included 10 nm-sized glycopolymers modified with selectin-ligands (202, 203), 100 nm-sized liposomes loaded with the potent corticosteroid dexamethasone (204, 205), and 2 μm-sized polymeric microbubbles which can be drug-loaded and locally triggered to release their contents using ultrasound (119). By means of hybrid computed tomography—fluorescence molecular tomography (CT-FMT), as well as by fluorescence microscopy and flow cytometry, the biodistribution and the accumulation of these delivery systems in myeloid and lymphoid immune cells was visualized and quantified (Figures 12E,F). This was done in healthy mice a well as in mice with liver fibrosis. Overall, strong uptake in myeloid cell populations was observed, and accumulation in lymphoid cells was minimal (120). Interestingly, while whole-body imaging indicated strong and preferential uptake of all three systems in the liver, flow cytometry and microscopy revealed that macrophage uptake in the liver was significantly reduced in the case of fibrosis (118). Importantly, however, the nanomedicine formulations did still localize in immune cells infiltrates in fibrotic livers, corroborating their propensity to target myeloid cells in areas of inflammation. Last but not least, again using CT-FMT imaging in combination with flow cytometry, it was shown that siRNA-containing nanoformulations efficiently target hepatic stellate cells in fibrotic livers, thereby enabling Cyclin E1-directed gene silencing therapy to attenuate liver inflammation and fibrosis (14).

Taken together, the above examples demonstrate that there has been good progress in establishing materials and methods for liver fibrosis imaging and targeted therapy. In the future, several of these technologies will be evaluated in the clinic, including also theranostic agents, which allow for initial image-based patient stratification and subsequent treatment of pre-selected patient cohorts. Such theranostic probes and protocols can help to make clinical translation more efficient and they are consequently considered to be valuable for successful drug development.




CONCLUDING REMARKS

Hepatic fibrosis is a progressive disease in which the extracellular matrix is accumulating. Cell- and animal-based investigations as well as clinical studies have shown that the progression of hepatic fibrosis is a complex process involving parenchymal and non-parenchymal liver cells, as well as infiltration of immune cells. On a molecular level, the fibrogenic response is driven by numerous soluble mediators that bind to their cognate cell surface receptors and initiate downstream signaling pathways triggering the production and deposition of excessive extracellular matrix compounds. However, despite the important progress in fibrosis research, there is currently no approved anti-fibrotic therapy available that has been ultimately shown to be efficacious in the clinic. The SFB/TRR57 “Organ fibrosis—From Mechanisms of Injury to Modulation of Disease” has made notable achievements in the identification of novel risks factors that aggravate hepatic fibrosis and in the understanding of immunological mechanisms that drive initiation, progression and regression of hepatic fibrosis. Further the research consortium provided novel diagnostic and therapeutic concepts for future clinical management of patients suffering from hepatic fibrosis. In addition, the participating scientists and clinicians of the SFB/TRR57 consortium have bridged the gap between basic science and clinical practice and initiated first clinical trials in which findings of basic science are translated to human pathogenesis and potential clinical applications.

Future will tell, whether the coordinated and collaborative “bench-to-bedside” approach of the SFB/TRR57 helped to establish novel clinically anti-fibrotic therapies.



AUTHOR CONTRIBUTIONS

All authors have made a substantial, direct, intellectual contribution to the work by compiling, writing, and editing at least one chapter of this article. All authors read, edited, approved the final version of this paper, and contributed equally to the content of this publication.



FUNDING

This article was funded by the German Research Foundation (DFG), SFB/TRR57.



ACKNOWLEDGMENTS

The principal investigators of the SFB/TRR57 are grateful to all members of the participating institutions and clinics that helped to establish a close translational research network on the pathogenesis of hepatic disease in Aachen and Bonn. We are grateful to our secretaries Mrs. Heike Schrinner, Lucie Hrvat-Delforge, and Jana Lippe, who performed excellent work in coordinating the administrative work of our consortium. Finally, we would like to thank the German Research Foundation that sponsored our work over 13 years and the reviewers who endorsed refunding decisions during the interim assessments.



REFERENCES

 1. Rockey DC, Bell PD, Hill JA. Fibrosis–a common pathway to organ injury and failure. N Engl J Med. (2015) 373:96. doi: 10.1056/NEJMra1300575

 2. Nevzorova YA, Tschaharganeh D, Gassler N, Geng Y, Weiskirchen R, Sicinski P, et al. Aberrant cell cycle progression and endoreplication in regenerating livers of mice that lack a single E-type cyclin. Gastroenterology. (2009) 137:691–703.e6. doi: 10.1053/j.gastro.2009.05.003

 3. Hu W, Nevzorova YA, Haas U, Moro N, Sicinski P, Geng Y, et al. Concurrent deletion of cyclin E1 and cyclin-dependent kinase 2 in hepatocytes inhibits DNA replication and liver regeneration in mice. Hepatology. (2014) 59:651–60. doi: 10.1002/hep.26584

 4. Zheng K, Cubero FJ, Nevzorova YA. c-MYC-Making Liver sick: role of c-MYC in hepatic cell function, homeostasis and disease. Genes. (2017) 8:123. doi: 10.3390/genes8040123

 5. Nevzorova YA, Hu W, Cubero FJ, Haas U, Freimuth J, Tacke F, et al. Overexpression of c-myc in hepatocytes promotes activation of hepatic stellate cells and facilitates the onset of liver fibrosis. Biochim Biophys Acta. (2013) 1832:1765–75. doi: 10.1016/j.bbadis.2013.06.001

 6. Nevzorova YA, Cubero FJ, Hu W, Hao F, Haas U, Ramadori P, et al. Enhanced expression of c-myc in hepatocytes promotes initiation and progression of alcoholic liver disease. J Hepatol. (2016) 64:628–40. doi: 10.1016/j.jhep.2015.11.005

 7. Allen-Petersen BL, Sears RC. Mission possible: advances in MYC therapeutic targeting in cancer. BioDrugs. (2019) 33:539–53. doi: 10.1007/s40259-019-00370-5

 8. Jansen-Durr P, Meichle A, Steiner P, Pagano M, Finke K, Botz J, et al. Differential modulation of cyclin gene expression by MYC. Proc Natl Acad Sci USA. (1993) 90:3685–9. doi: 10.1073/pnas.90.8.3685

 9. Perez-Roger I, Solomon DL, Sewing A, Land H. Myc activation of cyclin E/Cdk2 kinase involves induction of cyclin E gene transcription and inhibition of p27(Kip1) binding to newly formed complexes. Oncogene. (1997) 14:2373–81. doi: 10.1038/sj.onc.1201197

 10. Hydbring P, Castell A, Larsson LG. MYC Modulation around the CDK2/p27/SKP2 axis. Genes. (2017) 8. doi: 10.3390/genes8070174

 11. Nevzorova YA, Bangen JM, Hu W, Haas U, Weiskirchen R, Gassler N, et al. Cyclin E1 controls proliferation of hepatic stellate cells and is essential for liver fibrogenesis in mice. Hepatology. (2012) 56:1140–9. doi: 10.1002/hep.25736

 12. Meijer L, Borgne A, Mulner O, Chong JP, Blow JJ, Inagaki N, et al. Biochemical and cellular effects of roscovitine, a potent and selective inhibitor of the cyclin-dependent kinases cdc2, cdk2 and cdk5. Eur J Biochem. (1997) 243:527–36. doi: 10.1111/j.1432-1033.1997.t01-2-00527.x

 13. Bettayeb K, Oumata N, Echalier A, Ferandin Y, Endicott JA, Galons H, et al. CR8, a potent and selective, roscovitine-derived inhibitor of cyclin-dependent kinases. Oncogene. (2008) 27:5797–807. doi: 10.1038/onc.2008.191

 14. Bangen JM, Hammerich L, Sonntag R, Baues M, Haas U, Lambertz D, et al. Targeting CCl4 -induced liver fibrosis by RNA interference-mediated inhibition of cyclin E1 in mice. Hepatology. (2017) 66:1242–57. doi: 10.1002/hep.29275

 15. Adams D, Gonzalez-Duarte A, O'Riordan WD, Yang CC, Ueda M, Kristen AV, et al. Patisiran, an RNAi therapeutic, for hereditary transthyretin amyloidosis. N Engl J Med. (2018) 379:11–21. doi: 10.1056/NEJMoa1716153

 16. Gonzalez-Aseguinolaza G. Givosiran - running RNA interference to fight porphyria attacks. N Engl J Med. (2020) 382:2366–7. doi: 10.1056/NEJMe2010986

 17. Hubbers A, Hennings J, Lambertz D, Haas U, Trautwein C, Nevzorova YA, et al. Pharmacological inhibition of cyclin-dependent kinases triggers anti-fibrotic effects in hepatic stellate cells in vitro. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21093267

 18. Anstee QM, Reeves HL, Kotsiliti E, Govaere O, Heikenwalder M. From NASH to HCC: current concepts and future challenges. Nat Rev Gastroenterol Hepatol. (2019) 16:411–28. doi: 10.1038/s41575-019-0145-7

 19. Schwabe RF, Luedde T. Apoptosis and necroptosis in the liver: a matter of life and death. Nat Rev Gastroenterol Hepatol. (2018) 15:738–52. doi: 10.1038/s41575-018-0065-y

 20. Feldstein AE, Canbay A, Angulo P, Taniai M, Burgart LJ, Lindor KD, et al. Hepatocyte apoptosis and fas expression are prominent features of human nonalcoholic steatohepatitis. Gastroenterology. (2003) 125:437–43. doi: 10.1016/S0016-5085(03)00907-7

 21. Vucur M, Reisinger F, Gautheron J, Janssen J, Roderburg C, Cardenas DV, et al. RIP3 inhibits inflammatory hepatocarcinogenesis but promotes cholestasis by controlling caspase-8- and JNK-dependent compensatory cell proliferation. Cell Rep. (2013) 4:776–90. doi: 10.1016/j.celrep.2013.07.035

 22. Koppe C, Verheugd P, Gautheron J, Reisinger F, Kreggenwinkel K, Roderburg C, et al. IkappaB kinasealpha/beta control biliary homeostasis and hepatocarcinogenesis in mice by phosphorylating the cell-death mediator receptor-interacting protein kinase 1. Hepatology. (2016) 64:1217–31. doi: 10.1002/hep.28723

 23. Schneider AT, Gautheron J, Feoktistova M, Roderburg C, Loosen SH, Roy S, et al. RIPK1 suppresses a TRAF2-dependent pathway to liver cancer. Cancer Cell. (2017) 31:94–109. doi: 10.1016/j.ccell.2016.11.009

 24. Nirmala JG, Lopus M. Cell death mechanisms in eukaryotes. Cell Biol Toxicol. (2020) 36:145–64. doi: 10.1007/s10565-019-09496-2

 25. Shojaie L, Iorga A, Dara L. Cell death in liver diseases: a review. Int J Mol Sci. (2020) 21:9682. doi: 10.3390/ijms21249682

 26. Gautheron J, Vucur M, Reisinger F, Cardenas DV, Roderburg C, Koppe C, et al. A positive feedback loop between RIP3 and JNK controls non-alcoholic steatohepatitis. EMBO Mol Med. (2014) 6:1062–74. doi: 10.15252/emmm.201403856

 27. Gautheron J, Vucur M, Schneider AT, Severi I, Roderburg C, Roy S, et al. The necroptosis-inducing kinase RIPK3 dampens adipose tissue inflammation and glucose intolerance. Nat Commun. (2016) 7:11869. doi: 10.1038/ncomms11869

 28. Afonso MB, Rodrigues PM, Carvalho T, Caridade M, Borralho P, Cortez-Pinto H, et al. Necroptosis is a key pathogenic event in human and experimental murine models of non-alcoholic steatohepatitis. Clin Sci. (2015) 129:721–39. doi: 10.1042/CS20140732

 29. Roychowdhury S, McCullough RL, Sanz-Garcia C, Saikia P, Alkhouri N, Matloob A, et al. Receptor interacting protein 3 protects mice from high-fat diet-induced liver injury. Hepatology. (2016) 64:1518–33. doi: 10.1002/hep.28676

 30. Karunakaran D, Turner AW, Duchez AC, Soubeyrand S, Rasheed A, Smyth D, et al. RIPK1 gene variants associate with obesity in humans and can be therapeutically silenced to reduce obesity in mice. Nat Metab. (2020) 2:1113–25. doi: 10.1038/s42255-020-00279-2

 31. Tao L, Yi Y, Chen Y, Zhang H, Jie J, Zhang W, et al. RIP1 kinase activity promotes steatohepatitis through mediating cell death and inflammation in macrophages. Cell Death Differ. (2021) 28:1418–33. doi: 10.1038/s41418-020-00668-w

 32. Gautheron J, Vucur M, Luedde T. Necroptosis in nonalcoholic steatohepatitis. Cell Mol Gastroenterol Hepatol. (2015) 1:264–5. doi: 10.1016/j.jcmgh.2015.02.001

 33. Saeed WK, Jun DW, Jang K, Oh JH, Chae YJ, Lee JS, et al. Decrease in fat de novo synthesis and chemokine ligand expression in non-alcoholic fatty liver disease caused by inhibition of mixed lineage kinase domain-like pseudokinase. J Gastroenterol Hepatol. (2019) 34:2206–18. doi: 10.1111/jgh.14740

 34. Xu H, Du X, Liu G, Huang S, Du W, Zou S, et al. The pseudokinase MLKL regulates hepatic insulin sensitivity independently of inflammation. Mol Metab. (2019) 23:14–23. doi: 10.1016/j.molmet.2019.02.003

 35. Wu X, Poulsen KL, Sanz-Garcia C, Huang E, McMullen MR, Roychowdhury S, et al. MLKL-dependent signaling regulates autophagic flux in a murine model of non-alcohol-associated fatty liver and steatohepatitis. J Hepatol. (2020) 73:616–27. doi: 10.1016/j.jhep.2020.03.023

 36. Schmidt C, Bladt F, Goedecke S, Brinkmann V, Zschiesche W, Sharpe M, et al. Scatter factor/hepatocyte growth factor is essential for liver development. Nature. (1995) 373:699–702. doi: 10.1038/373699a0

 37. Uehara Y, Minowa O, Mori C, Shiota K, Kuno J, Noda T, et al. Placental defect and embryonic lethality in mice lacking hepatocyte growth factor/scatter factor. Nature. (1995) 373:702–5. doi: 10.1038/373702a0

 38. Wang X, DeFrances MC, Dai Y, Pediaditakis P, Johnson C, Bell A, et al. A mechanism of cell survival: sequestration of Fas by the HGF receptor Met. Mol Cell. (2002) 9:411–21. doi: 10.1016/S1097-2765(02)00439-2

 39. Zou C, Ma J, Wang X, Guo L, Zhu Z, Stoops J, et al. Lack of Fas antagonism by Met in human fatty liver disease. Nat Med. (2007) 13:1078–85. doi: 10.1038/nm1625

 40. Moumen A, Ieraci A, Patane S, Sole C, Comella JX, Dono R, et al. Met signals hepatocyte survival by preventing Fas-triggered FLIP degradation in a PI3k-Akt-dependent manner. Hepatology. (2007) 45:1210–7. doi: 10.1002/hep.21604

 41. Borowiak M, Garratt AN, Wustefeld T, Strehle M, Trautwein C, Birchmeier C. Met provides essential signals for liver regeneration. Proc Natl Acad Sci USA. (2004) 101:10608–13. doi: 10.1073/pnas.0403412101

 42. Kroy DC, Schumacher F, Ramadori P, Hatting M, Bergheim I, Gassler N, et al. Hepatocyte specific deletion of c-Met leads to the development of severe non-alcoholic steatohepatitis in mice. J Hepatol. (2014) 61:883–90. doi: 10.1016/j.jhep.2014.05.019

 43. Drescher HK, Schumacher F, Schenker T, Baues M, Lammers T, Hieronymus T, et al. c-Met signaling protects from Nonalcoholic Steatohepatitis- (NASH-) induced fibrosis in different liver cell types. Oxid Med Cell Longev. (2018) 2018:6957497. doi: 10.1155/2018/6957497

 44. Zhang YY, Li C, Yao GF, Du LJ, Liu Y, Zheng XJ, et al. Deletion of macrophage mineralocorticoid receptor protects hepatic steatosis and insulin resistance through ERalpha/HGF/Met pathway. Diabetes. (2017) 66:1535–47. doi: 10.2337/db16-1354

 45. Tomita K, Azuma T, Kitamura N, Nishida J, Tamiya G, Oka A, et al. Pioglitazone prevents alcohol-induced fatty liver in rats through up-regulation of c-Met. Gastroenterology. (2004) 126:873–85. doi: 10.1053/j.gastro.2003.12.008

 46. Tojima H, Kakizaki S, Kosone T, Horiguchi N, Yamazaki Y, Sato K, et al. Hepatocyte growth factor overexpression ameliorates liver inflammation and fibrosis in a mouse model of nonalcoholic steatohepatitis. Hepatol Int. (2012) 6:620–30. doi: 10.1007/s12072-011-9301-z

 47. Li N, Dou Z, Liu J, Chai B, Li Y, An X, et al. Therapeutic effect of HGF on NASH mice through HGF/c-Met and JAK2-STAT3 signalling pathway. Ann Hepatol. (2018) 17:501–10. doi: 10.5604/01.3001.0011.7395

 48. Dominguez-Perez M, Nuno-Lambarri N, Clavijo-Cornejo D, Luna-Lopez A, Souza V, Bucio L, et al. Hepatocyte growth factor reduces free cholesterol-mediated lipotoxicity in primary hepatocytes by countering oxidative stress. Oxid Med Cell Longev. (2016) 2016:7960386. doi: 10.1155/2016/7960386

 49. Jing Y, Sun Q, Xiong X, Meng R, Tang S, Cao S, et al. Hepatocyte growth factor alleviates hepatic insulin resistance and lipid accumulation in high-fat diet-fed mice. J Diabetes Investig. (2019) 10:251–60. doi: 10.1111/jdi.12904

 50. Fafalios A, Ma J, Tan X, Stoops J, Luo J, Defrances MC, et al. A hepatocyte growth factor receptor (Met)-insulin receptor hybrid governs hepatic glucose metabolism. Nat Med. (2011) 17:1577–84. doi: 10.1038/nm.2531

 51. Yang YM, Fukui M, Wang Z, Miao F, Karriker MJ, Seki E. Interventional potential of recombinant feline hepatocyte growth factor in a mouse model of non-alcoholic steatohepatitis. Front Endocrinol. (2018) 9:378. doi: 10.3389/fendo.2018.00378

 52. Zhang DD, Hannink M. Distinct cysteine residues in Keap1 are required for Keap1-dependent ubiquitination of Nrf2 and for stabilization of Nrf2 by chemopreventive agents and oxidative stress. Mol Cell Biol. (2003) 23:8137–51. doi: 10.1128/MCB.23.22.8137-8151.2003

 53. Ishii T, Itoh K, Takahashi S, Sato H, Yanagawa T, Katoh Y, et al. Transcription factor Nrf2 coordinately regulates a group of oxidative stress-inducible genes in macrophages. J Biol Chem. (2000) 275:16023–9. doi: 10.1074/jbc.275.21.16023

 54. Chowdhry S, Nazmy MH, Meakin PJ, Dinkova-Kostova AT, Walsh SV, Tsujita T, et al. Loss of Nrf2 markedly exacerbates nonalcoholic steatohepatitis. Free Radic Biol Med. (2010) 48:357–71. doi: 10.1016/j.freeradbiomed.2009.11.007

 55. Wu KC, Liu J, Klaassen CD. Role of Nrf2 in preventing ethanol-induced oxidative stress and lipid accumulation. Toxicol Appl Pharmacol. (2012) 262:321–9. doi: 10.1016/j.taap.2012.05.010

 56. Ke B, Shen XD, Zhang Y, Ji H, Gao F, Yue S, et al. KEAP1-NRF2 complex in ischemia-induced hepatocellular damage of mouse liver transplants. J Hepatol. (2013) 59:1200–7. doi: 10.1016/j.jhep.2013.07.016

 57. Wang C, Cui Y, Li C, Zhang Y, Xu S, Li X, et al. Nrf2 deletion causes “benign” simple steatosis to develop into nonalcoholic steatohepatitis in mice fed a high-fat diet. Lipids Health Dis. (2013) 12:165. doi: 10.1186/1476-511X-12-165

 58. More VR, Xu J, Shimpi PC, Belgrave C, Luyendyk JP, Yamamoto M, et al. Keap1 knockdown increases markers of metabolic syndrome after long-term high fat diet feeding. Free Radic Biol Med. (2013) 61:85–94. doi: 10.1016/j.freeradbiomed.2013.03.007

 59. Ramadori P, Drescher H, Erschfeld S, Schumacher F, Berger C, Fragoulis A, et al. Hepatocyte-specific Keap1 deletion reduces liver steatosis but not inflammation during non-alcoholic steatohepatitis development. Free Radic Biol Med. (2016) 91:114–26. doi: 10.1016/j.freeradbiomed.2015.12.014

 60. Ramadori P, Drescher H, Erschfeld S, Fragoulis A, Kensler TW, Wruck CJ, et al. Genetic Nrf2 overactivation inhibits the deleterious effects induced by hepatocyte-specific c-met deletion during the progression of NASH. Oxid Med Cell Longev. (2017) 2017:3420286. doi: 10.1155/2017/3420286

 61. Haque E, Karim MR, Salam Teeli A, Smiech M, Leszczynski P, Winiarczyk D, et al. Molecular mechanisms underlying hepatocellular carcinoma induction by aberrant NRF2 activation-mediated transcription networks: interaction of NRF2-KEAP1 controls the fate of hepatocarcinogenesis. Int J Mol Sci. (2020) 21. doi: 10.3390/ijms21155378

 62. Garcia-Vilas JA, Medina MA. Updates on the hepatocyte growth factor/c-Met axis in hepatocellular carcinoma and its therapeutic implications. World J Gastroenterol. (2018) 24:3695–708. doi: 10.3748/wjg.v24.i33.3695

 63. Strnad P, McElvaney NG, Lomas DA. Alpha1-antitrypsin deficiency. N Engl J Med. (2020) 382:1443–55. doi: 10.1056/NEJMra1910234

 64. Clark VC, Marek G, Liu C, Collinsworth A, Shuster J, Kurtz T, et al. Clinical and histologic features of adults with alpha-1 antitrypsin deficiency in a non-cirrhotic cohort. J Hepatol. (2018) 69:1357–64. doi: 10.1016/j.jhep.2018.08.005

 65. Hamesch K, Mandorfer M, Pereira VM, Moeller LS, Pons M, Dolman GE, et al. Liver fibrosis and metabolic alterations in adults with alpha-1-antitrypsin deficiency caused by the Pi*ZZ mutation. Gastroenterology. (2019) 157:705–19.e18. doi: 10.1053/j.gastro.2019.05.013

 66. Kumpers J, Fromme M, Schneider CV, Trautwein C, Denk H, Hamesch K, et al. Assessment of liver phenotype in adults with severe alpha-1 antitrypsin deficiency (Pi*ZZ genotype). J Hepatol. (2019) 71:1272–4. doi: 10.1016/j.jhep.2019.08.011

 67. Fromme M, Schneider CV, Trautwein C, Brunetti-Pierri N, Strnad P. Alpha-1 antitrypsin deficiency: a re-surfacing adult liver disorder. J Hepatol. (2021). doi: 10.1016/j.jhep.2021.11.022. [Epub ahead of print].

 68. Strnad P, Buch S, Hamesch K, Fischer J, Rosendahl J, Schmelz R, et al. Heterozygous carriage of the alpha1-antitrypsin Pi*Z variant increases the risk to develop liver cirrhosis. Gut. (2019) 68:1099–107. doi: 10.1136/gutjnl-2018-316228

 69. Schneider CV, Hamesch K, Gross A, Mandorfer M, Moeller LS, Pereira V, et al. Liver phenotypes of european adults heterozygous or homozygous for Pi *Z variant of AAT (Pi *MZ vs Pi *ZZ genotype) and noncarriers. Gastroenterology. (2020) 159:534–48.e11. doi: 10.1053/j.gastro.2020.04.058

 70. Strnad P, Nuraldeen R, Guldiken N, Hartmann D, Mahajan V, Denk H, et al. Broad spectrum of hepatocyte inclusions in humans, animals, and experimental models. Compr Physiol. (2013) 3:1393–436. doi: 10.1002/cphy.c120032

 71. Pastore N, Attanasio S, Granese B, Castello R, Teckman J, Wilson AA, et al. Activation of the c-Jun N-terminal kinase pathway aggravates proteotoxicity of hepatic mutant Z alpha1-antitrypsin. Hepatology. (2017) 65:1865–74. doi: 10.1002/hep.29035

 72. Mukherjee A, Hidvegi T, Araya P, Ewing M, Stolz DB, Perlmutter DH. NFkappaB mitigates the pathological effects of misfolded alpha1-antitrypsin by activating autophagy and an integrated program of proteostasis mechanisms. Cell Death Differ. (2019) 26:455–69. doi: 10.1038/s41418-018-0130-7

 73. Segeritz CP, Rashid ST, de Brito MC, Serra MP, Ordonez A, Morell CM, et al. hiPSC hepatocyte model demonstrates the role of unfolded protein response and inflammatory networks in alpha1-antitrypsin deficiency. J Hepatol. (2018) 69:851–60. doi: 10.1016/j.jhep.2018.05.028

 74. Tafaleng EN, Chakraborty S, Han B, Hale P, Wu W, Soto-Gutierrez A, et al. Induced pluripotent stem cells model personalized variations in liver disease resulting from alpha1-antitrypsin deficiency. Hepatology. (2015) 62:147–57. doi: 10.1002/hep.27753

 75. Wang L, Marek GW III, Hlady RA, Wagner RT, Zhao X, Clark VC, et al. Alpha-1 antitrypsin deficiency liver disease, mutational homogeneity modulated by epigenetic heterogeneity with links to obesity. Hepatology. (2019) 70:51–66. doi: 10.1002/hep.30526

 76. Khodayari N, Oshins R, Holliday LS, Clark V, Xiao Q, Marek G, et al. Alpha-1 antitrypsin deficient individuals have circulating extracellular vesicles with profibrogenic cargo. Cell Commun Signal. (2020) 18:140. doi: 10.1186/s12964-020-00648-0

 77. Calandra T, Roger T. Macrophage migration inhibitory factor: a regulator of innate immunity. Nat Rev Immunol. (2003) 3:791–800. doi: 10.1038/nri1200

 78. Bernhagen J, Krohn R, Lue H, Gregory JL, Zernecke A, Koenen RR, et al. MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment. Nat Med. (2007) 13:587–96. doi: 10.1038/nm1567

 79. Kapurniotu A, Gokce O, Bernhagen J. The multitasking potential of alarmins and atypical chemokines. Front Med. (2019) 6:3. doi: 10.3389/fmed.2019.00003

 80. Sinitski D, Kontos C, Krammer C, Asare Y, Kapurniotu A, Bernhagen J. Macrophage Migration Inhibitory Factor (MIF)-based therapeutic concepts in atherosclerosis and inflammation. Thromb Haemost. (2019) 119:553–66. doi: 10.1055/s-0039-1677803

 81. Leng L, Metz CN, Fang Y, Xu J, Donnelly S, Baugh J, et al. MIF signal transduction initiated by binding to CD74. J Exp Med. (2003) 197:1467–76. doi: 10.1084/jem.20030286

 82. Borghese F, Clanchy FI. CD74: an emerging opportunity as a therapeutic target in cancer and autoimmune disease. Expert Opin Ther Targets. (2011) 15:237–51. doi: 10.1517/14728222.2011.550879

 83. Merk M, Zierow S, Leng L, Das R, Du X, Schulte W, et al. The D-dopachrome tautomerase (DDT) gene product is a cytokine and functional homolog of macrophage migration inhibitory factor (MIF). Proc Natl Acad Sci USA. (2011) 108:E577–85. doi: 10.1073/pnas.1102941108

 84. Kim BS, Tilstam PV, Arnke K, Leng L, Ruhl T, Piecychna M, et al. Differential regulation of macrophage activation by the MIF cytokine superfamily members MIF and MIF-2 in adipose tissue during endotoxemia. FASEB J. (2020) 34:4219–33. doi: 10.1096/fj.201901511R

 85. Kang I, Bucala R. The immunobiology of MIF: function, genetics and prospects for precision medicine. Nat Rev Rheumatol. (2019) 15:427–37. doi: 10.1038/s41584-019-0238-2

 86. Baugh JA, Chitnis S, Donnelly SC, Monteiro J, Lin X, Plant BJ, et al. A functional promoter polymorphism in the macrophage migration inhibitory factor (MIF) gene associated with disease severity in rheumatoid arthritis. Genes Immun. (2002) 3:170–6. doi: 10.1038/sj.gene.6363867

 87. Stoppe C, Averdunk L, Goetzenich A, Soppert J, Marlier A, Kraemer S, et al. The protective role of macrophage migration inhibitory factor in acute kidney injury after cardiac surgery. Sci Transl Med. (2018) 10. doi: 10.1126/scitranslmed.aan4886

 88. Adamali H, Armstrong ME, McLaughlin AM, Cooke G, McKone E, Costello CM, et al. Macrophage migration inhibitory factor enzymatic activity, lung inflammation, and cystic fibrosis. Am J Respir Crit Care Med. (2012) 186:162–9. doi: 10.1164/rccm.201110-1864OC

 89. Soppert J, Kraemer S, Beckers C, Averdunk L, Mollmann J, Denecke B, et al. Soluble CD74 reroutes MIF/CXCR4/AKT-mediated survival of cardiac myofibroblasts to necroptosis. J Am Heart Assoc. (2018) 7:e009384. doi: 10.1161/JAHA.118.009384

 90. Kumagi T, Akbar F, Horiike N, Onji M. Increased serum levels of macrophage migration inhibitory factor in alcoholic liver diseases and their expression in liver tissues. Clin Biochem. (2001) 34:189–93. doi: 10.1016/S0009-9120(01)00214-4

 91. Marin V, Poulsen K, Odena G, McMullen MR, Altamirano J, Sancho-Bru P, et al. Hepatocyte-derived macrophage migration inhibitory factor mediates alcohol-induced liver injury in mice and patients. J Hepatol. (2017) 67:1018–25. doi: 10.1016/j.jhep.2017.06.014

 92. Assis DN, Leng L, Du X, Zhang CK, Grieb G, Merk M, et al. The role of macrophage migration inhibitory factor in autoimmune liver disease. Hepatology. (2014) 59:580–91. doi: 10.1002/hep.26664

 93. Sadek KH, Ezzat S, Abdel-Aziz SA, Alaraby H, Mosbeh A, Abdel-Rahman MH. Macrophage Migration Inhibitory Factor (MIF) gene promotor polymorphism is associated with increased fibrosis in biliary atresia patients, but not with disease susceptibility. Ann Hum Genet. (2017) 81:177–83. doi: 10.1111/ahg.12199

 94. Wirtz TH, Fischer P, Backhaus C, Bergmann I, Brandt EF, Heinrichs D, et al. Genetic variants in the promoter region of the macrophage migration inhibitory factor are associated with the severity of hepatitis c virus-induced liver fibrosis. Int J Mol Sci. (2019) 20:3753. doi: 10.3390/ijms20153753

 95. Heinrichs D, Knauel M, Offermanns C, Berres M-L, Nellen A, Leng L, et al. Macrophage migration inhibitory factor (MIF) exerts antifibrotic effects in experimental liver fibrosis via CD74. Proc Nat Acad Sci USA. (2011) 108:17444–9. doi: 10.1073/pnas.1107023108

 96. Heinrichs D, Berres ML, Coeuru M, Knauel M, Nellen A, Fischer P, et al. Protective role of macrophage migration inhibitory factor in nonalcoholic steatohepatitis. FASEB J. (2014) 28:5136–47. doi: 10.1096/fj.14-256776

 97. Barnes MA, McMullen MR, Roychowdhury S, Pisano SG, Liu X, Stavitsky AB, et al. Macrophage migration inhibitory factor contributes to ethanol-induced liver injury by mediating cell injury, steatohepatitis, and steatosis. Hepatology. (2013) 57:1980–91. doi: 10.1002/hep.26169

 98. Poulsen KL, McMullen MR, Huang E, Kibler CD, Sheehan MM, Leng L, et al. Novel role of macrophage migration inhibitory factor in upstream control of the unfolded protein response after ethanol feeding in mice. Alcohol Clin Exp Res. (2019) 43:1439–51. doi: 10.1111/acer.14065

 99. Heinrichs D, Brandt EF, Fischer P, Kohncke J, Wirtz TH, Guldiken N, et al. Unexpected pro-fibrotic effect of MIF in non-alcoholic steatohepatitis is linked to a shift in NKT cell populations. Cells. (2021) 10. doi: 10.3390/cells10020252

 100. Greven D, Leng L, Bucala R. Autoimmune diseases: MIF as a therapeutic target. Expert Opin Ther Targets. (2010) 14:253–64. doi: 10.1517/14728220903551304

 101. Krenkel O, Tacke F. Liver macrophages in tissue homeostasis and disease. Nat Rev Immunol. (2017) 17:306–21. doi: 10.1038/nri.2017.11

 102. Wen Y, Lambrecht J, Ju C, and Tacke F. Hepatic macrophages in liver homeostasis and diseases-diversity, plasticity and therapeutic opportunities. Cell Mol Immunol. (2020) 18:45–56. doi: 10.1038/s41423-020-00558-8

 103. Karlmark KR, Weiskirchen R, Zimmermann HW, Gassler N, Ginhoux F, Weber C, et al. Hepatic recruitment of the inflammatory Gr1+ monocyte subset upon liver injury promotes hepatic fibrosis. Hepatology. (2009) 50:261–74. doi: 10.1002/hep.22950

 104. Baeck C, Wehr A, Karlmark KR, Heymann F, Vucur M, Gassler N, et al. Pharmacological inhibition of the chemokine CCL2 (MCP-1) diminishes liver macrophage infiltration and steatohepatitis in chronic hepatic injury. Gut. (2012) 61:416–26. doi: 10.1136/gutjnl-2011-300304

 105. Baeck C, Wei X, Bartneck M, Fech V, Heymann F, Gassler N, et al. Pharmacological inhibition of the chemokine C-C motif chemokine ligand 2 (monocyte chemoattractant protein 1) accelerates liver fibrosis regression by suppressing Ly-6C(+) macrophage infiltration in mice. Hepatology. (2014) 59:1060–72. doi: 10.1002/hep.26783

 106. Krenkel O, Puengel T, Govaere O, Abdallah AT, Mossanen JC, Kohlhepp M, et al. Therapeutic inhibition of inflammatory monocyte recruitment reduces steatohepatitis and liver fibrosis. Hepatology. (2018) 67:1270–83. doi: 10.1002/hep.29544

 107. Friedman SL, Ratziu V, Harrison SA, Abdelmalek MF, Aithal GP, Caballeria J, et al. A randomized, placebo-controlled trial of cenicriviroc for treatment of nonalcoholic steatohepatitis with fibrosis. Hepatology. (2018) 67:1754–67. doi: 10.1002/hep.29477

 108. Ratziu V, Sanyal A, Harrison SA, Wong VW, Francque S, Goodman Z, et al. Cenicriviroc treatment for adults with nonalcoholic steatohepatitis and fibrosis: final analysis of the phase 2b centaur study. Hepatology. (2020) 72:892–905. doi: 10.1002/hep.31108

 109. Anstee QM, Neuschwander-Tetri BA, Wong VW, Abdelmalek MF, Younossi ZM, Yuan J, et al. Cenicriviroc for the treatment of liver fibrosis in adults with nonalcoholic steatohepatitis: AURORA Phase 3 study design. Contemp Clin Trials. (2020) 89:105922. doi: 10.1016/j.cct.2019.105922

 110. Heymann F, Hammerich L, Storch D, Bartneck M, Huss S, Russeler V, et al. Hepatic macrophage migration and differentiation critical for liver fibrosis is mediated by the chemokine receptor C-C motif chemokine receptor 8 in mice. Hepatology. (2012) 55:898–909. doi: 10.1002/hep.24764

 111. Wehr A, Baeck C, Heymann F, Niemietz PM, Hammerich L, Martin C, et al. Chemokine receptor CXCR6-dependent hepatic NK T Cell accumulation promotes inflammation and liver fibrosis. J Immunol. (2013) 190:5226–36. doi: 10.4049/jimmunol.1202909

 112. Karlmark KR, Zimmermann HW, Roderburg C, Gassler N, Wasmuth HE, Luedde T, et al. The fractalkine receptor CXCR1 protects against liver fibrosis by controlling differentiation and survival of infiltrating hepatic monocytes. Hepatology. (2010) 52:1769–82. doi: 10.1002/hep.23894

 113. Hammerich L, Bangen JM, Govaere O, Zimmermann HW, Gassler N, Huss S, et al. Chemokine receptor CCR6-dependent accumulation of gammadelta T cells in injured liver restricts hepatic inflammation and fibrosis. Hepatology. (2014) 59:630–42. doi: 10.1002/hep.26697

 114. Bartneck M, Fech V, Ehling J, Govaere O, Warzecha KT, Hittatiya K, et al. Histidine-rich glycoprotein promotes macrophage activation and inflammation in chronic liver disease. Hepatology. (2016) 63:1310–24. doi: 10.1002/hep.28418

 115. Krenkel O, Hundertmark J, Abdallah AT, Kohlhepp M, Puengel T, Roth T, et al. Myeloid cells in liver and bone marrow acquire a functionally distinct inflammatory phenotype during obesity-related steatohepatitis. Gut. (2020) 69:551–63. doi: 10.1136/gutjnl-2019-318382

 116. Lefere S, Puengel T, Hundertmark J, Penners C, Frank AK, Guillot A, et al. Differential effects of selective- and pan-PPAR agonists on experimental steatohepatitis and hepatic macrophages(). J Hepatol. (2020) 73:757–70. doi: 10.1016/j.jhep.2020.04.025

 117. Bartneck M, Warzecha KT, Tacke F. Therapeutic targeting of liver inflammation and fibrosis by nanomedicine. Hepatobiliary Surg Nutr. (2014) 3:364–76. doi: 10.3978/j.issn.2304-3881.2014.11.02

 118. Ergen C, Heymann F, Al Rawashdeh W, Gremse F, Bartneck M, Panzer U, et al. Targeting distinct myeloid cell populations in vivo using polymers, liposomes and microbubbles. Biomaterials. (2017) 114:106–20. doi: 10.1016/j.biomaterials.2016.11.009

 119. Warzecha KT, Bartneck M, Mockel D, Appold L, Ergen C, Al Rawashdeh W, et al. Targeting and modulation of liver myeloid immune cells by hard-shell microbubbles. Adv Biosyst. (2018) 2:1800002. doi: 10.1002/adbi.201800002

 120. Ergen C, Niemietz PM, Heymann F, Baues M, Gremse F, Pola R, et al. Liver fibrosis affects the targeting properties of drug delivery systems to macrophage subsets in vivo. Biomaterials. (2019) 206:49–60. doi: 10.1016/j.biomaterials.2019.03.025

 121. Diefenbach A, Colonna M, Koyasu S. Development, differentiation, and diversity of innate lymphoid cells. Immunity. (2014) 41:354–65. doi: 10.1016/j.immuni.2014.09.005

 122. Seillet C, Brossay L, Vivier E. Natural killers or ILC1s? That is the question. Curr Opin Immunol. (2020) 68:48–53. doi: 10.1016/j.coi.2020.08.009

 123. Peng H, Jiang X, Chen Y, Sojka DK, Wei H, Gao X, et al. Liver-resident NK cells confer adaptive immunity in skin-contact inflammation. J Clin Invest. (2013) 123:1444–56. doi: 10.1172/JCI66381

 124. Daussy C, Faure F, Mayol K, Viel S, Gasteiger G, Charrier E, et al. T-bet and Eomes instruct the development of two distinct natural killer cell lineages in the liver and in the bone marrow. J Exp Med. (2014) 211:563–77. doi: 10.1084/jem.20131560

 125. Harmon C, Robinson MW, Fahey R, Whelan S, Houlihan DD, Geoghegan J, et al. Tissue-resident Eomes(hi) T-bet(lo) CD56(bright) NK cells with reduced proinflammatory potential are enriched in the adult human liver. Eur J Immunol. (2016) 46:2111–20. doi: 10.1002/eji.201646559

 126. Stegmann KA, Robertson F, Hansi N, Gill U, Pallant C, Christophides T, et al. CXCR6 marks a novel subset of T-bet(lo)Eomes(hi) natural killer cells residing in human liver. Sci Rep. (2016) 6:26157. doi: 10.1038/srep26157

 127. Radaeva S, Sun R, Jaruga B, Nguyen VT, Tian Z, Gao B. Natural killer cells ameliorate liver fibrosis by killing activated stellate cells in NKG2D-dependent and tumor necrosis factor-related apoptosis-inducing ligand-dependent manners. Gastroenterology. (2006) 130:435–52. doi: 10.1053/j.gastro.2005.10.055

 128. Glassner A, Eisenhardt M, Kramer B, Korner C, Coenen M, Sauerbruch T, et al. NK cells from HCV-infected patients effectively induce apoptosis of activated primary human hepatic stellate cells in a TRAIL-, FasL- and NKG2D-dependent manner. Lab Invest. (2012) 92:967–77. doi: 10.1038/labinvest.2012.54

 129. Glassner A, Eisenhardt M, Kokordelis P, Kramer B, Wolter F, Nischalke HD, et al. Impaired CD4(+) T cell stimulation of NK cell anti-fibrotic activity may contribute to accelerated liver fibrosis progression in HIV/HCV patients. J Hepatol. (2013) 59:427–33. doi: 10.1016/j.jhep.2013.04.029

 130. Langhans B, Alwan AW, Kramer B, Glassner A, Lutz P, Strassburg CP, et al. Regulatory CD4+ T cells modulate the interaction between NK cells and hepatic stellate cells by acting on either cell type. J Hepatol. (2015) 62:398–404. doi: 10.1016/j.jhep.2014.08.038

 131. McHedlidze T, Waldner M, Zopf S, Walker J, Rankin AL, Schuchmann M, et al. Interleukin-33-dependent innate lymphoid cells mediate hepatic fibrosis. Immunity. (2013) 39:357–71. doi: 10.1016/j.immuni.2013.07.018

 132. Forkel M, Berglin L, Kekalainen E, Carlsson A, Svedin E, Michaelsson J, et al. Composition and functionality of the intrahepatic innate lymphoid cell-compartment in human nonfibrotic and fibrotic livers. Eur J Immunol. (2017) 47:1280–94. doi: 10.1002/eji.201646890

 133. Wang S, Li J, Wu S, Cheng L, Shen Y, Ma W, et al. Type 3 innate lymphoid cell: a new player in liver fibrosis progression. Clin Sci (Lond). (2018) 132:2565–82. doi: 10.1042/CS20180482

 134. Knorr J, Wree A, Tacke F, Feldstein AE. The NLRP3 Inflammasome in Alcoholic and Nonalcoholic Steatohepatitis. Semin Liver Dis. (2020) 40:298–306. doi: 10.1055/s-0040-1708540

 135. Wree A, Eguchi A, McGeough MD, Pena CA, Johnson CD, Canbay A, et al. NLRP3 inflammasome activation results in hepatocyte pyroptosis, liver inflammation, and fibrosis in mice. Hepatology. (2014) 59:898–910. doi: 10.1002/hep.26592

 136. Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms and diseases. Signal Transduct Target Ther. (2021) 6:128. doi: 10.1038/s41392-021-00507-5

 137. Csak T, Ganz M, Pespisa J, Kodys K, Dolganiuc A, Szabo G. Fatty acid and endotoxin activate inflammasomes in mouse hepatocytes that release danger signals to stimulate immune cells. Hepatology. (2011) 54:133–44. doi: 10.1002/hep.24341

 138. Blasetti Fantauzzi C, Menini S, Iacobini C, Rossi C, Santini E, Solini A, et al. Deficiency of the purinergic receptor 2X7 attenuates nonalcoholic steatohepatitis induced by high-fat diet: possible role of the NLRP3 inflammasome. Oxid Med Cell Longev. (2017) 2017:8962458. doi: 10.1155/2017/8962458

 139. Wree A, McGeough MD, Pena CA, Schlattjan M, Li H, Inzaugarat ME, et al. NLRP3 inflammasome activation is required for fibrosis development in NAFLD. J Mol Med. (2014) 92:1069–82. doi: 10.1007/s00109-014-1170-1

 140. Inzaugarat ME, Johnson CD, Holtmann TM, McGeough MD, Trautwein C, Papouchado BG, et al. NLR family pyrin domain-containing 3 inflammasome activation in hepatic stellate cells induces liver fibrosis in mice. Hepatology. (2019) 69:845–59. doi: 10.1002/hep.30252

 141. Wree A, McGeough MD, Inzaugarat ME, Eguchi A, Schuster S, Johnson CD, et al. NLRP3 inflammasome driven liver injury and fibrosis: Roles of IL-17 and TNF in mice. Hepatology. (2018) 67:736–49. doi: 10.1002/hep.29523

 142. McGeough MD, Wree A, Inzaugarat ME, Haimovich A, Johnson CD, Pena CA, et al. TNF regulates transcription of NLRP3 inflammasome components and inflammatory molecules in cryopyrinopathies. J Clin Invest. (2017) 127:4488–97. doi: 10.1172/JCI90699

 143. Mridha AR, Wree A, Robertson AAB, Yeh MM, Johnson CD, Van Rooyen DM, et al. NLRP3 inflammasome blockade reduces liver inflammation and fibrosis in experimental NASH in mice. J Hepatol. (2017) 66:1037–46. doi: 10.1016/j.jhep.2017.01.022

 144. Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T, et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature. (2012) 482:179–85. doi: 10.1038/nature10809

 145. Liao L, Schneider KM, Galvez EJC, Frissen M, Marschall HU, Su H, et al. Intestinal dysbiosis augments liver disease progression via NLRP3 in a murine model of primary sclerosing cholangitis. Gut. (2019) 68:1477–92. doi: 10.1136/gutjnl-2018-316670

 146. Frissen M, Liao L, Schneider KM, Djudjaj S, Haybaeck J, Wree A, et al. Bidirectional role of NLRP3 during acute and chronic cholestatic liver injury. Hepatology. (2020) 73:1836–54. doi: 10.1002/hep.31494

 147. Schneider KM, Mohs A, Kilic K, Candels LS, Elfers C, Bennek E, et al. Intestinal microbiota protects against MCD diet-induced steatohepatitis. Int J Mol Sci. (2019) 20:308. doi: 10.3390/ijms20020308

 148. Rivera CA, Adegboyega P, van Rooijen N, Tagalicud A, Allman M, Wallace M. Toll-like receptor-4 signaling and Kupffer cells play pivotal roles in the pathogenesis of non-alcoholic steatohepatitis. J Hepatol. (2007) 47:571–9. doi: 10.1016/j.jhep.2007.04.019

 149. Brun P, Castagliuolo I, Di Leo V, Buda A, Pinzani M, Palu G, et al. Increased intestinal permeability in obese mice: new evidence in the pathogenesis of nonalcoholic steatohepatitis. Am J Physiol Gastrointest Liver Physiol. (2007) 292:G518–525. doi: 10.1152/ajpgi.00024.2006

 150. Schneider KM, Bieghs V, Heymann F, Hu W, Dreymueller D, Liao L, et al. CX3CR1 is a gatekeeper for intestinal barrier integrity in mice: Limiting steatohepatitis by maintaining intestinal homeostasis. Hepatology. (2015) 62:1405–16. doi: 10.1002/hep.27982

 151. Mohs A, Kuttkat N, Reissing J, Zimmermann HW, Sonntag R, Proudfoot A, et al. Functional role of CCL5/RANTES for HCC progression during chronic liver disease. J Hepatol. (2017) 66:743–53. doi: 10.1016/j.jhep.2016.12.011

 152. Mohs A, Kuttkat N, Otto T, Youssef SA, De Bruin A, Trautwein C. MyD88-dependent signaling in non-parenchymal cells promotes liver carcinogenesis. Carcinogenesis. (2020) 41:171–81. doi: 10.1093/carcin/bgy173

 153. Balmer ML, Slack E, de Gottardi A, Lawson MA, Hapfelmeier S, Miele L, et al. The liver may act as a firewall mediating mutualism between the host and its gut commensal microbiota. Sci Transl Med. (2014) 6:237ra266. doi: 10.1126/scitranslmed.3008618

 154. Pradere JP, Troeger JS, Dapito DH, Mencin AA, Schwabe RF. Toll-like receptor 4 and hepatic fibrogenesis. Semin Liver Dis. (2010) 30:232–44. doi: 10.1055/s-0030-1255353

 155. Dapito DH, Mencin A, Gwak GY, Pradere JP, Jang MK, Mederacke I, et al. Promotion of hepatocellular carcinoma by the intestinal microbiota and TLR4. Cancer Cell. (2012) 21:504–16. doi: 10.1016/j.ccr.2012.02.007

 156. Thulstrup AM, Molle I, Svendsen N, Sorensen HT. Incidence and prognosis of tuberculosis in patients with cirrhosis of the liver. A Danish nationwide population based study. Epidemiol Infect. (2000) 124:221–5. doi: 10.1017/S0950268899003593

 157. Jalan R, Fernandez J, Wiest R, Schnabl B, Moreau R, Angeli P, et al. Bacterial infections in cirrhosis: a position statement based on the EASL Special Conference 2013. J Hepatol. (2014) 60:1310–24. doi: 10.1016/j.jhep.2014.01.024

 158. Schutte A, Ciesek S, Wedemeyer H, Lange CM. Influenza virus infection as precipitating event of acute-on-chronic liver failure. J Hepatol. (2019) 70:797–9. doi: 10.1016/j.jhep.2018.11.015

 159. Rimola A, Soto R, Bory F, Arroyo V, Piera C, Rodes J. Reticuloendothelial system phagocytic activity in cirrhosis and its relation to bacterial infections and prognosis. Hepatology. (1984) 4:53–8. doi: 10.1002/hep.1840040109

 160. Bonnel AR, Bunchorntavakul C, Reddy KR. Immune dysfunction and infections in patients with cirrhosis. Clin Gastroenterol Hepatol. (2011) 9:727–38. doi: 10.1016/j.cgh.2011.02.031

 161. Hackstein CP, Assmus LM, Welz M, Klein S, Schwandt T, Schultze J, et al. Gut microbial translocation corrupts myeloid cell function to control bacterial infection during liver cirrhosis. Gut. (2017) 66:507–18. doi: 10.1136/gutjnl-2015-311224

 162. Abe T, Arai T, Ogawa A, Hiromatsu T, Masuda A, Matsuguchi T, et al. Kupffer cell-derived interleukin 10 is responsible for impaired bacterial clearance in bile duct-ligated mice. Hepatology. (2004) 40:414–23. doi: 10.1002/hep.20301

 163. Holbourn KP, Acharya KR, Perbal B. The CCN family of proteins: structure-function relationships. Trends Biochem Sci. (2008) 33:461–73. doi: 10.1016/j.tibs.2008.07.006

 164. Weiskirchen R. CCN proteins in normal and injured liver. Front Biosci. (2011) 16:1939–61. doi: 10.2741/3832

 165. Perbal B. The concept of the CCN protein family revisited: a centralized coordination network. J Cell Commun Signal. (2018) 12:3–12. doi: 10.1007/s12079-018-0455-5

 166. Riser BL, Najmabadi F, Perbal B, Peterson DR, Rambow JA, Riser ML, et al. CCN3 (NOV) is a negative regulator of CCN2 (CTGF) and a novel endogenous inhibitor of the fibrotic pathway in an in vitro model of renal disease. Am J Pathol. (2009) 174:1725–34. doi: 10.2353/ajpath.2009.080241

 167. Bohr W, Kupper M, Hoffmann K, Weiskirchen R. Recombinant expression, purification, and functional characterisation of connective tissue growth factor and nephroblastoma-overexpressed protein. PLoS ONE. (2010) 5:e16000. doi: 10.1371/journal.pone.0016000

 168. Borkham-Kamphorst E, Huss S, Van de Leur E, Haas U, Weiskirchen R. Adenoviral CCN3/NOV gene transfer fails to mitigate liver fibrosis in an experimental bile duct ligation model because of hepatocyte apoptosis. Liver Int. (2012) 32:1342–53. doi: 10.1111/j.1478-3231.2012.02837.x

 169. Borkham-Kamphorst E, van Roeyen CR, Van de Leur E, Floege J, Weiskirchen R. CCN3/NOV small interfering RNA enhances fibrogenic gene expression in primary hepatic stellate cells and cirrhotic fat storing cell line CFSC. J Cell Commun Signal. (2012) 6:11–25. doi: 10.1007/s12079-011-0141-3

 170. Borkham-Kamphorst E, Steffen BT, Van de Leur E, Haas U, Tihaa L, Friedman SL, et al. CCN1/CYR61 overexpression in hepatic stellate cells induces ER stress-related apoptosis. Cell Signal. (2016) 28:34–42. doi: 10.1016/j.cellsig.2015.10.013

 171. Borkham-Kamphorst E, Schaffrath C, Van de Leur E, Haas U, Tihaa L, Meurer SK, et al. The anti-fibrotic effects of CCN1/CYR61 in primary portal myofibroblasts are mediated through induction of reactive oxygen species resulting in cellular senescence, apoptosis and attenuated TGF-beta signaling. Biochim Biophys Acta. (2014) 1843:902–14. doi: 10.1016/j.bbamcr.2014.01.023

 172. Borkham-Kamphorst E, Steffen BT, Van de Leur E, Tihaa L, Haas U, Woitok MM, et al. Adenoviral CCN gene transfers induce in vitro and in vivo endoplasmic reticulum stress and unfolded protein response. Biochim Biophys Acta. (2016) 1863:2604–12. doi: 10.1016/j.bbamcr.2016.07.006

 173. Borkham-Kamphorst E, Steffen BT, van de Leur E, Haas U, Weiskirchen R. Portal myofibroblasts are sensitive to CCN-mediated endoplasmic reticulum stress-related apoptosis with potential to attenuate biliary fibrogenesis. Cell Signal. (2018) 51:72–85. doi: 10.1016/j.cellsig.2018.07.005

 174. Tong Z, Chen R, Alt DS, Kemper S, Perbal B, Brigstock DR. Susceptibility to liver fibrosis in mice expressing a connective tissue growth factor transgene in hepatocytes. Hepatology. (2009) 50:939–47. doi: 10.1002/hep.23102

 175. Hao C, Xie Y, Peng M, Ma L, Zhou Y, Zhang Y, et al. Inhibition of connective tissue growth factor suppresses hepatic stellate cell activation in vitro and prevents liver fibrosis in vivo. Clin Exp Med. (2014) 14:141–50. doi: 10.1007/s10238-013-0229-6

 176. Friedman SL. Mechanisms of hepatic fibrogenesis. Gastroenterology. (2008) 134:1655–69. doi: 10.1053/j.gastro.2008.03.003

 177. Tsuchida T, Friedman SL. Mechanisms of hepatic stellate cell activation. Nat Rev Gastroenterol Hepatol. (2017) 14:397–411. doi: 10.1038/nrgastro.2017.38

 178. Tsochatzis EA, Bosch J, Burroughs AK. Liver cirrhosis. Lancet. (2014) 383:1749–61. doi: 10.1016/S0140-6736(14)60121-5

 179. Casey S, Schierwagen R, Mak KY, Klein S, Uschner F, Jansen C, et al. Activation of the alternate renin-angiotensin system correlates with the clinical status in human cirrhosis and corrects post liver transplantation. J Clin Med. (2019) 8:419. doi: 10.3390/jcm8040419

 180. Granzow M, Schierwagen R, Klein S, Kowallick B, Huss S, Linhart M, et al. Angiotensin-II type 1 receptor-mediated Janus kinase 2 activation induces liver fibrosis. Hepatology. (2014) 60:334–48. doi: 10.1002/hep.27117

 181. Klein S, Rick J, Lehmann J, Schierwagen R, Schierwagen IG, Verbeke L, et al. Janus-kinase-2 relates directly to portal hypertension and to complications in rodent and human cirrhosis. Gut. (2017) 66:145–55. doi: 10.1136/gutjnl-2015-309600

 182. Klein S, Kleine CE, Pieper A, Granzow M, Gautsch S, Himmit M, et al. TGR(mREN2)27 rats develop non-alcoholic fatty liver disease-associated portal hypertension responsive to modulations of Janus-kinase 2 and Mas receptor. Sci Rep. (2019) 9:11598. doi: 10.1038/s41598-019-48024-4

 183. Grace JA, Klein S, Herath CB, Granzow M, Schierwagen R, Masing N, et al. Activation of the MAS receptor by angiotensin-(1-7) in the renin-angiotensin system mediates mesenteric vasodilatation in cirrhosis. Gastroenterology. (2013) 145:874–84.e75. doi: 10.1053/j.gastro.2013.06.036

 184. Klein S, Herath CB, Schierwagen R, Grace J, Haltenhof T, Uschner FE, et al. Hemodynamic effects of the non-peptidic angiotensin-(1-7) agonist AVE0991 in liver cirrhosis. PLoS ONE. (2015) 10:e0138732. doi: 10.1371/journal.pone.0138732

 185. Trebicka J, Hennenberg M, Laleman W, Shelest N, Biecker E, Schepke M, et al. Atorvastatin lowers portal pressure in cirrhotic rats by inhibition of RhoA/Rho-kinase and activation of endothelial nitric oxide synthase. Hepatology. (2007) 46:242–53. doi: 10.1002/hep.21673

 186. Trebicka J, Hennenberg M, Odenthal M, Shir K, Klein S, Granzow M, et al. Atorvastatin attenuates hepatic fibrosis in rats after bile duct ligation via decreased turnover of hepatic stellate cells. J Hepatol. (2010) 53:702–12. doi: 10.1016/j.jhep.2010.04.025

 187. Klein S, Klosel J, Schierwagen R, Korner C, Granzow M, Huss S, et al. Atorvastatin inhibits proliferation and apoptosis, but induces senescence in hepatic myofibroblasts and thereby attenuates hepatic fibrosis in rats. Lab Invest. (2012) 92:1440–50. doi: 10.1038/labinvest.2012.106

 188. Wang D, Yin J, Dong R, Zhao J, Wang Q, Wang N, et al. Inhibition of Janus kinase-2 signalling pathway ameliorates portal hypertensive syndrome in partial portal hypertensive and liver cirrhosis rats. Dig Liver Dis. (2015) 47:315–23. doi: 10.1016/j.dld.2014.12.017

 189. Schierwagen R, Dietrich P, Klein S, Uschner FE, Ortiz C, Tyc O, et al. β-arrestin2 is increased in liver fibrosis in humans and rodents. Proc Natl Acad Sci USA. (2020) 117:27082–4. doi: 10.1073/pnas.2014337117

 190. Hennenberg M, Trebicka J, Sauerbruch T, Heller J. Mechanisms of extrahepatic vasodilation in portal hypertension. Gut. (2008) 57:1300–14. doi: 10.1136/gut.2007.144584

 191. Klein S, Van Beuge MM, Granzow M, Beljaars L, Schierwagen R, Kilic S, et al. HSC-specific inhibition of Rho-kinase reduces portal pressure in cirrhotic rats without major systemic effects. J Hepatol. (2012) 57:1220–7. doi: 10.1016/j.jhep.2012.07.033

 192. Klein S, Frohn F, Magdaleno F, Reker-Smit C, Schierwagen R, Schierwagen I, et al. Rho-kinase inhibitor coupled to peptide-modified albumin carrier reduces portal pressure and increases renal perfusion in cirrhotic rats. Sci Rep. (2019) 9:2256. doi: 10.1038/s41598-019-38678-5

 193. Bedossa P, Dargere D, Paradis V. Sampling variability of liver fibrosis in chronic hepatitis C. Hepatology. (2003) 38:1449–57. doi: 10.1053/jhep.2003.09022

 194. Degos F, Perez P, Roche B, Mahmoudi A, Asselineau J, Voitot H, et al. Diagnostic accuracy of FibroScan and comparison to liver fibrosis biomarkers in chronic viral hepatitis: a multicenter prospective study (the FIBROSTIC study). J Hepatol. (2010) 53:1013–21. doi: 10.1016/j.jhep.2010.05.035

 195. Baues M, Dasgupta A, Ehling J, Prakash J, Boor P, Tacke F, et al. Fibrosis imaging: current concepts and future directions. Adv Drug Deliv Rev. (2017) 121:9–26. doi: 10.1016/j.addr.2017.10.013

 196. Ehling J, Bartneck M, Wei X, Gremse F, Fech V, Mockel D, et al. CCL2-dependent infiltrating macrophages promote angiogenesis in progressive liver fibrosis. Gut. (2014) 63:1960–71. doi: 10.1136/gutjnl-2013-306294

 197. Ehling J, Theek B, Gremse F, Baetke S, Mockel D, Maynard J, et al. Micro-CT imaging of tumor angiogenesis: quantitative measures describing micromorphology and vascularization. Am J Pathol. (2014) 184:431–41. doi: 10.1016/j.ajpath.2013.10.014

 198. Bartneck M, Schrammen PL, Mockel D, Govaere O, Liepelt A, Krenkel O, et al. The CCR2(+) macrophage subset promotes pathogenic angiogenesis for tumor vascularization in fibrotic livers. Cell Mol Gastroenterol Hepatol. (2019) 7:371–90. doi: 10.1016/j.jcmgh.2018.10.007

 199. Ehling J, Bartneck M, Fech V, Butzbach B, Cesati R, Botnar R, et al. Elastin-based molecular MRI of liver fibrosis. Hepatology. (2013) 58:1517–8. doi: 10.1002/hep.26326

 200. Fuchs BC, Wang H, Yang Y, Wei L, Polasek M, Schuhle DT, et al. Molecular MRI of collagen to diagnose and stage liver fibrosis. J Hepatol. (2013) 59:992–8. doi: 10.1016/j.jhep.2013.06.026

 201. Makowski MR, Wiethoff AJ, Blume U, Cuello F, Warley A, Jansen CH, et al. Assessment of atherosclerotic plaque burden with an elastin-specific magnetic resonance contrast agent. Nat Med. (2011) 17:383–8. doi: 10.1038/nm.2310

 202. Bartneck M, Schlosser CT, Barz M, Zentel R, Trautwein C, Lammers T, et al. Immunomodulatory therapy of inflammatory liver disease using selectin-binding glycopolymers. ACS Nano. (2017) 11:9689–700. doi: 10.1021/acsnano.7b04630

 203. Moog KE, Barz M, Bartneck M, Beceren-Braun F, Mohr N, Wu Z, et al. Polymeric selectin ligands mimicking complex carbohydrates: from selectin binders to modifiers of macrophage migration. Angew Chem Int Ed Engl. (2017) 56:1416–21. doi: 10.1002/anie.201610395

 204. Bartneck M, Peters FM, Warzecha KT, Bienert M, van Bloois L, Trautwein C, et al. Liposomal encapsulation of dexamethasone modulates cytotoxicity, inflammatory cytokine response, and migratory properties of primary human macrophages. Nanomedicine. (2014) 10:1209–20. doi: 10.1016/j.nano.2014.02.011

 205. Bartneck M, Scheyda KM, Warzecha KT, Rizzo LY, Hittatiya K, Luedde T, et al. Fluorescent cell-traceable dexamethasone-loaded liposomes for the treatment of inflammatory liver diseases. Biomaterials. (2015) 37:367–82. doi: 10.1016/j.biomaterials.2014.10.030

Conflict of Interest: The 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.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liedtke, Nevzorova, Luedde, Zimmermann, Kroy, Strnad, Berres, Bernhagen, Tacke, Nattermann, Spengler, Sauerbruch, Wree, Abdullah, Tolba, Trebicka, Lammers, Trautwein and Weiskirchen. 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/fmed-08-814496-g005.gif





OPS/images/fmed-08-814496-g006.gif





OPS/images/fmed-08-814496-g003.gif
RIPK3.

T ——
omem
Ril Mokt
= e
:
; X s
B ol (el &
o ol
X2, 2o By =
t =4
o e T g

D HFDIMGD
)

Sl =





OPS/images/fmed-08-814496-g004.gif





OPS/images/fmed-08-814496-g009.gif
Res p:\:i'nnsu

s





OPS/images/fmed-08-814496-g007.gif





OPS/images/fmed-08-814496-g008.gif
S 08 Lossotmosinobaier
PRI s

eono tatyscs.
e oory daned





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Liver Fibrosis—From Mechanisms of Injury to Modulation of Disease



		Introduction



		Initiation of Liver Fibrosis



		Hepatic Cell Cycle Activity in Initiation and Progression of Liver Fibrosis



		Programmed Cell Death in Non-alcoholic Steatohepatitis and Fibrosis



		Defining HGF/c-Met Dependent Diagnostic Markers and Novel Therapeutic Targets in NASH-Development



		Novel Insights Into the Alpha1-Antitrypsin Deficiency-Related Liver Disease







		Immunological Mechanisms in Liver Fibrosis



		Targeting MIF Family Proteins in Liver Fibrosis



		Monocyte and Macrophages in Liver Fibrosis



		Innate Lymphoid Cells and Liver Fibrosis



		NLRP3 Inflammasome Activation in Liver Disease Progression



		Impact of Chronic IFN-I Signaling in Liver Fibrosis on Anti-viral Immunity







		Repair and Modulation of Liver Fibrosis



		Targeting CCN1/CYR61 as a New Treatment Modality in Hepatic Fibrosis



		Angiotensin Stimulated Hepatic Fibrogenesis and Portal Hypertension: Receptor Regulation and Intracellular Signaling



		Liver Fibrosis and Portal Hypertension



		Role of Renin-Angiotensin-System in Hepatic Fibrosis and Portal Hypertension



		Intracellular Effectors of AT1R in Hepatic Fibrosis



		HSC-Specific Targeting of AT1R-Downstream Effectors in Portal Hypertension









		Imaging Liver Fibrosis







		Concluding Remarks



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
’ frontiers
in Medicine

Liver Fibrosis—From Mechanisms of
Injury to Modulation of Disease





OPS/images/fmed-08-814496-g012.gif





OPS/images/fmed-08-814496-g001.gif
& (7
R S
@y





OPS/images/fmed-08-814496-g002.gif
ConE1/CAK2 In HSC activated Liver fibrosis.
HSCMF
opmel cx

=






OPS/images/fmed-08-814496-g011.gif
Myofibroblastic HSC.





OPS/images/fmed-08-814496-g010.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Medicine





