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Abstract

:

TAM receptors (Tyro3, Axl and MerTK) are a family of tyrosine kinase receptors that are expressed in a variety of cell populations, including liver parenchymal and non-parenchymal cells. These receptors are vital for immune homeostasis, as they regulate the innate immune response by suppressing inflammation via toll-like receptor inhibition and by promoting tissue resolution through efferocytosis. However, there is increasing evidence indicating that aberrant TAM receptor signaling may play a role in pathophysiological processes in the context of liver disease. This review will explore the roles of TAM receptors and their ligands in liver homeostasis as well as a variety of disease settings, including acute liver injury, steatosis, fibrosis, cirrhosis-associated immune dysfunction and hepatocellular carcinoma. A better understanding of our current knowledge of TAM receptors in liver disease may identify new opportunities for disease monitoring as well as novel therapeutic targets. Nonetheless, this review also aims to highlight areas where further research on TAM receptor biology in liver disease is required.
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1. Biology of TAM Receptors


1.1. TAM Receptor and Ligand Structure


TAM receptors are one of the 20 families of receptor tyrosine kinases. They comprise three receptors that share a similar structure: Tyro-3, Axl and MerTK. TAM receptors are expressed in a variety of tissues, and their expression patterns in the body have been reviewed extensively [1]. Briefly, Axl is expressed in cell populations in the liver, kidney, heart, skeletal muscle, testis and cerebellum but also in blood circulating cells such as monocytes and activated platelets [2]. In addition, Axl and its ligand Gas6 are expressed by endothelial cells [3]. Tyro3 expression is confined mostly to the central nervous system; it is expressed by a variety of tissues including the cerebral cortex, cerebellum, olfactory bulbs and amygdala, but also by platelets [2,4,5]. MerTK is expressed in cell populations in ovaries, testis, liver, lung, kidney, cerebral cortex and retina, but also in blood circulating cells, such as natural killer cells, platelets and monocytes [2,6]. The structure of TAM receptors consists of an extracellular domain (EC) defined by two tandem N-terminus immunoglobulin-like domains (Ig-like) (see Figure 1), which allow the interaction between receptor and ligand, as well as two fibronectin type III (FNIII) domains. The EC domain is followed by a transmembrane domain (TM) and finally, an intracellular C-terminus tyrosine kinase domain (TKD) [7]. The activation of TAM receptors depends on the binding of the EC domain by its ligands. Gas6 and Protein S (known as Pros1) are the two most well-known ligands and share a high degree of structural homology [8,9]. Although other ligands for TAM receptors have been identified, such as galectin-3 and Tubby-like protein 1 (Tulp-1), these have not been extensively studied and their physiologic roles remain relatively unknown [10,11].



Ligand structure consists of three main elements: the N-terminus has a γ-carboxyglutamic acid (Gla) domain that is followed by four epidermal growth factor (EGF)-like repeats. Adjacent to the C-terminus are two laminin G (LG) domains [12]. Gas6 and Protein S have different affinities for the three TAM receptors. Gas6 binds all receptors with the following order of affinity Axl > Tyro-3 > MerTK, while Protein S binds Tyro-3 and MerTK but not Axl [13]. The pattern of TAM receptor activation is defined by an initial binding of the ligand LG-like domains to the TAM receptor’s Ig-like domains, which leads to receptor dimerization, with subsequent trans-autophosphorylation of the kinase domains and finally, the activation of intracellular signaling cascades [14,15].




1.2. Function of TAM Receptors


TAM receptors play an important role in the regulation of the innate immune response. In particular, they act as a brake pedal for inflammatory responses and promote tissue resolution. Firstly, these receptors regulate the phagocytosis of apoptotic cells (namely efferocytosis), a fundamental process for the restoration of immune and tissue homeostasis. Mechanistically, phosphatidyl-serine (PtdSer) exposed on the membrane surface of apoptotic cells can bind to TAM receptors, thereby initiating uptake. Moreover, in the presence of Ca2+ ions, PtdSer binds the G1a domain of either Gas6 or Protein S [16], which increases the uptake of apoptotic bodies by macrophages as well as other phagocytes [14,15]. A study illustrating the vital role of TAM receptors in tissue homeostasis was conducted by generating triple TAM knockout (KO) mice, which were infertile by 3 weeks of age due to abnormal testis development. In fact, Sertoli cells express all three TAM receptors; accordingly, these mice displayed an accumulation of apoptotic spermatogenic cells [17]. Secondly, through suppression of Toll-like receptor (TLR) signaling, TAM receptors serve as a negative feedback loop for the innate immune response. In detail, following ligand-mediated auto-phosphorylation, these receptors interact with the type I interferon receptor (IFNAR)/STAT1 complex, which initially amplifies the inflammatory response; however, this association causes functional changes of IFNAR/STAT towards an anti-inflammatory molecule, which in turn induces transcription of the suppressors of cytokine signaling 1 and 3 (SOCS1 and 3) proteins. These proteins ultimately inhibit both TLR as well as cytokine receptor pro-inflammatory signaling [18]. Furthermore, TAM receptors may play a role in viral infection [19]; notably, these receptors may be implicated in virus–host interplay during SARS-CoV2 infection, which was recently reviewed in detail [20].




1.3. Regulation of TAM Receptor Expression


The regulation of the TAM receptor expression has been detailed both at transcriptional and post-transcriptional levels. Regarding the former, an increase in AXL gene expression was found in human monocyte-derived macrophages treated with the macrophage colony-stimulating factor, compared to cells treated with the granulocyte-macrophage colony-stimulating factor [21]. However, inflammatory stimuli, such as lipopolysaccharide (LPS), can also drive Axl expression [22], whereas, upregulation of MerTK expression has been shown for both pro- and anti-inflammatory cytokines, such as IL-17A and IL-10, respectively [23]. Additionally, glucocorticoids and Liver X receptor stimulation increase MerTK expression [24,25]. Tyro-3 remains the least well-studied member of the TAM receptor family and the regulation of its expression is currently not well established. Several studies on macrophages within the tumour microenvironment have characterized TAM receptor expression on both anti-tumour and pro-tumour macrophages. Of note, monocyte differentiation into macrophages upregulates MerTK expression, although the same studies observed contrasting results regarding changes in Axl expression upon macrophage differentiation [26,27]. Whilst high MerTK expression has been consistently attributed to an immunosuppressive, pro-restorative phenotype [28,29], upregulation of Axl has been observed in both macrophages stimulated by TLR ligands and interferon-γ [30] as well as in cells stimulated with IL-4 or IL-13 stimulation [31].



At the post-transcriptional level, ectodomain shedding of TAM receptors seems to play an important role in the regulation of these receptors. In fact, the TM domain is characterised by cleavage sites for a disintegrin and metalloproteinase domain-containing protein 10 and 17, also known as ADAM10 and ADAM17. The proteolytic processing of TAM receptors by these proteins leads to cleavage and release of a soluble component, termed sAxl, sMer and sTyro-3, depending on the receptor [32,33]. Interestingly, these molecules maintain the ability to bind TAM ligands, thereby dampening ligand-induced signaling [34]. In addition to ectodomain shedding, which is well established, a recent study suggests that Axl can be processed by α- and γ-secretases, leading to the formation of an intracellular domain that translocates into the nucleus [35].





2. TAM Receptors in Liver Disease


2.1. Liver Homeostasis


The liver is continuously exposed to gut-derived bacteria and microbial products from the portal circulation and thus faces the unique challenge of serving as an immunological barrier while also maintaining immune tolerance. One of the first studies investigating the role of TAM receptors in the liver revealed that these receptors are key for maintaining liver immune tolerance. In fact, triple KO mice (Axl−/−, Mertk−/−, Tyro3−/−) spontaneously developed inflammation, which persisted, leading to chronic inflammation [36]. Furthermore, investigations into the differential expression of TAM receptors reveal that Axl and MerTK are rarely co-expressed in mice [30]. Rather, bone marrow-derived macrophages and bone marrow-derived dendritic cells cultured in vitro expressed MerTK or Axl almost exclusively, respectively. These findings were confirmed in vivo in murine macrophages and dendritic cells of the spleen and lung. However, murine liver-resident macrophages are an exception to this rule and displayed co-expression of Axl and MerTK, although Tyro3 expression was absent in KC [30]. Moreover, MerTK, but not Axl, is known to be ubiquitous in murine tissue-resident macrophages, including liver-resident macrophages [37]. The role of TAM receptors in liver homeostasis was recently dissected by Zagórska et al. in Cx3cr1-specific double KO mice (Axl−/− Mertk−/−). In Axl- and MerTK-deficient mice, apoptotic cells accumulated in the liver with ageing. Furthermore, these mice displayed inflammatory infiltrates in the liver, paralleled by increased liver mRNA levels of pro-inflammatory cytokines and chemokines as well as serum levels of liver damage markers. Thus, in accordance with the known functions of TAM receptors, Axl and Mer promoted efferocytosis and prevented excessive immune activation in the liver [38]. However, further investigations into the role of TAM receptors in tolerogenic barrier immunity of the liver are needed.




2.2. Acute Liver Injury


MerTK seems to play a vital role in acute sterile injury, as displayed by a study in acute liver failure (ALF). Interestingly, a distinct subset of cells with high HLA-DR and MerTK expression was expanded in both circulation and tissue compartments of ALF patients. Notably, this subset was confirmed in an ALF model of acetaminophen (APAP)-treated mice and the appearance of these cells was restricted to the resolution phase of liver injury. The role of MerTK in liver repair and hepatoprotection is evident in APAP-treated Mertk−/− mice, which displayed persistent hallmarks of liver injury, including lower proportions of resident KCs and increased number of activated hepatic neutrophils during both peak and resolution phases. In ALF patients, MerTK + HLA-DRhigh monocytes displayed enhanced efferocytosis of apoptotic cells as well as clearance of Escherichia Coli. Thus, myeloid reprogramming towards this pro-restorative phenotype may be of therapeutic significance, as displayed by the beneficial effects of secretory leucocyte protease inhibitor (SLPI) both in vitro and in APAP-treated mice [39]. Of note, Axl−/− mice treated with APAP showed no changes in efferocytosis. Nonetheless, similarly to Mertk deficient mice, Axl−/− mice exhibited signs of increased liver damage, including massive haemorrhage and elevated serum levels of ALT in comparison to Mertk−/− and wild-type mice, indicating that Axl may play a role in alleviating APAP-induced liver injury [38]. In line with these findings, Gas6 signaling alleviated ischemia/reperfusion (I/R) injury in a mouse model of liver I/R. Moreover, in vitro experiments suggested that TAM receptor signaling protected hepatocytes from hypoxia-induced death and dampened cytokine expression of IL-1β and TNF by murine macrophages. In fact, Gas6 treatment improved liver I/R injury in both Gas6−/− mice and wild type mice, which highlights its potential use as a therapeutic in post-ischemic hepatic damage [40]. These studies on TAM signaling in acute liver injury validate previous findings, demonstrating that Gas6−/− mice exhibited a defective wound healing response following carbon tetrachloride (CCl4)-induced toxic hepatitis, accompanied by impaired KC activation [41].




2.3. Liver Steatosis


Several studies have shed light on Axl and MerTK signaling in steatosis, which seem to play different or even divergent roles in this context. Axl inhibition in a NASH model led to decreased cytokine production by LPS-stimulated KCs, as well as a reduction in expression of genes related to inflammation and fibrosis. Interestingly, Mertk−/− mice displayed an enhanced phenotype of NASH, whereas Axl−/− mice showed a partial improvement of disease hallmarks, such as decreased liver fibrosis and inflammation. Moreover, Gas6 stimulation of primary hepatocytes attenuated palmitic acid-induced lipotoxicity via activation of MerTK, while Axl activation showed no beneficial effects on lipotoxicity [42]. In contrast, a cross-sectional cohort study revealed that NAFLD patients who were carriers of a loss-of-function MERTK variant (rs4374383 G > A) displayed reduced activation of the pro-inflammatory NF-κB pathway in mononuclear cells upon oral fat tolerance test, as well as higher fat oxidation rates and increased tissue insulin sensitivity. In fact, the rs4374383 G > A variant protected healthy nonobese nondiabetic patients from 9-year incident NAFLD [43]. In addition, a study of the role of Gas6 in an experimental model of steatohepatitis revealed that Gas6 deficiency delays steatosis. Interestingly, these Gas6−/− mice also displayed restored expression levels of genes involved in β-oxidation, as well as increased expression of PPARα [44]. Finally, the cleavage of MerTK by ADAM17 is reduced in NASH, which leads to increased MerTK signaling in KC [45].




2.4. Liver Fibrosis


There is increasing evidence suggesting that sustained TAM signaling may play a role in liver fibrosis and thus could be detrimental in the context of chronic liver injury. The critical role of activated HSC as drivers of liver fibrosis is well established. Interestingly, the activation of Axl increased primary mouse HSC activation while Axl siRNA blocked the process. In vivo, both Axl knockout and Axl inhibition via bemcentinib (BGB324) led to reduced collagen deposition in a CCL4-induced liver fibrosis model [46]. Accordingly, it has been shown that Gas6 is secreted by activated HSC following injury in a rat CCL4-induced fibrosis model. Furthermore, Gas6 promotes activated HSC survival via a vitamin K-dependent anti-apoptotic effect and thus may contribute to activated HSC accumulation in liver fibrosis [47]. Moreover, Gas6 deficiency improved liver fibrosis in a steatohepatitis mouse model due to reduction in myofibroblast activation as shown by decreased expression of transforming growth factor beta (TGF-β) and collagen 1 mRNAs [44]. In addition to the role of Gas6/Axl signaling, there are studies indicating that MerTK signaling is also involved in liver fibrosis. Firstly, the progression of fibrosis in non-alcoholic fatty liver disease (NAFLD) patients is predicted by a specific MerTK rs4374383 genotype associated with increased hepatic MerTK expression [43]. Secondly, a MerTK variant associated with an allele-specific downregulation of MerTK following treatment of hepatitis C with interferon-α is associated with reduced risk of liver fibrosis in genome-wide association studies [48]. More recently, a molecular mechanism underlying these studies on MerTK variants as genetic risk factors was proposed. The targeting of MerTK specifically in myeloid cells in a mouse model of nonalcoholic steatohepatitis (NASH) reduced liver fibrosis. Accordingly, mice with a MerTK receptor that was cleavage-resistant to ADAM17 displayed increased liver fibrosis. Moreover, an increase in TGFβ1 following activation of MerTK on macrophages led to HSC activation with increased collagen production [45]. Interestingly, TAM receptors and their ligands, especially Protein S, regulate hemostasis (previously reviewed in detail [49]). Moreover, patients with liver cirrhosis display changes in hemostasis, leading to thrombotic or hemorrhagic events, which are associated with high morbidity and mortality [50]. Thus, a potential area of research, which remains currently underexplored, is the role of TAM receptors in cirrhosis-associated hemostatic alterations.




2.5. Cirrhosis-Associated Immune Dysfunction


A better understanding of not only the hallmarks of cirrhosis-associated immune dysfunction (CAID) but also bacterial translocation in cirrhosis is required to contextualize recent findings related to TAM receptors in liver disease. Firstly, although bacterial translocation occurs from the gut to mesenteric lymph nodes in healthy conditions and is vital for host immunity, this process is increased in liver cirrhosis and exceeds the host’s ability to maintain tolerance [51]. Secondly, the progression of cirrhosis is accompanied by systemic inflammation, as shown by increased serum pro-inflammatory cytokines [52], as well as the activation of circulating immune cells that display changes both in phenotype and function [53,54,55,56]. In parallel, dysfunctional hepatic protein synthesis leads to an impaired complement system and reduced pathogen recognition [57,58], along with reduced KC numbers [59] and an expansion of immunosuppressive circulating immune cells [22,60]. These mechanisms together have been proposed to underlie the increased susceptibility to infections (e.g., spontaneous bacterial peritonitis) and relate to mortality in patients with cirrhosis [61,62,63].



Several studies suggest that TAM receptor signaling plays a role in CAID. It was shown that Gas6/Axl signaling in liver macrophages induced autophagy, which in turn prevented NLRP3 inflammasone activation and inhibited the hepatic inflammatory response. Moreover, Axl−/− mice were partially protected from hepatic injury induced by either LPS or CCL4 compared to wild-type mice [64]. As previously mentioned, MerTK-expressing immunoregulatory monocytes were expanded in the circulation of patients with acute-on-chronic liver failure (ACLF) compared to not only healthy controls but also patients with stable cirrhosis. In parallel, MerTK-expressing macrophages were increased in the liver, peritoneum and mesenteric lymph nodes of these patients. Remarkably, MerTK expression was correlated with hepatic (Child-Pugh and MELD), as well as extrahepatic (CLIF-SOFA and NACSELD) disease severity scores as well as with the systemic inflammatory response (SIRS). The response of MerTK-expressing monocytes ex vivo to microbial exposure indicated that these cells show attenuated production of pro-inflammatory cytokines IL-6 and TNF-α. Accordingly, MerTK+ monocytes displayed an anti-inflammatory phenotype. Moreover, in vitro experiments suggested that MerTK-expressing cells displayed increased migration into inflamed tissues in the context of cirrhosis-associated endothelial dysfunction, in fact, repeated cycles of migration may constitute a mechanism for MerTK upregulation in ACLF [60]. In addition to these findings on MerTK in ACLF, Axl-expressing monocytes were expanded in the circulation of patients along early and advanced stages of cirrhosis in the absence of acute decompensation. These cells produced lower levels of inflammatory cytokines IL-6 and TNF-α in response to LPS stimulation and displayed reduced T-cell activation and increased phagocytic removal of apoptotic cells. AXL-expression correlated not only with disease severity scores, such as Child-Pugh, MELD and classification by D’Amico, but also with major complications of cirrhosis, such as ascites, varices and hepatic encephalopathy. Moreover, high Axl-expression predicted development of infection, onset of acute decompensation and mortality in patients with cirrhosis. Mechanistically, Axl is upregulated upon exposure to pathogen-associated molecular patterns (PAMPs), as well as uptake of either apoptotic cells or bacteria. Importantly, Axl inhibition restored inflammatory cytokine production by monocytes ex-vivo, which highlights a potential therapeutic target in CAID [22].



Several studies suggest that plasma components of the TAM system may also serve as noninvasive markers of chronic liver disease complications. In particular, plasma Gas6 may be a promising biomarker for the detection of oesophageal varices and may represent an alternative to Baveno VI criteria in those cases where transient elastography (TE) is unavailable or unsuccessful due to cost constraints or patient obesity, respectively [65]. Moreover, plasma sAxl levels were an accurate biomarker for liver fibrosis and cirrhosis in patients with NAFLD or viral hepatitis; additionally, the accuracy can be increased by incorporating albumin into a sAxl/albumin ratio, which represents another suitable alternative to TE [66]. In fact, plasma Gas6 levels have been shown to be elevated in patients with cirrhosis across multiple studies, as well as increasing in parallel with severity of cirrhosis. Moreover, sAxl, sMer and Protein S were increased in patients with cirrhosis, while Galectin-3 was specifically elevated in patients with ACLF [22,42,60].




2.6. Hepatocellular Carcinoma


While TAM receptors have been investigated in a wide variety of cancers, including non-small-cell lung cancer, acute myeloid leukemia, chronic myeloid leukemia, breast cancer, ovarian cancer, glioblastoma, and melanoma [67], findings related to hepatocellular carcinoma (HCC) are currently limited and are restricted to the role of Axl. Of note, not only liver non-parenchymal cells but also malignant hepatocytes express Axl in HCC [68]. Although TAM receptor signaling may be considered anti-oncogenic due to its role in preventing chronic inflammation, especially at early stages of disease, studies on Axl signaling in HCC have revealed a multitude of possible oncogenic roles as well. Firstly, as previously described, both sustained Axl and sustained MerTK signaling in non-parenchymal liver cells may drive liver fibrosis, which may predispose these patients to develop HCC. Secondly, in vitro experiments indicate that Axl signaling may confer the invasive and migratory characteristics of hepatocytes that have undergone epithelial-to-mesenchymal transition (EMT). Accordingly, HCC patients with high Axl expression also displayed increased vessel invasion of HCC cells, increased risk of tumour recurrence following liver transplantation and drastically lower survival rates [69]. Finally, since it is known that TAM receptor signaling in macrophages of the tumour microenvironment polarizes these cells towards an immunosuppressive state (also known as pro-tumour macrophages) [70], one may speculate that this mechanism occurs in HCC as well. However, evidence for this process is currently lacking in HCC. In addition to these oncogenic mechanisms, it was shown that a combination of transforming growth factor-ß signaling and Axl signaling lead to CXCL5 expression and release, which is known to drive HCC progression via recruitment and infiltration of neutrophils into tumour tissue. Accordingly, both CRISPR/Cas9-mediated Axl knockout and gene silencing of Axl abrogated CXCL5 levels in HCC cell lines, which reduced the chemokine-dependent attraction of neutrophils into HCC tumours [71]. A recent study revealed the role of Axl overexpression in portal vein tumour thrombus (PVTT), which was associated with poor overall survival (OS). AXL overexpression in tumour-derived endothelial cells, but not tumour cells, was associated with reduced OS in HCC patients with PVTT. Furthermore, high AXL expression promoted HCC cell migration and metastasis in both in vitro and in vivo xenograft models. Accordingly, the increase in metastasis was abolished upon treatment with an Axl inhibitor (R428) [72]. Another study related to HCC metastasis detailed an important mechanism of AXL gene regulation. The splicing regulator PTBP1 led to the formation of a spliced variant of Axl with increased binding affinity to Gas6 and downstream signaling, which drove liver cancer cell migration, invasion and metastasis in both in vitro but also in vivo settings [73]. Finally, a study investigated expression levels of the tumour suppressor miRNA-34a-5p in HCC tissues, which indicated that high expression was associated with better survival. Importantly, miRNA-34a-5p targets AXL and transfection in an HCC cell line led to reduced proliferation and increased apoptosis as well as decreased chemoresistance to cisplatin. In fact, these beneficial effects can be recapitulated upon transfection with small interfering RNA for AXL, which highlights the multifaceted role of Axl in HCC [74].



In addition to studies investigating the role of Axl in HCC, the diagnostic utility of blood sAxl levels in HCC patients has been explored. In fact, a study indicated that sAxl might outperform the well-established serum marker Alpha-foetoprotein (AFP) in detecting HCC. In particular, sAxl was superior in early HCC and in AFP-negative HCC. Moreover, by combining sAxl and AFP, the specificity for early HCC diagnosis was improved [75, 76]. In support of sAxl as a specific marker for cirrhosis and HCC, a large-scale multicentre analysis indicated that serum levels remain unvaried in many other chronic liver diseases, such as cholestatic liver disease, chronic viral hepatitis and autoimmune hepatitis, as well as liver adenomas and cholangiocarcinomas (CCA) [77]. Interestingly, the multi-kinase inhibitor Cabozantinib is already approved for use in patients with sorafenib-pretreated advanced HCC. Of note, this inhibitor does not impact Axl alone, but in fact it displays higher selectivity for the vascular endothelial growth factor (VEGF) receptor 2 and mesenchymal-epithelial transition factor (MET) receptor. Thus, it is hard to discern the specific role of Axl in studies involving Cabozantinib treatment in HCC [78]. This scenario is complicated further by supposing that Axl modulation may impact tumour cells indirectly via Axl-expressing macrophages in the tumour microenvironment [70].




2.7. Cholestatic Diseases and Cholangiocarcinoma


Lastly, a small number of studies highlighted potential roles of Axl in both cholestatic disease and CCA. High serum Axl and Gas6 levels have been proposed as non-invasive biomarkers for advanced histological stage in patients with primary biliary cholangitis. Moreover, the diagnostic accuracy of these markers was further improved by incorporating albumin into Axl/albumin and Gas6/albumin ratios [79]. In the context of CCA, AXL/signal transducer and activator of the transcription 3 (AXL/STAT3) inactivation by the opioid-binding protein/cell adhesion molecule, such as (OPCML), a well-known tumour suppressor, induced apoptosis and inhibited cell proliferation in CCA cell lines [80]. In addition, a novel histone deacetylase inhibitor (CG200745) displaying anticancer effects in CCA both in vitro and in vivo, downregulated Axl and Gas6 genes in two CCA cell lines [81]. Finally, metformin reduced human CCA cell proliferation both in vitro and in vivo, which was associated with decreased phosphorylation of a variety of tyrosine kinase receptors, including Axl [82].





3. Conclusions and Future Questions


Axl and MerTK seem to play an important role in liver immune homeostasis, by suppressing inflammatory responses and promoting the removal of apoptotic cells. Accordingly, TAM receptor-deficient mice develop chronic liver inflammation. Furthermore, myeloid-specific deletion of Axl and MerTK leads to liver damage, apoptotic cell accumulation and inflammatory infiltrates in the livers of ageing mice. TAM receptors display differential expression in myeloid cell subsets across liver and extrahepatic compartments (see Table 1). In addition, in the context of liver disease these two receptors can have diverse roles depending on the liver pathophysiology (see Table 2). In summary, MerTK signaling is hepatoprotective and vital for tissue resolution following acute liver injury. In liver steatosis, evidence in support of the role of TAM receptors is currently sparse. Briefly, Axl signaling exacerbated inflammation and fibrosis in an experimental model of NASH, whereas MerTK signaling seemed to attenuate these processes. Undoubtedly, sustained pathological Axl and MerTK signaling in non-parenchymal cells play a role in hepatic fibrosis. Although several mechanisms have been proposed, more detailed molecular mechanisms underlying TAM receptor-mediated liver fibrosis are needed. Moreover, Axl- and MerTK-expressing immunosuppressive monocytes are expanded in the circulation of patients with cirrhosis or acute-on-chronic liver failure, respectively. These findings add to the spectrum of immune alterations, known as CAID, and may provide a link with the increased susceptibility to infections and mortality in these patients. In HCC, Axl signaling in malignant parenchymal cells promotes survival, invasion, migration, EMT and chemoresistance, as well as neutrophil infiltration into the tumour tissue. Moreover, Axl overexpression in tumour-derived endothelial cells drives metastasis and is associated with poor survival in HCC patients with PVTT. In addition to the mechanisms of TAM receptor biology discussed here, it would seem that levels of circulating TAM system components, such as soluble receptors (sAxl) and ligands (Gas6 and Galectin-3), can serve as non-invasive biomarkers in a variety of pathologies including fibrosis, cirrhosis, chronic liver disease complications and HCC.



Given our current understanding of TAM receptor involvement in liver disease, one may speculate on different therapeutic approaches. In acute liver failure, the expansion of prorestorative hepatic MerTK+ macrophages by SLPI may promote tissue resolution and provide a therapeutic benefit. MerTK agonism may also constitute a promising strategy for the treatment of ALF; however, MerTK-specificity may be important, as a molecule displaying concurrent Axl agonism may have a pro-fibrotic effect on the liver. Moreover, since patients with NAFLD display an increase of Axl signaling during progression of disease and the Bemcentinib administration reduced liver fibrosis and inflammation in experimental NASH, Axl targeting, either directly or possibly indirectly via increased ectodomain cleavage by ADAM10/17, may be a therapeutic strategy for the treatment of patients with NASH. While MerTK targeting in a murine model of NASH also reduced liver fibrosis, MerTK seems to confer hepatocyte protection against lipotoxicity via Gas6, and thus it is not clear whether MerTK targeting may be of therapeutic benefit in the context of NASH. In patients with cirrhosis, Axl inhibition may counteract the immunosuppressive features of Axl-expressing monocytes in the circulation and prevent infections, which constitute the leading cause of decompensation in cirrhosis. Analogously, MerTK inhibition in patients with ACLF may restore monocyte responses to bacterial challenge and prevent secondary infections. When evaluating TAM receptor modulation as a therapeutic approach, one must also consider unwanted systemic effects, since these receptors are ubiquitously expressed in the body and are vital for immune homeostasis. Currently, there are no approved therapies involving TAM receptor modulation in liver disease, except for Cabozantinib, which is not a selective Axl inhibitor per se. Given the compartmental regulation of TAM receptors on myeloid cells, in vivo studies are required to test and explore both the effects and side effects of TAM modulation in liver disease. However, due to the increasing number of preclinical trials evaluating TAM-targeting agents for the treatment of cancer, the idea of repurposing such agents for the treatment of liver diseases seems promising. In conclusion, there is a growing body of research related to distinct TAM receptor signaling in liver disease, highlighting the need for further research in this field.
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Figure 1. TAM receptors promote efferocytosis and inhibit TLR signaling. (A) TAM receptors promote efferocytosis. Illustration of TAM ligand (Gas6) serving as a bridge between PtdSer exposed on the surface of an apoptotic cell and a TAM receptor expressed by a phagocyte. Ligand G1a domain binds PtdSer on apoptotic cell; LG domains of ligand bind to Ig domains of TAM receptor; ADAM10/17 cleave TAM receptor at cleavage sites within TM domain. (B) TAM receptors inhibit TLR signaling. Illustration of TAM ligand binding and activation of TAM receptor, interaction with IFNAR/STAT complex, transcription of SOCS1/3, inhibition of TLR- and cytokine receptor-signaling pathways, and reduction in NF-κB-induced pro-inflammatory cytokine production. PtdSer = Phosphatidylserine, EGF = epidermal growth factor, LG = laminin G, Ig = immunoglobulin-like, FNIII = fibronectin type III, ADAM10/17 = A Disintegrin and metalloproteinase domain-containing protein 10/17, TM = transmembrane, TKD = tyrosine kinase domain, IFNAR = type I interferon receptor, TLR = toll-like receptor, SOCS1/3 = suppressors of cytokine signaling 1 and 3, STAT = signal transducer and activator of transcription, NF-κB = nuclear factor kappa-light-chain-enhancer of activated B cells. 
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Table 1. TAM receptor expression in myeloid cell subsets in liver and extrahepatic compartments.
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	Axl
	MerTK
	Tyro-3





	Bone Marrow
	           [image: Livers 02 00002 i001]

	
Bone marrow-derived dendritic cells (BMDCs) express abundant Axl, whereas bone marrow-derived macrophages (BMDM) express minimal Axl [30].





	           [image: Livers 02 00002 i002]

	
BMDCs express minimal MerTK, whereas BMDMs express abundant MerTK [30].





	        [image: Livers 02 00002 i003]

	
Tyro-3 expression is low in BMDCs and absent in BMDMs [30].








	Blood
	           [image: Livers 02 00002 i004]

	
Activated platelets express Axl [2].





           [image: Livers 02 00002 i005]

	
Circulating monocytes in healthy controls display low Axl expression (1–2%).



Axl expression increases with progression of cirrhosis (2–30%) [22].





	           [image: Livers 02 00002 i006]

	
70% of platelets express MerTK [2].





           [image: Livers 02 00002 i007]

	
Circulating monocytes in healthy controls display low MerTK expression (5%).



MerTK expression is increased in patients with ACLF (~35%) and ALF (~50%) [60].





	        [image: Livers 02 00002 i008]

	
77% of platelets express Tyro-3 [2].








	Liver
	           [image: Livers 02 00002 i009]

	
Kupffer cells express Axl [38,42].





           [image: Livers 02 00002 i010]

	
Patients with NASH cirrhosis display overexpression of Axl on liver macrophages [42].





	           [image: Livers 02 00002 i011]

	
Kupffer cells express MerTK [38,42,45].





           [image: Livers 02 00002 i012]

	
MerTK-expressing macrophages accumulate in the liver of patients with ACLF and decompensated cirrhosis [60].





	        [image: Livers 02 00002 i013]

	
Kupffer cells do not express Tyro-3 [38].












 [image: Livers 02 00002 i024] = murine data;  [image: Livers 02 00002 i025] = human data. (Health vs. Disease).
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Table 2. Summary of major findings of TAM receptors in pathophysiology of liver disease.
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Liver Pathophysiology

	
Axl Signaling

	
MerTK Signaling






	
Homeostasis

	
                     [image: Livers 02 00002 i014]

	
Axl and MerTK signaling reduces inflammation and promotes removal of apoptotic cells [38].



	
TAM-deficient mice develop chronic inflammation [36].









	
Acute liver injury

	
           [image: Livers 02 00002 i015]

	
Axl signaling protects from severe APAP-induced liver damage [36].






	
           [image: Livers 02 00002 i016]

	
MerTK signaling promotes tissue resolution in APAP-induced liver injury [38,39].









	
Steatosis

	
           [image: Livers 02 00002 i017]

	
Axl signaling in NASH: ↑inflammation ↑fibrosis [42].






	
           [image: Livers 02 00002 i018]

	
MerTK signaling in NASH: hepatoprotective and ↓lipotoxicity [42].









	
Fibrosis

	
                     [image: Livers 02 00002 i019]

	
Sustained Axl and MerTK signaling promote liver fibrosis [38,44,45,46,47].





                     [image: Livers 02 00002 i020]

	
MerTK rs4374383 polymorphism predicts high hepatic



MerTK expression and progression of fibrosis in NAFLD [43].









	
Cirrhosis-associated immune dysfunction
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Expansion of Axl+ circulating immunosuppressive monocytes in cirrhosis [22].
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Expansion of MerTK+ circulating immunosuppressive monocytes in ACLF [60].









	
Hepatocellular carcinoma
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Axl signaling in hepatocytes undergoing



EMT: ↑invasion ↑migration



	
Targeting Axl increases sensitivity to chemotherapy [69,74].
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