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Metabolic dysfunction-associated steatohepatitis (MASH) is the replacement
term for what used to be called nonalcoholic steatohepatitis (NASH). It is
characterized by inflammation and injury of the liver in the presence of
cardiometabolic risk factors and may eventually result in the development of
hepatocellular carcinoma (HCC), the most common form of primary liver cancer.
Several pathogenic mechanisms are involved in the transition from MASH to
HCC, encompassing metabolic injury, inflammation, immune dysregulation and
fibrosis. In this context, Gas6 (Growth Arrest-Specific 6) and TAM (Tyro3, Axl, and
MerTK) receptors may play important roles. The Gas6/TAM family is involved in
the modulation of inflammation, lipid metabolism, fibrosis, tumor progression
and metastasis, processes which play an important role in the pathophysiology of
acute and chronic liver diseases. In this review, we discuss MASH-associated
HCC and the potential involvement of the Gas6/TAM system in disease
development and progression. In addition, since therapeutic strategies for
MASH and HCC are limited, we also speculate regarding possible future
treatments involving the targeting of Gas6é or TAM receptors.

KEYWORDS

MASH, MASLD, HCC, NAFLD, NASH, Gas6, TAM receptors, liver

1 Introduction

With Non-Alcoholic Fatty Liver Disease (NAFLD) we referred to a broad spectrum of
chronic liver diseases, characterized by the abnormal accumulation of triglycerides in the
hepatocytes. The nomenclature regarding this condition has been recently revised by the
American Association for the Study of Liver Disease (AASLD) and by the European
Association for the Study of the Liver (EASL) as Metabolic dysfunction-Associated
Steatotic Liver Disease (MASLD) (1). MASLD includes patients with hepatic steatosis
and at least one of the five cardiometabolic risk factors: Body Mass Index (BMI) > 25 kg/m?,
elevated glucose levels or Type 2 Diabetes (T2D), blood pressure > 130/85 mmHg, plasma
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triglycerides > 1.70 mmol/L or plasma High Density Lipoprotein
(HDL)-cholesterol < 1.0 mmol/L. In addition, a new separated
subcategory, named “MetALD”, has been created to classify patients
with coexisting metabolic dysfunctions and weekly alcohol intake
ranging between 140-350 grams for female and 210-420 grams for
male (2). By the last three decades, MASLD has become a common
disorder affecting approximately 30% of the population worldwide,
with a particularly high prevalence among elderly (3, 4). MASLD
encompasses two clinic-pathological entities including simple
steatosis, which usually ends up in a benign non-progressive
clinical course, and steatohepatitis (NASH), which could
potentially evolve into cirrhosis and hepatocellular carcinoma
(HCC) (5).

In coherence with the new nomenclature, NASH has been
renamed Metabolic Associated Steatohepatitis (MASH). MASH is
characterized by lobar inflammation, hepatocyte injury and
apoptosis, elevated local and systemic cytokines, activation of
Hepatic Stellate Cells (HSCs) and expansion of Liver Progenitor
Cells (LPCs) in periportal areas (6, 7). The gold standard for MASH
diagnosis is liver biopsy, followed by histological evaluation that
allows the identification of key findings, including cell ballooning
and Mallory-Denk bodies, in addition to steatosis (accumulation of
fat) and inflammation with or without fibrosis (8, 9).

The pathogenesis of MASH is mediated by the accumulation of
free fatty acids in the liver, which enhances oxidative stress, and
uncontrolled lipid oxidation, leading to the production of toxic
lipids. These harmful metabolites damage hepatocytes and cause
lipoapoptosis, a primary cause of persistent inflammation. Over
time, the increased lipotoxicity and the inflammatory environment
can lead to the progression of fibrosis, with accumulation of
extracellular matrix and formation of scars in the liver
parenchyma (10, 11).

MASH is a key step from the progression of MASLD to
cirrhosis, which may be further complicated by portal
hypertension, ascites, hepatic encephalopathy and HCC.
However, there have been reported some cases of MASLD-related
HCC even in the absence of advance fibrosis (12). HCC is the sixth
most common cancer and the third-leading cause of cancer related
mortality worldwide (13). Hepatocarcinogenesis is a complex
multistep process associated with the transition from hepatocyte
damage, fibrosis deposition and portal vascularization, towards a
context of high-capacity proliferative cells with invasive and
metastatic potential (14). Major risk factors for HCC include
HBV or HCV related hepatitis, aflatoxins, chronic alcohol
consumption, metabolic dysfunctions such as obesity and
diabetes, hereditary hemochromatosis and immune related
conditions; in industrialized countries, however, the strongest
predictor of HCC is cirrhosis of any etiology (15). MASLD/
MASH-derived HCC exhibits distinctive traits compared with
HCC from different etiologies (16). It is currently known that
patients with MASLD/MASH-derived HCC have lower survival
rates compared to patients with viral hepatitis HCC (17). While the
mechanisms behind the development of HCC from viral infection
are widely known (18, 19), the pathogenetic mechanisms
underlying MASH-related HCC are not fully understood.
However, it is known that tumorigenesis involves environmental
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factors along with mutations of genes implicated in cell
proliferation, apoptosis, as well as genetic variants that predispose
to liver fat accumulation. Among them, the variant (rs738409 c.444
C>G, p.I148M) in patatin-like phospholipase domain-containing
protein 3 (PNPLA3), which influences the activity of the PNPLA3
enzyme resulting in increased accumulation of fat in the liver, has
been associated with predisposition to fatty liver disease and HCC
(20, 21). Moreover, it has been reported that PNPLA3 may have a
potential role in retinol metabolism and HSCs biology, thus
contributing to fibrosis (22). Furthermore, loss of function of
transmembrane 6 superfamily member 2 (TM6SF2) gene may
contribute to the pathogenesis of MASH and HCC. Indeed,
patients with TM6SF2 genetic variant (rs58542926 c.449 C>T,
p.E167K) exhibit increased levels of liver triglycerides and
reduced release of very low density lipoproteins from hepatocytes
(23, 24). Along with metabolic-related variants, other genes that
regulate proliferation, cell cycle and DNA repair are involved in the
pathogenesis of HCC: a) mutation in Telomerase Reverse
Transcriptase (TERT) gene promoter occurs in early
carcinogenesis process and avoids the replicative senescence; b)
Tumor protein P53 (TP53) gene mutation impairs DNA repair and
damage response and is linked to the HBV-related HCC; c) Catenin
Beta 1 (CTNNBI) gene mutation leads to deregulated Wnt/f3-
catenin signaling; d) Retinoblastoma protein 1 (RbI) and Cyclin
Dependent Kinase Inhibitor 2A (CDKNZ2A) genes mutations affect
the transition from G1 to S phase of the cell cycle; e) Fibroblast
Growth Factors 3, 4, 19/Cyclin D 1 (FGF3, FGF4, FGF19/CCND1I)
amplification, TP53 and CDKN2A alterations result in aggressive
tumors in late stages; f) Activin A Receptor Type 2A (ACVR2A)
gene downregulation induces cell proliferation and migration,
resulting in poor outcomes (25, 26).

In HCC, growth factor receptors (e.g., EGFR, epidermal growth
factor receptor; FGFR, fibroblast growth factor receptor; IGFR,
insulin-like growth factor receptor; TGFA, transforming growth
factor alpha; VEGFR, vascular endothelial growth factor receptor),
cytoplasmic intermediates (e.g., PI3K-AKT-mTOR, RAF/ERK/
MAPK) and key pathways in cell differentiation (e.g., Hippo,
Hedgehog, Notch, JAK/STAT, Wnt/B-catenin) represent the most
common altered mechanisms (27).

2 Gas6 and TAM receptors
2.1 Structure and role in cell physiology

TAM receptors belong to the family of receptor tyrosine kinases
(RTKs) and include three membrane receptors: Tyro3, Axl and
myeloid-epithelial-reproductive tyrosine kinase (MerTK) (28).
They were identified in 1991 and afterwards cloned as full length
RTKs: Tyro3 from the central nervous system (CNS) (29), Axl from
chronic myelogenous leukemia (30), and MerTK from B-
lymphoblastoid cells (31). All share a similar structure which
consists of two immunoglobulin-like (IgL) repeats, two
fibronectin type III (ENIII) domains connected to a single-pass
transmembrane domain and an intracellular cytoplasmic tyrosine
kinase domain (TKD) (32).
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These receptors differ in cell and tissue expression (33). Indeed,
Tyro3 is widely present in CNS, but it is also expressed in Sertoli
cells, platelets, mature osteoclasts and retina (34-38). Axl is
expressed in a wide variety of tissues and organs including brain,
monocytes, macrophages, platelets, endothelial cells and dendritic
cells (39, 40). MerTK has been mainly described in retinal pigment
epithelium, peripheral blood and bone marrow mononuclear cells,
monocytes, and macrophages (36, 41).

The TAM receptors are activated upon the binding of their
extracellular ligands, protein S (Prosl) and growth arrest-specific
protein 6 (Gas6), leading to receptor dimerization and activation of
the tyrosine kinase domain (42, 43). In addition, tubby-like protein
and galectin-3 represent other described ligands of TAM receptors
(44, 45). Pros1 and Gas6 are two homologous vitamin K-dependent
proteins; the former acts as a ligand for Tyro3 and MerTK, the latter
binds all three TAMs with higher affinity for Axl (46). Prosl and
Gas6 have a similar structure composed by an N-terminal -
carboxyglutamate (Gla)-rich domain, a loop region, four
epidermal growth factor (EGF)-like domains, and a C-terminal
sex hormone-binding globulin (SHBG)-like domain containing two
globular laminin G-like domains that are able to mediate the
binding between ligand and receptor (47). Moreover,
metalloproteases are capable of cleaving the extracellular domains
of TAMs with the consequent inactivation of these receptors and
the production of their soluble circulating forms (sTyro3, sAxl,
sMerTK) (48, 49). The activation of TAM receptors is linked to
several signal transduction pathways including phosphoinositide 3
kinase (PI3K)/AKT, growth factor receptor-bound protein 2
(Grb2), mitogen-activated protein (MAP) kinase, nuclear factor
k-light-chain-enhancer of activated B cells (NF-xB), signal
transducer and activator of transcription protein (STAT),
phospholipase c-y, Raf-1 and extracellular-signal-regulated kinase
(ERK) (50-52).

The TAM family is involved in several physiological processes,
including modulation of inflammation, platelet aggregation,
smooth muscle homeostasis, as well as regulation of efferocytosis
(53-55). In addition, it has been described that this system also
contributes to the stimulation of cell growth and proliferation,
migration and immune responses (56). In turn, dysregulation of
TAM signaling has been implicated in various autoimmune
disorders such as rheumatoid arthritis and systemic lupus
erythematosus, and degenerative diseases, including Alzheimer’s
disease and multiple sclerosis (57-62).

2.2 Gas6/TAM in inflammation
and carcinogenesis

Inflammation is a dynamic physiological response to tissue
damage or harmful stimuli, characterized by the release of several
inflammatory mediators that coordinate cellular defense
mechanisms and tissue repair. It is also marked by vascular
dilation and enhanced capillary permeability, facilitating the
recruitment of leukocytes to the damaged tissue. The
inflammatory process is essential in the maintenance of tissue
homeostasis and is usually a temporary and well-orchestrated
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response. However, under certain circumstances, the acute
inflammatory process may turn into an excessive and prolonged
response, with consequent deleterious effects on the healthy tissues
and associated with several diseases, including autoimmune disease,
metabolic disorders, heart disease and cancer (63). Therefore, the
balance between the beneficial and detrimental effects of
inflammation can be delicate and requires fine-tuned
maintenance mechanisms. The role of TAM signaling in the
modulation of the inflammatory process and development of
immune response has been highlighted over the past years. TAM
receptors are believed to be involved in the suppression of
inflammation through a complex negative feedback mechanism.
In dendritic cells, it was proposed that activated TAM receptors can
associate with IFNAR-STAT1 complex and induce transcription of
SOCSI (suppressor of cytokine signaling-1) and SOCS3. These two
proteins inhibit toll-like receptors (TLRs) and TLR-induced
cytokine-receptor cascades, switching off the inflammatory
response. In turn, the activation of TLR leads to a burst of
cytokines resulting in an IFNAR/STAT1-dependent upregulation
of the TAM system (64, 65). Inhibition or ablation of TAM
receptors may lead to inflammation and autoimmunity. This is
particularly evident in TAM-deficient mice that eventually develop
autoimmune disease, probably due to the dysregulation of the
inflammatory process and the loss of phagocytic response to
apoptotic cells (41, 66). Macrophages are important during
inflammation, due to their role in the engulfment of apoptotic
cells that need to be efficiently cleared from the body. In
macrophages, this phagocytic process occurs mostly via MerTK
and Axl receptors (67, 68). Genetically modified mice with a
cytoplasmic truncation of MerTK show defective macrophages
with impaired capacity in the clearance of apoptotic cells (66).
Clinically, elevated levels of Gas6 and TAM receptors have been
reported in several inflammatory diseases (69-72).

Chronic inflammation has also been linked to increased cancer
risk and more advanced tumor stage (73, 74). TAM receptors and
Gas6 have been studied in different types of cancers and Gas6/
TAM-related signaling pathways are associated with the activation
of standard proliferative pathways (including MEK/ERK and PI3K/
AKT), implicated in cell proliferation, growth and survival (37, 75).
The overexpression of MerTK and Tyro3, but mostly Axl, has been
reported in several solid and hematological tumors and is usually
associated with increased metastatic risk and drug resistance, as well
as overall worst prognosis (76-79). However, the exact mechanisms
that lead to the abnormal expression and activation of TAM
receptors in cancer remain unclear. One possible mechanism
relies on the interaction and crosstalk between hypoxia-inducible
factor-1 alpha (HIF-1o) and Axl. While HIF-1o, often found
upregulated in cancer, has the capacity to regulate the expression
of Axl, Axl also seems to be important in the transcription and
stability of HIF-1c. In fact, during hypoxia, the inhibition of Axl
suppresses hypoxia-induced epithelial-to-mesenchymal transition
(EMT) and invasion (80). DNA methylation, microRNA, long non
coding RNA (IncRNA) and other transcriptional activators have
also been pointed out as regulating mechanisms of Axl expression
and mRNA stability (81-84). Accordingly, Bemcentinib (R428), a
selective Axl inhibitor, is currently in phase I/II clinical trials of
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Acute Myeloid Leukemia (AML), glioblastoma and malignant
mesothelioma and has completed phase II clinical trials in
patients with non-small cell lung cancer (NCT02424617) or
metastatic pancreatic cancer (NCT03649321). The soluble form of
the receptors was also suggested as a marker for the prediction of
prognosis in cancers of different origin. For example, increased sAxl
levels were observed in late-stage melanoma patients compared to
patients at an earlier stage (85), whereas lower levels of sAxl and
Gas6 in serum was associated with longer survival in renal cell
carcinoma patients (86). Similarly, both in pancreatic ductal
adenocarcinoma (87) and in high-grade serous carcinoma (88)
patients, sAxl was significantly increased.

2.3 Gas6/TAM in liver disease

Several studies have shed light on the involvement of Gas6/
TAM system in liver diseases. Gas6 and Axl signaling has a
particularly relevant role in the development of liver fibrosis, by
promoting HSC activation, a key step in fibrotic tissue formation.
Indeed, Gas6/Axl system activates PI3K/AKT signaling and
stimulates NF-kB p65 translocation to the nucleus inducing an
anti-apoptotic response against HSCs. This sustains HSCs survival
and proliferation, promoting the progression from steatosis to
fibrosis (89-91). Under normal conditions, Gas6 and Axl are
expressed by Kupffer cells (KCs) and liver sinusoidal endothelial
cells. However, in case of liver injury, fibrosis, and malignant
transformation, they are upregulated, promoting cell survival,
fibrosis, and angiogenesis (91-93). As cirrhosis progresses, the
expression of Axl by liver macrophages decreases; this might be
the consequence of a down-regulation mediated by Gas6, which is
conversely upregulated by HSCs, suggesting that Axl may have a
role in regulating hepatic immune homeostasis (94). Axl expression
is particularly concentrated in HSCs reflecting its profibrogenic role
(89). Indeed, Axl depletion in LX2 cells by small interfering RNA
(siRNA) transfection has been shown to induce a significant
reduction in Alpha-Smooth Muscle Actin (o-SMA) levels,
underpinning the relevance of Gas6/Axl axis for full HSC
activation and proliferation in vitro (91).

The current evidence suggests that TAM receptor signaling
plays a divergent role in liver diseases. While the system might be
beneficial in acute liver injury, it may be deleterious in chronic liver
diseases. Indeed, the activation of TAM receptors can modulate
immune responses, promote tissue repair, and reduce inflammation
limiting the extent of damage and contributing to the recovery
process. In in vivo experiments, Gas6-deficient mice fed with
choline-deplete ethionine (CDE)-supplemented diet to develop
steatohepatitis showed a reduction in HSCs activation and
expression of transforming growth factor beta (TGFp) along with
a delayed onset of necroinflammation and steatosis compared to
wild-type mice (95). Furthermore, Gas6 knockout (Gas6™") mice
fed with CDE diet or treated with carbon tetrachloride (CCl,) have
shown an improvement of steatohepatitis and fibrosis compared to
control mice. This mechanism has been related to the inhibition of
the inflammatory response that regulates lipid metabolism and
myofibroblast activation (96). Conversely, when Gas6-deficient
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mice are exposed to an acute liver damage, such as after the
injection of CCly, they display a delayed repair of liver necrotic
areas in comparison with wild-type mice (97). Additionally, it has
been demonstrated that Gas6, released during murine hepatic
ischemia/reperfusion damage, acts as survival factor protecting
the hepatocytes and reducing the production of inflammatory
cytokines (98).

It has been observed that autophagy in macrophages is induced
by Gas6/Axl signaling through MAPK14, thanks to the tyrosine 815
and 860 residues contained in the cytoplasmic domain of Axl.
Moreover, the study showed that autophagy induced by Axl is able
to decrease liver injury by inhibiting NLR Family Pyrin Domain
Containing 3 (NLRP3) inflammasome activation in murine acute
liver injury models (99). In mice treated with CCly, the intrahepatic
expression of MerTK was upregulated more than 6-fold with
respect to control mice, supporting the profibrogenic role of
MerTK driven by inflammatory and metabolic pathways (100).

In contrast, chronic activation of TAM receptors could
potentially lead to sustained immune suppression, impaired
phagocytic clearance, and increased tissue fibrosis exacerbating
the progression of chronic liver diseases. Indeed, Dengler et.al,
analysing sAxl serum levels in MASLD patients and healthy
controls, noted that median concentrations of sAxl were
comparable, suggesting that in the absence of advanced fibrosis/
cirrhosis no increased sAxl levels were registered. On the contrary,
large cohorts of patients with F3/F4 fibrosis display elevated levels
of sAxl. The upregulation of sAxl in HCC contributes to tumor
progression; indeed, serum concentrations of sAxl in patients were
significantly higher at early and late stages of HCC (82.57 ng/mL
and 114.50 ng/mL, respectively) compared to healthy controls
(40.15 ng/mL) (101). Conversely, Tutusaus et al. reported that
elevated levels of sAxl were found also in early stages of MASLD,
when liver fibrosis was still absent (102).

Recently, the potential diagnostic value of Gas6 and its albumin
ratio was evaluated in patients with biopsy-proven chronic liver
diseases, revealing that Gas6/albumin ratio possesses high accuracy
in detecting advanced fibrosis and cirrhosis and predicts the severity
of liver disease (103).

2.4 Gas6/TAM in MASH and fibrosis

In MASH, liver inflammation triggers the activation of KCs, as
well as cells of the immune system that infiltrate the liver from the
bloodstream, leading to fibrosis progression (104). KCs and
monocyte-derived macrophages are indeed essential for the
maintenance the immune function and serve as the first-line
defense against pathogens. In the context of liver inflammation,
MI macrophages contribute to hepatic steatosis, inflammatory cells
recruitment and fibrosis activation, while M2 macrophages have
anti-inflammatory and reparative functions. Thus, it has been
demonstrated that M1/M2 ratio gradually increases during
MASLD progression (104, 105). After the development of hepatic
steatosis, KCs secrete chemotactic substances facilitating the
infiltration of monocytes. The latter are further capable of
secreting pro-inflammatory cytokines and promoting the
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progression to fibrosis (106). Several liver diseases, including
MASH, alcoholic cirrhosis and fibrosis, viral hepatitis, and
cholestasis can be exacerbated and worsened by a defective
activity of KCs. Thus, KCs are tightly associated with the
occurrence and development of MASH (104).

Recently, the Gas6/TAM system has been evaluated as a
potential therapeutic target both in vitro and in vivo. Indeed, the
exposure of HSCs to medium conditioned by MerTK-expressing
THP-1 cells ended up in the upregulation of expression of several
genes involved in fibrogenesis, including transforming growth
factor-B1 (TGFp1), actin alpha 2 smooth muscle (ACTA2), tissue
inhibitor of metalloproteinase 1 (TIMP1), vascular endothelial
growth factor-A (VEGF-A), collagen type I alpha 1 chain
(COL1A1), matrix metalloproteinase 2 (MMP2) and MMP9.
These effects were inhibited using the specific MerTK inhibitor
UNC569, highlighting the implication of this receptor in the
pathogenesis of liver fibrosis (107). Similarly, it has been reported
that MerTK signaling resulted in the activation of ERK-TGFfB1
pathway that stimulates HSCs and promotes liver fibrosis in MASH
(108). In HSCs derived from a murine model of MASH, a reduction
of fibrosis was observed following the blockage of Gas6-induced
TAM activation through RU-301 or the use of all-trans retinoic acid
(ATRA). The latter induces MerTK cleavage in macrophages by
activating A Disintegrin and Metalloprotease 17 (ADAM17).
Accordingly, mice with a MerTK receptor that was resistant to
ADAMI17 cleavage exhibited increased liver fibrosis. The
profibrogenic role of MerTK was also demonstrated in Gas6-
stimulated HSCs, which induced procollagen I gene expression.
These effects were counteracted by MerTK inhibition. Moreover, a
reduction in procollagen I gene expression was also obtained after
MerTK silencing. The authors also evaluated the impact of MerTK
rs4374383 variants in a cohort of 533 patients who underwent liver
biopsy for suspected MASH.

Fibrosis stage F2-F4 was observed in 19% and 30% of patients
MerTK AA homozygotes and MerTK GG/GA, respectively. The
rs4374383 AA genotype was found to be protective and associated
with lower MerTK hepatic expression (100). Gas6 signaling via
MerTK/AKT/STAT3 axis has emerged as a mechanism of hepato-
protection against lipotoxicity which is known to contribute to the
liver damage found in MASH. In particular, primary mouse
hepatocytes (PMHs) treated with palmitic acid (PA), reveal Gas6
role in decreasing palmitic-induced PMH cell death (102). Further,
Axl inhibition prevented profibrotic and proinflammatory effects
and induced Gas6 upregulation as a possible compensatory
mechanism, potentially preserving other liver protecting functions
of the Gas6 system. In mice models, both Axl deficiency (Axl”"
mice) or Axl pharmacological inhibition with Bemcentinib, were
able to decrease experimental liver fibrosis after chronic
administration of CCl, (91). In addition, the treatment with
Bemcentinib in a MASH model was able to decrease cytokine
production in LPS-treated KCs. Similarly, transcriptome profiling
revealed a reduction in the expression of genes involved in fibrosis
and inflammation in HFD-fed mice after the administration of
Bemcentinib. In this experimental model, MerTK ™~ mice showed an
enhanced MASH phenotype and, on the contrary, Axl”~ mice were
partially protected (102). At the light of the current literature, the
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potential therapeutic strategies aimed to target Gas6/TAM system
in vitro and in vivo are summarized in Figure 1.

2.5 Gas6/TAM in HCC

HCC remains one of the leading causes of cancer-related death,
with a median survival of 6-10 months (109). The involvement of
TAM receptors in the progression of HCC, either in the regulation
of cell proliferation, survival and invasion or in chemoresistance,
has been highlighted in recent years. In HCC, Axl is involved in the
modulation of PI3K/AKT, ERK/MAPK and TGFp signaling
pathways, resulting in enhanced tumor growth and metastatic
dissemination (Figure 2) (110, 111). Increased stimulation of
HCC cells with Gas6 leads to dose-dependent Axl activation and
enhanced cell invasion (112). On the other hand, Axl inhibition, by
transient Axl-specific short hairpin RNA (shRNA) and by
pharmacological treatment with R428, proved not only to induce
phenotypic alterations in Axl-overexpressing cells but also impairs
colony formation and inhibit tumor invasion (112-114). In a
comprehensive study from Pinato et al., the authors evaluated the
expression of Axl in a panel of immortalized HCC cell lines and
investigated the relationship between Axl expression and EMT-
related genes (114). They observed Axl overexpression in 13 of the
28 studied cell lines and confirmed that Axl overexpression
correlated positively with Slug and Vimentin expression and
negatively with E-Cadherin, supporting Axl association with
EMT. Others suggested that MAPK pathway might be the major
activated pathway for the induction of Slug expression by Gas6/Axl
(112). In line with these results, Axl was investigated in
mesenchymal and epithelial HCC cell lines, and increased Axl
expression was observed in the former cells, while strongly
correlating with an enhanced migratory phenotype (110).
Furthermore, Axl was found to interact with 14-3-3(, which
seems to be essential for the modulation of TGFf signaling.
According to the authors, Axl/14-3-3( signaling mediates the
downstream phosphorylation of Smad3 linker region (Smad3L)
which in turn is considered responsible for the up-regulation of
tumor-promoting TGFp target genes (Figure 2). Other proteins
described as being regulated by the Gas6/Axl pathway in HCC
include Cyré61 (115) and CXCLS5 (116).

MerTK levels were also investigated in HCC patients and in
preclinical HCC models (117). Whereas increased MerTK protein
levels were detected in tumor tissue compared with adjacent normal
tissue, no differences were found in terms of MerTK mRNA levels.
Evidence showed that MerTK is N-glycosylated in HCC cells and
that this post-translational modification stabilizes MerTK and
promotes oncogenic transformation. Similar to what was
observed with Axl, MerTK downregulation suppresses HCC cell
growth in vitro and in vivo. MerTK ablation and overexpression
were found to regulate the phosphorylation of Akt and GSK3p, as
well as the cell bioenergetics. In fact, MerTK seems to regulate the
expression of glycolytic enzymes, facilitating the Warburg
effect (Figure 2).

The role of Tyro3, the least characterized member of the TAM
family, was investigated in a cohort of 55 HCC patients (118).
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FIGURE 1

TAM targeted strategies in MASH. (A) MerTK on macrophages promotes the profibrogenic cross-talk with HSCs through soluble mediators. UNC569,
a specific MerTK inhibitor that acts both on macrophages and HSCs, and MerTK silencing are able to inhibit the downstream activation of several
genes involved in fibrosis development (100, 107). (B) In MASH mice-derived macrophages, the blockage of Gas6-induced TAM activation by RU-301
or MerTK cleavage by ATRA decreases fibrosis (108). (C) Bemcentinib (R428) treatment in vitro resulted in reduced fibrosis. The administration of
Bemcentinib in mice induced a decrease of collagen deposition and expression of profibrogenic genes (102). Black lines represent the physiological
process while red lines represent the effects of TAM targeted strategies. siRNA, small-interfering RNA; TIMP1, Tissue Inhibitor of MetalloProteinase 1;
TGFp1, Transforming Growth Factor- beta 1, VEGF-A, Vascular Endothelial Growth Factor-A; ACTAZ2, Actin Alpha 2 smooth muscle;, MMP2, Matrix
MetalloProteinase 2, COL1A1, Collagen type | alpha 1 chain; MMP9, Matrix MetalloProteinase 9; HFD, High Fatty Diet; ATRA, All-Trans Retinoic Acid;
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Tumor tissues and matched adjacent normal tissue were obtained
during resection and Tyro3 gene expression was evaluated.
Approximately 42% of patients exhibited Tyro3 overexpression in
tumor tissues (>2-fold) and high Tyro3 expression was significantly
associated with higher levels of alpha-fetoprotein (AFP). These
results led others to investigate the role of Tyro3 in HCC and in
the development of sorafenib resistance (119). Sorafenib is a first-
line therapy in advanced HCC patients, able to lengthen the median
survival time (120). Mechanistically, it works as a multi-target
tyrosine kinase inhibitor, and exhibits anti-angiogenic and anti-
proliferative effects. However, sorafenib treatment is associated with
a variety of adverse side effects and is often followed by drug
resistance (121). Acquired resistance is commonly developed when
alternative signaling pathways are activated during kinase-targeted
therapy to maintain survival and cell proliferation. Kabir and
colleagues identified a microRNA (miR-7) capable of inhibiting
the proliferation, migration and invasion of HCC cells in vitro and
in vivo (119). With further investigation, they confirmed that Tyro3
is a miR-7 target gene and that Tyro3 plays an important pro-
proliferative and pro-invasive role in HCC cells, through the
regulation of the PI3K/AKT pathway. Since amplified expression
of Tyro3 was observed in sorafenib-resistant HCC cells, it was also
proposed that combining miR-7 with the inhibition of Tyro3 might
represent a new therapeutic strategy to overcome
sorafenib resistance.
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Several other mechanisms seem to be involved in the resistance
to sorafenib in HCC (122) and Axl has been pointed out as having a
regulatory role in this process. Increased mRNA and
phosphorylation levels of several RTKs, including Axl, were
reported in established sorafenib-resistant HCC cell lines (123).
This aberrant Axl activation was confirmed by others, who also
reported that Axl not only modulates motility and invasion
capacities of sorafenib-resistant HCC cells, but also its
downregulation increases the sensitivity of sorafenib-naive and
sorafenib-resistant cells to this drug (114). Corroborating these
results, the authors retrospectively measured sAxl in serum from
HCC patients treated with sorafenib and observed that higher sAxl
levels were detected in patients who discontinued the therapy due to
radiologically proven disease progression. More recently, Hsu and
coworkers demonstrated that galectin-1 might also be associated
with Axl signaling in the development of sorafenib-resistance in
HCC cells. The authors observed that galectin-1 knockdown and
overexpression were able to reduce and increase sorafenib
resistance, respectively. In turn, both sorafenib-resistant HCC
cells and HCC cells overexpressing galectin-1 exhibited increased
Axl phosphorylation (124). Decreased chemoresistance to cisplatin
was detected in human HCC MHCC-97L cells overexpressing the
miRNA 34a-5p, a microRNA that directly targets Axl (125). Even
though cisplatin is not conventionally used in HCC patients, this
mechanism might have a broader relevance. Clinically, lower
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Gas6/TAM-regulated pathways in HCC. Ligand binding to the TAM receptors (Axl, MerTK and Tyro3) activates various downstream signaling
pathways, including PI3K/AKT, MEK/ERK and Slug. Axl may interact with 14-3-3( leading Smad3 phosphorylation and up-regulation of tumor-
promoting target genes of TGFf (PAIL, MMP9, Snail, TGFB1) in mesenchymal cells. MerTK regulates AKT/GSK3B signaling and modulates cellular
bioenergetics. These pathways will lead to multiple phenotypes, including tumor cells survival, proliferation, invasion, increased migration, EMT and
resistance to sorafenib. Soluble Axl is increased in HCC patients and is a candidate serum marker for diagnosing/staging HCC. Several treatments or
culture media conditions have been used to inhibit and study TAM receptors, namely R428 (pharmacological inhibition of Axl), microRNAs (miRNA
34a-5p and miR-7) and modulators/blockers of MerTK glycosylation. Created with BioRender.com.

miRNA-34a-5p expression was associated with decreased overall
survival in HCC patients. In recent years, other therapeutic agents
were also approved to treat HCC. For instance, Cabozantinib, a
multikinase inhibitor that has inhibitory activity against Axl and
other RTK, was approved as second and third line therapy for the
treatment of advanced HCC after failure of sorafenib (126).

Due to the lack of efficient biomarkers allowing early detection
of HCC, most HCC cases remain undetected until they reach
advanced stages. Therefore, soluble TAM receptors have been
considered as candidate biomarkers for routine screening. In
particular, sAxl serum levels were investigated in different multi-
and single-center studies and significantly higher sAxI levels have
been detected in HCC patients compared to healthy controls (101,
127, 128). Increased Axl protein levels in tumor tissue, evaluated by
immunohistochemistry, were also associated with worse clinical
prognosis and HCC recurrence (129).

3 Conclusions

TAM receptors play important roles in the progression of
chronic liver disease. Their implication in processes such as
inflammation, fibrosis, tumor cell growth and resistance to cancer
therapy have gained interest in the last years, and the development
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of TAM-targeting strategies have shown to be useful in improving
disease outcomes. In cancer research, TAM inhibitors proved to
reduce proliferation and invasion of cancer cells, and Bemcentinib
is currently in clinical trials for the treatment of different types of
cancer. On the other hand, the role of TAM receptors in a MASLD
context is still not fully understood and the impact of TAM
modulators still needs to be further explored. For example,
conflicting findings in the literature have been found regarding
the mechanisms and therapeutic potential of MerTK in MASH.
Although MerTK-targeting in experimental MASH models has
demonstrated to reduce liver fibrosis, MerTK was also shown to
confer hepatocyte protection against lipotoxicity through Gasé.
Bemcentinib has been showing promising results in decreasing
experimental MASH, implicating Axl as a potential therapeutic
target for clinical practice. Several authors have suggested different
new specific approaches such as pharmacological inhibitors,
modulators and microRNAs that target TAM receptors, inhibiting
liver fibrosis as well as proliferation, migration and invasion of HCC
cells, both in vitro and in vivo models. Moreover, circulating TAM
receptors represent promising biomarkers in fibrotic MASLD and
HCC. Overall, we can conclude that TAM receptors represent
interesting targets for the development of novel therapeutic
approaches and for chemoprophylaxis of the progression of
MASLD to cirrhosis and HCC.

frontiersin.org


https://www.biorender.com
https://doi.org/10.3389/fimmu.2024.1332818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Apostolo et al.

Author contributions

DA: Writing - original draft. LF: Writing - original draft, Writing —
review & editing. FV: Writing - original draft. NV: Writing — original
draft. RM: Writing — review & editing. FL: Writing — original draft. BF:
Writing - original draft. MEB: Writing - review & editing. MP: Writing
- review & editing. MB: Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This
research has been supported by the Fondazione Cariplo (grant
No. 2021-1541) and by the Italian Ministry of Education, University
and Research (MIUR) program “Departments of Excellence 2023-
2027”7, AGING Project—Department of Translational Medicine,
Universita del Piemonte Orientale.

References

1. American Association for the Study of Liver Diseases (AASLD). New MASLD
nomenclature (2023). Available at: https://www.aasld.org/new-masld-nomenclature.

2. Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ, Kanwal F, et al. A
multisociety Delphi consensus statement on new fatty liver disease nomenclature.
Hepatology (2023) 78(6):1966-86. doi: 10.1097/HEP.0000000000000520

3. Younossi ZM, Golabi P, Paik JM, Henry A, Van Dongen C, Henry L. The global
epidemiology of nonalcoholic fatty liver disease (NAFLD) and nonalcoholic
steatohepatitis (NASH): a systematic review. Hepatology (2023) 77(4):1335-47. doi:
10.1097/HEP.0000000000000004

4. HeY, SuY, Duan C, Wang S, He W, Zhang Y, et al. Emerging role of aging in the
progression of NAFLD to HCC. Ageing Res Rev (2023) 84:101833. doi: 10.1016/
j.arr.2022.101833

5. Hashimoto E, Taniai M, Tokushige K. Characteristics and diagnosis of NAFLD/
NASH. ] Gastroenterol Hepatol (Australia) (2013) 28(S4):64-70. doi: 10.1111/jgh.12271

6. Raza S, Rajak S, Upadhyay A, Tewari A, Sinha RA. Current treatment paradigms
and emerging therapies for NAFLD/NASH. Front Bioscience - Landmark (2021) 26
(2):206-37. doi: 10.2741/4892

7. Van Hul NKM, Abarca-Quinones J, Sempoux C, Horsmans Y, Leclercq IA. Relation
between liver progenitor cell expansion and extracellular matrix deposition in a CDE-
induced murine model of chronic liver injury. Hepatology (2009) 49(5):1625-35. doi:
10.1002/hep.22820

8. Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The
diagnosis and management of nonalcoholic fatty liver disease: Practice guidance from
the American Association for the Study of Liver Diseases. Hepatology (2018) 67(1):328-
57. doi: 10.1002/hep.29367

9. XuX, Poulsen KL, Wu L, Liu S, Miyata T, Song Q, et al. Targeted therapeutics and
novel signaling pathways in non-alcohol-associated fatty liver/steatohepatitis (NAFL/
NASH). Signal Transduction Targeted Ther (2022) 7:287. doi: 10.1038/s41392-022-
01119-3

10. Schuppan D, Surabattula R, Wang XY. Determinants of fibrosis progression and
regression in NASH. J Hepatol (2018) 68:238-50. doi: 10.1016/j.jhep.2017.11.012

11. Peng C, Stewart AG, Woodman OL, Ritchie RH, Qin CX. Non-alcoholic
steatohepatitis: A review of its mechanism, models and medical treatments. Front
Pharmacol (2020) 11. doi: 10.3389/fphar.2020.603926

12. Singal AG, El-Serag HB. Rational HCC screening approaches for patients with
NAFLD. J Hepatol (2022) 76:195-201. doi: 10.1016/j.jhep.2021.08.028

13. 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

14. Dhanasekaran R, Bandoh S, Roberts LR. Molecular pathogenesis of
hepatocellular carcinoma and impact of therapeutic advances. F1000Research (2016)
5:879. doi: 10.12688/f1000research.6946.1

15. Gomaa AI, Khan SA, Toledano MB, Waked I, Taylor-Robinson SD.
Hepatocellular carcinoma: Epidemiology, risk factors and pathogenesis. World |
Gastroenterol (2008) 14(27):4300-8. doi: 10.3748/wjg.14.4300

Frontiers in Immunology

10.3389/fimmu.2024.1332818

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.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

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.

16. Arvanitakis K, Papadakos SP, Lekakis V, Koufakis T, Lempesis IG, Papantoniou
E, et al. Meeting at the crossroad between obesity and hepatic carcinogenesis: unique
pathophysiological pathways raise expectations for innovative therapeutic approaches.
Int ] Mol Sci (2023) 24:14704. doi: 10.3390/ijms241914704

17. Kakehashi A, Suzuki S, Wanibuchi H. Recent insights into the
biomarkers, molecular targets and mechanisms of non-alcoholic
steatohepatitis-driven hepatocarcinogenesis. Cancers (2023) 15:4566. doi:
10.3390/cancers15184566

18. Shen C, Jiang X, Li M, Luo Y. Hepatitis virus and hepatocellular carcinoma:
recent advances. Cancers (2023) 15:533. doi: 10.3390/cancers15020533

19. D’souza S, Lau KCK, Coffin CS, Patel TR. Molecular mechanisms of viral
hepatitis induced hepatocellular carcinoma. World ] Gastroenterol (2020) 26:5759-83.
doi: 10.3748/wjg.v26.i38.5759

20. Smagris E, Basuray S, Li ], Huang Y, Lai KMV, Gromada J, et al. Pnpla31148M
knockin mice accumulate PNPLA3 on lipid droplets and develop hepatic steatosis.
Hepatology (2015) 61(1):108-18. doi: 10.1002/hep.27242

21. Luukkonen P, Porthan K, Ahlholm N, Rosqvist F, Dufour S, Zhang XM, et al.
The PNPLA3 1148M variant increases intrahepatic lipolysis and beta oxidation and
decreases de novo lipogenesis and hepatic mitochondrial function in humans. ] Hepatol
(2022) 35:1887-96. doi: 10.1016/S0168-8278(22)01698-1

22. Kutlu O, Kaleli HN, Ozer E. Molecular pathogenesis of nonalcoholic
steatohepatitis- (NASH-) related hepatocellular carcinoma. Can ] Gastroenterol
Hepatol (2018) 2018:8543763. doi: 10.1155/2018/8543763

23. Dongiovanni P, Petta S, Maglio C, Fracanzani AL, Pipitone R, Mozzi E, et al.
Transmembrane 6 superfamily member 2 gene variant disentangles nonalcoholic
steatohepatitis from cardiovascular disease. Hepatology (2015) 61(2):506-14. doi:
10.1002/hep.27490

24. Newberry EP, Hall Z, Xie Y, Molitor EA, Bayguinov PO, Strout GW, et al. Liver-
specific deletion of mouse tm6sf2 promotes steatosis, fibrosis, and hepatocellular
cancer. Hepatology (2021) 74(3):1203-19. doi: 10.1002/hep.31771

25. Schulze K, Imbeaud S, Letouzé E, Alexandrov LB, Calderaro ], Rebouissou S,
et al. Exome sequencing of hepatocellular carcinomas identifies new mutational
signatures and potential therapeutic targets. Nat Genet (2015) 47(5):505-11. doi:
10.1038/ng 3252

26. Pinyol R, Torrecilla S, Wang H, Montironi C, Piqué-Gili M, Torres-Martin M,
et al. Molecular characterisation of hepatocellular carcinoma in patients with non-
alcoholic steatohepatitis. J Hepatol (2021) 75(4):865-78. doi: 10.1016/
jjhep.2021.04.049

27. Garcia-Lezana T, Lopez-Canovas JL, Villanueva A. Signaling pathways in
hepatocellular carcinoma. Adv Cancer Res (2021) 149:63-101. doi: 10.1016/
bs.acr.2020.10.002

28. Lemke G, Rothlin CV. Immunobiology of the TAM receptors. Nat Rev Immunol
(2008) 8:327-36. doi: 10.1038/nri2303

29. Lai C, Gore M, Lemke G. Structure, expression, and activity of Tyro 3, a neural
adhesion-related receptor tyrosine kinase. Oncogene (1994) 9(9):2567-78.

frontiersin.org


https://www.aasld.org/new-masld-nomenclature
https://doi.org/10.1097/HEP.0000000000000520
https://doi.org/10.1097/HEP.0000000000000004
https://doi.org/10.1016/j.arr.2022.101833
https://doi.org/10.1016/j.arr.2022.101833
https://doi.org/10.1111/jgh.12271
https://doi.org/10.2741/4892
https://doi.org/ 10.1002/hep.22820
https://doi.org/10.1002/hep.29367
https://doi.org/10.1038/s41392-022-01119-3
https://doi.org/10.1038/s41392-022-01119-3
https://doi.org/10.1016/j.jhep.2017.11.012
https://doi.org/10.3389/fphar.2020.603926
https://doi.org/10.1016/j.jhep.2021.08.028
https://doi.org/10.1038/s41575-019-0145-7
https://doi.org/10.12688/f1000research.6946.1
https://doi.org/10.3748/wjg.14.4300
https://doi.org/10.3390/ijms241914704
https://doi.org/10.3390/cancers15184566
https://doi.org/10.3390/cancers15020533
https://doi.org/10.3748/wjg.v26.i38.5759
https://doi.org/10.1002/hep.27242
https://doi.org/10.1016/S0168-8278(22)01698-1
https://doi.org/10.1155/2018/8543763
https://doi.org/10.1002/hep.27490
https://doi.org/10.1002/hep.31771
https://doi.org/10.1038/ng.3252
https://doi.org/10.1016/j.jhep.2021.04.049
https://doi.org/10.1016/j.jhep.2021.04.049
https://doi.org/10.1016/bs.acr.2020.10.002
https://doi.org/10.1016/bs.acr.2020.10.002
https://doi.org/10.1038/nri2303
https://doi.org/10.3389/fimmu.2024.1332818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Apostolo et al.

30. O’Bryan JP, Frye RA, Cogswell PC, Neubauer A, Kitch B, Prokop C, et al. axl, a
transforming gene isolated from primary human myeloid leukemia cells, encodes a
novel receptor tyrosine kinase. Mol Cell Biol (1991) 11(10):5016-31. doi: 10.1128/
mcb.11.10.5016-5031.1991

31. Graham DK, Dawson TL, Mullaney DL, Snodgrass HR, Earp HS. Cloning and
mRNA expression analysis of a novel human protooncogene, c- mer. Cell Growth
Differentiation (1994) 5(6):647-57.

32. Myers KV, Amend SR, Pienta KJ. Targeting Tyro3, Axl and MerTK (TAM
receptors): Implications for macrophages in the tumor microenvironment. Mol Cancer
(2019) 18:94. doi: 10.1186/s12943-019-1022-2

33. Pierce AM, Keating AK. TAM receptor tyrosine kinases: Expression, disease and
oncogenesis in the central nervous system. Brain Res (2014) 1542:206-20. doi: 10.1016/
j.brainres.2013.10.049

34. Lu Q, Gore M, Zhang Q, Camenisch T, Boast S, Casagranda F, et al. Tyro-3
family receptors are essential regulators of mammalian spermatogenesis. Nature (1999)
398(6729):723-8. doi: 10.1038/19554

35. Katagiri M, Hakeda Y, Chikazu D, Ogasawara T, Takato T, Kumegawa M, et al.
Mechanism of stimulation of osteoclastic bone resorption through gas6/tyro 3, a
receptor tyrosine kinase signaling, in mouse osteoclasts. J Biol Chem (2001) 276
(10):7376-82. doi: 10.1074/jbc.M007393200

36. Prasad D, Rothlin CV, Burrola P, Burstyn-Cohen T, Lu Q, Garcia de Frutos P,
et al. TAM receptor function in the retinal pigment epithelium. Mol Cell Neurosci
(2006) 33(1):96-108. doi: 10.1016/7.mcn.2006.06.011

37. Linger RMA, Keating AK, Earp HS, Graham DK. TAM receptor tyrosine
kinases: biologic functions, signaling, and potential therapeutic targeting in human
cancer. Adv Cancer Res (2008) 100:35-83. doi: 10.1016/S0065-230X(08)00002-X

38. Wang H, Chen S, Chen Y, Wang H, Wu H, Tang H, et al. The role of tyro 3
subfamily receptors in the regulation of hemostasis and megakaryocytopoiesis.
Haematologica (2007) 92(5):643-50. doi: 10.3324/haematol.10939

39. Bellosta P, Costa M, Lin DA, Basilico C. The receptor tyrosine kinase ARK
mediates cell aggregation by homophilic binding. Mol Cell Biol (1995) 15(2):614-25.
doi: 10.1128/MCB.15.2.614

40. Neubauer A, Fiebeler A, Graham DK, O’Bryan JP, Schmidt CA, Barckow P, et al.
Expression of axl, a transforming receptor tyrosine kinase, in normal and Malignant
hematopoiesis. Blood (1994) 84(6):1931-41. doi: 10.1182/blood.V84.6.1931.1931

41. Lu Q, Lemke G. Homeostatic regulation of the immune system by receptor
tyrosine kinases of the Tyro 3 family. Sci (1979) (2001) 293(5528):306-11. doi: 10.1126/
science.1061663

42. Manfioletti G, Brancolini C, Avanzi G, Schneider C. The protein encoded by a
growth arrest-specific gene (gas6) is a new member of the vitamin K-dependent
proteins related to protein S, a negative coregulator in the blood coagulation cascade.
Mol Cell Biol (1993) 13(8):4976-85. doi: 10.1128/mcb.13.8.4976-4985.1993

43. Stitt TN, Conn G, Goret M, Lai C, Bruno J, Radzlejewski C, et al. The anticoagulation
factor protein S and its relative, Gas6, are ligands for the Tyro 3/Axl family of receptor
tyrosine kinases. Cell (1995) 80(4):661-70. doi: 10.1016/0092-8674(95)90520-0

44. Caberoy NB, Zhou Y, Li W. Tubby and tubby-like protein 1 are new MerTK
ligands for phagocytosis. EMBO ] (2010) 29(23):3898-910. doi: 10.1038/
emboj.2010.265

45. Caberoy NB, Alvarado G, Bigcas JL, Li W. Galectin-3 is a new MerTK-specific
eat-me signal. J Cell Physiol (2012) 227(2):401-7. doi: 10.1002/jcp.22955

46. Al Kafri N, Hafizi S. Tumor-secreted protein s (Prosl) activates a Tyro3-Erk
signaling axis and protects cancer cells from apoptosis. Cancers (Basel) (2019) 11
(12):1843. doi: 10.3390/cancers11121843

47. Wu G, Ma Z, Cheng Y, Hu W, Deng C, Jiang S, et al. Targeting Gas6/TAM in
cancer cells and tumor microenvironment. Mol Cancer (2018) 17:20. doi: 10.1186/
$12943-018-0769-1

48. O’Bryan JP, Fridell YW, Koski R, Varnum B, Liu ET. The transforming receptor
tyrosine kinase, Axl, is post-translationally regulated by proteolytic cleavage. J Biol
Chem (1995) 270(2):551-7. doi: 10.1074/jbc.270.2.551

49. Thorp E, Vaisar T, Subramanian M, Mautner L, Blobel C, Tabas I. Shedding of
the Mer tyrosine kinase receptor is mediated by ADAM17 protein through a pathway
involving reactive oxygen species, protein kinase C§, and p38 Mitogen-activated
Protein Kinase (MAPK). J Biol Chem (2011) 286(38):33335-44. doi: 10.1074/
jbc.M111.263020

50. Lemke G. Biology of the TAM receptors. Cold Spring Harb Perspect Biol (2013) 5
(11):a009076. doi: 10.1101/cshperspect.a009076

51. Weinger JG, Gohari P, Yan Y, Backer JM, Varnum B, Shafit-Zagardo B. In brain,
Axl recruits Grb2 and the p85 regulatory subunit of PI3 kinase; in vitro mutagenesis
defines the requisite binding sites for downstream Akt activation. ] Neurochem (2008)
106(1):134-46. doi: 10.1111/j.1471-4159.2008.05343.x

52. Goruppi S, Ruaro E, Varnum B, Schneider C. Requirement of
phosphatidylinositol 3-kinase-dependent pathway and Src for Gas6-Axl mitogenic
and survival activities in NIH 37T3 fibroblasts. Mol Cell Biol (1997) 17(8):4442-53. doi:
10.1128/MCB.17.8.4442

53. Wium M, Paccez JD, Zerbini LF. The dual role of TAM receptors in autoimmune
diseases and cancer: an overview. Cells (2018) 7(10):166. doi: 10.3390/cells7100166

Frontiers in Immunology

10.3389/fimmu.2024.1332818

54. Cuda CM, Pope RM, Perlman H. The inflammatory role of phagocyte apoptotic
pathways in rheumatic diseases. Nat Rev Rheumatol (2016) 12:543-58. doi: 10.1038/
nrrheum.2016.132

55. Giroud P, Renaudineau S, Gudefin L, Calcei A, Menguy T, Rozan C, et al.
Expression of TAM-R in human immune cells and unique regulatory function of
merTK in IL-10 production by tolerogenic DC. Front Immunol (2020) 11. doi: 10.3389/
fimmu.2020.564133

56. Paolino M, Penninger JM. The role of TAM family receptors in immune cell
function: Implications for cancer therapy. Cancers (2016) 8:97. doi: 10.3390/
cancers8100097

57. Xu L, Hu F, Zhu H, Liu X, Shi L, Li Y, et al. Soluble TAM receptor tyrosine
kinases in rheumatoid arthritis: correlation with disease activity and bone destruction.
Clin Exp Immunol (2018) 192(1):95-103. doi: 10.1111/cei.13082

58. Orme JJ, Du Y, Vanarsa K, Mayeux J, Li L, Mutwally A, et al. Heightened
cleavage of Axl receptor tyrosine kinase by ADAM metalloproteases may contribute to
disease pathogenesis in SLE. Clin Immunol (2016) 169:58-68. doi: 10.1016/
j.clim.2016.05.011

59. Pagani S, Bellan M, Mauro D, Castello LM, Avanzi GC, Lewis MJ, et al. New
insights into the role of tyro3, axl, and mer receptors in rheumatoid arthritis. Dis
Markers (2020) 2020:1614627. doi: 10.1155/2020/1614627

60. Weinger JG, Omari KM, Marsden K, Raine CS, Shafit-Zagardo B. Up-regulation
of soluble Axl and Mer receptor tyrosine kinases negatively correlates with Gas6 in
established multiple sclerosis lesions. Am ] Pathol (2009) 175(1):283-93. doi: 10.2353/
ajpath.2009.080807

61. Bellan M, Pirisi M, Sainaghi P. The gas6/TAM system and multiple sclerosis. Int
J Mol Sci (2016) 17(11):1807. doi: 10.3390/ijms17111807

62. Sainaghi PP, Bellan M, Lombino F, Alciato F, Carecchio M, Galimberti D, et al.
Growth arrest specific 6 concentration is increased in the cerebrospinal fluid of patients
with Alzheimer’s disease. ] Alzheimer’s Dis (2016) 55(1):59-65. doi: 10.3233/JAD-
160599

63. Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S, Franceschi C, et al.
Chronic inflammation in the etiology of disease across the life span. Nat Med (2019) 25
(12):1822-32. doi: 10.1038/s41591-019-0675-0

64. Rothlin CV, Ghosh S, Zuniga EI, Oldstone MBA, Lemke G. TAM receptors are
pleiotropic inhibitors of the innate immune response. Cell (2007) 131(6):1124-36. doi:
10.1016/j.cell.2007.10.034

65. Bauer T, Zagorska A, Jurkin J, Yasmin N, Koffel R, Richter S, et al. Identification
of Axl as a downstream effector of TGF-B1 during Langerhans cell differentiation and
epidermal homeostasis. ] Exp Med (2012) 209(11):2033-47. doi: 10.1084/jem.20120493

66. Scott RS, McMahon EJ, Pop SM, Reap EA, Caricchio R, Cohen PL, et al.
Phagocytosis and clearance of apoptotic cells is mediated by MER. Nature (2001) 411
(6834):207-11. doi: 10.1038/35075603

67. Grabiec AM, Goenka A, Fife ME, Fujimori T, Hussell T. Axl and MerTK
receptor tyrosine kinases maintain human macrophage efferocytic capacity in the
presence of viral triggers. Eur | Immunol (2018) 48(5):855-60. doi: 10.1002/
€ji.201747283

68. Seitz HM, Camenisch TD, Lemke G, Earp HS, Matsushima GK. Macrophages
and dendritic cells use different axl/mertk/tyro3 receptors in clearance of apoptotic
cells. J Immunol (2007) 178(9):5635-42. doi: 10.4049/jimmunol.178.9.5635

69. Bellan M, Quaglia M, Nerviani A, Mauro D, Lewis M, Goegan F, et al. Increased
plasma levels of Gas6 and its soluble tyrosine kinase receptors Mer and Axl are
associated with immunological activity and severity of lupus nephritis. Clin Exp
Rheumatol (2020) 39:132-8. doi: 10.55563/clinexprheumatol/xyylza

70. Liu YW, Yang QF, Zuo PY, Xiao CL, Chen XL, Liu CY. Elevated serum levels of
soluble axl in acute coronary syndrome. Am ] Med Sci (2015) 349(2):124-9. doi:
10.1097/MAJ.0000000000000362

71. Hsiao FC, Lin YF, Hsieh PS, Chu NF, Shieh YS, Hsieh CH, et al. Circulating
growth arrest-specific 6 protein is associated with adiposity, systemic inflammation,
and insulin resistance among overweight and obese adolescents. J Clin Endocrinol
Metab (2013) 98(2):267-74. doi: 10.1210/jc.2012-3179

72. Vullings J, Vago JP, Waterborg CEJ, Thurlings RM, Koenders MI, Van Lent
PLEM, et al. Selective increment of synovial soluble TYRO3 correlates with disease
severity and joint inflammation in patients with rheumatoid arthritis. J Immunol Res
(2020) 2020:9690832. doi: 10.1155/2020/9690832

73. Diakos CI, Charles KA, McMillan DC, Clarke SJ. Cancer-related inflammation
and treatment effectiveness. Lancet Oncol (2014) 15:493-503. doi: 10.1016/S1470-2045
(14)70263-3

74. Greten FR, Grivennikov SI. Inflammation and cancer: triggers, mechanisms, and
consequences. Immunity (2019) 51:27-41. doi: 10.1016/j.immuni.2019.06.025

75. Braunger J, Schleithoff L, Schulz AS, Kessler H, Lammers R, Ullrich A, et al.
Intracellular signaling of the Ufo/Axl receptor tyrosine kinase is mediated mainly by a
multi-substrate docking-site. Oncogene (1997) 14(22):2619-31. doi: 10.1038/
sj.onc.1201123

76. Graham DK, Deryckere D, Davies KD, Earp HS. The TAM family:
Phosphatidylserine-sensing receptor tyrosine kinases gone awry in cancer. Nat Rev
Cancer (2014) 14:769-85. doi: 10.1038/nrc3847

frontiersin.org


https://doi.org/10.1128/mcb.11.10.5016-5031.1991
https://doi.org/10.1128/mcb.11.10.5016-5031.1991
https://doi.org/10.1186/s12943-019-1022-2
https://doi.org/10.1016/j.brainres.2013.10.049
https://doi.org/10.1016/j.brainres.2013.10.049
https://doi.org/10.1038/19554
https://doi.org/10.1074/jbc.M007393200
https://doi.org/10.1016/j.mcn.2006.06.011
https://doi.org/10.1016/S0065-230X(08)00002-X
https://doi.org/10.3324/haematol.10939
https://doi.org/10.1128/MCB.15.2.614
https://doi.org/10.1182/blood.V84.6.1931.1931
https://doi.org/10.1126/science.1061663
https://doi.org/10.1126/science.1061663
https://doi.org/10.1128/mcb.13.8.4976-4985.1993
https://doi.org/10.1016/0092-8674(95)90520-0
https://doi.org/10.1038/emboj.2010.265
https://doi.org/10.1038/emboj.2010.265
https://doi.org/10.1002/jcp.22955
https://doi.org/10.3390/cancers11121843
https://doi.org/10.1186/s12943-018-0769-1
https://doi.org/10.1186/s12943-018-0769-1
https://doi.org/10.1074/jbc.270.2.551
https://doi.org/10.1074/jbc.M111.263020
https://doi.org/10.1074/jbc.M111.263020
https://doi.org/10.1101/cshperspect.a009076
https://doi.org/10.1111/j.1471-4159.2008.05343.x
https://doi.org/10.1128/MCB.17.8.4442
https://doi.org/10.3390/cells7100166
https://doi.org/10.1038/nrrheum.2016.132
https://doi.org/10.1038/nrrheum.2016.132
https://doi.org/10.3389/fimmu.2020.564133
https://doi.org/10.3389/fimmu.2020.564133
https://doi.org/10.3390/cancers8100097
https://doi.org/10.3390/cancers8100097
https://doi.org/10.1111/cei.13082
https://doi.org/10.1016/j.clim.2016.05.011
https://doi.org/10.1016/j.clim.2016.05.011
https://doi.org/10.1155/2020/1614627
https://doi.org/10.2353/ajpath.2009.080807
https://doi.org/10.2353/ajpath.2009.080807
https://doi.org/10.3390/ijms17111807
https://doi.org/10.3233/JAD-160599
https://doi.org/10.3233/JAD-160599
https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1016/j.cell.2007.10.034
https://doi.org/10.1084/jem.20120493
https://doi.org/10.1038/35075603
https://doi.org/10.1002/eji.201747283
https://doi.org/10.1002/eji.201747283
https://doi.org/10.4049/jimmunol.178.9.5635
https://doi.org/10.55563/clinexprheumatol/xyylza
https://doi.org/10.1097/MAJ.0000000000000362
https://doi.org/10.1210/jc.2012-3179
https://doi.org/10.1155/2020/9690832
https://doi.org/10.1016/S1470-2045(14)70263-3
https://doi.org/10.1016/S1470-2045(14)70263-3
https://doi.org/10.1016/j.immuni.2019.06.025
https://doi.org/10.1038/sj.onc.1201123
https://doi.org/10.1038/sj.onc.1201123
https://doi.org/10.1038/nrc3847
https://doi.org/10.3389/fimmu.2024.1332818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Apostolo et al.

77. Song X, Wang H, Logsdon CD, Rashid A, Fleming JB, Abbruzzese JL, et al.
Overexpression of receptor tyrosine kinase Axl promotes tumor cell invasion and survival
in pancreatic ductal adenocarcinoma. Cancer (2011) 117(4):734-43. doi: 10.1002/cncr.25483

78. Taniguchi H, Yamada T, Wang R, Tanimura K, Adachi Y, Nishiyama A, et al.
AXL confers intrinsic resistance to osimertinib and advances the emergence of tolerant
cells. Nat Commun (2019) 10(1):259. doi: 10.1038/s41467-018-08074-0

79. Gyorffy B, Lage H. A web-based data warehouse on gene expression in human
Malignant melanoma. J Invest Dermatol (2007) 127(2):394-9. doi: 10.1038/
§).jid.5700543

80. Goyette MA, Elkholi IE, Apcher C, Kuasne H, Rothlin CV, Muller W], et al.
Targeting Axl favors an antitumorigenic microenvironment that enhances
immunotherapy responses by decreasing Hif-1ol levels. Proc Natl Acad Sci U.S.A.
(2021) 118(29):2023868118. doi: 10.1073/pnas.2023868118

81. Lin SH, Wang J, Saintigny P, Wu CC, Giri U, ZhangJ, et al. Genes suppressed by
DNA methylation in non-small cell lung cancer reveal the epigenetics of epithelial-
mesenchymal transition. BMC Genomics (2014) 15(1):1079. doi: 10.1186/1471-2164-
15-1079

82. LiM, LuJ, Zhang F, Li H, Zhang B, Wu X, et al. Yes-associated protein 1 (YAP1)
promotes human gallbladder tumor growth via activation of the AXL/MAPK pathway.
Cancer Lett (2014) 355(2):201-9. doi: 10.1016/j.canlet.2014.08.036

83. Kawasaki Y, Miyamoto M, Oda T, Matsumura K, Negishi L, Nakato R, et al. The
novel Inc RNA CALIC upregulates AXL to promote colon cancer metastasis. EMBO
Rep (2019) 20(8):e47052. doi: 10.15252/embr.201847052

84. Mudduluru G, Ceppi P, Kumarswamy R, Scagliotti GV, Papotti M, Allgayer H.
Regulation of Axl receptor tyrosine kinase expression by miR-34a and miR-199a/b in
solid cancer. Oncogene (2011) 30(25):2888-99. doi: 10.1038/0onc.2011.13

85. Flem-Karlsen K, Nyakas M, Farstad IN, McFadden E, Wernhoff P, Jacobsen KD,
et al. Soluble AXL as a marker of disease progression and survival in melanoma. PloS
One (2020) 15(1):€0227187. doi: 10.1371/journal.pone.0227187

86. Gustafsson A, Martuszewska D, Johansson M, Ekman C, Hafizi S, Ljungberg B,
et al. Differential expression of Axl and Gas6 in renal cell carcinoma reflecting tumor
advancement and survival. Clin Cancer Res (2009) 15(14):4742-9. doi: 10.1158/1078-
0432.CCR-08-2514

87. Martinez-Bosch N, Cristobal H, Iglesias M, Gironella M, Barranco L, Visa L,
et al. Soluble AXL is a novel blood marker for early detection of pancreatic ductal
adenocarcinoma and differential diagnosis from chronic pancreatitis. EBioMedicine
(2022) 75:103797. doi: 10.1016/j.ebiom.2021.103797

88. Flem Karlsen K, McFadden E, Florenes VA, Davidson B. Soluble AXL is
ubiquitously present in Malignant serous effusions. Gynecol Oncol (2019) 152
(2):408-15. doi: 10.1016/j.ygyno.2018.11.012

89. Bhave S, Ho HK. Exploring the gamut of receptor tyrosine kinases for their
promise in the management of non-alcoholic fatty liver disease. Biomedicines (2021)
9:1776. doi: 10.3390/biomedicines9121776

90. Lafdil F, Chobert MN, Couchie D, Brouillet A, Zafrani ES, Mavier P, et al.
Induction of Gas6 protein in CCl4-induced rat liver injury and anti-apoptotic effect on
hepatic stellate cells. Hepatology (2006) 44(1):228-39. doi: 10.1002/hep.21237

91. Barcena C, Stefanovic M, Tutusaus A, Joannas L, Menéndez A, Garcia-Ruiz C,
et al. Gas6/Axl pathway is activated in chronic liver disease and its targeting reduces
fibrosis via hepatic stellate cell inactivation. ] Hepatol (2015) 63(3):670-8. doi: 10.1016/
jjhep.2015.04.013

92. XuMZ, Chan SW, Liu AM, Wong KF, Fan ST, Chen J, et al. AXL receptor kinase
is a mediator of YAP-dependent oncogenic functions in hepatocellular carcinoma.
Oncogene (2011) 30(10):1229-40. doi: 10.1038/0nc.2010.504

93. Lechertier T, Reynolds LE, Kim H, Pedrosa AR, Gomez-Escudero J, Mufioz-Félix
JM, et al. Pericyte FAK negatively regulates Gas6/Axl signaling to suppress tumor
angiogenesis and tumor growth. Nat Commun (2020) 11(1):2810. doi: 10.1038/s41467-
020-16618-6

94. Pop OT, Geng A, Flint E, Singanayagam A, Ercan C, Possamai L, et al. AXL
expression on homeostatic resident liver macrophages is reduced in cirrhosis following
GAS6 production by hepatic stellate cells. CMGH (2023) 16(1):17-37. doi: 10.1016/
j.jemgh.2023.03.007

95. Mukherjee SK, Wilhelm A, Antoniades CG. TAM receptor tyrosine kinase
function and the immunopathology of liver disease. Am ] Physiol - Gastrointestinal
Liver Physiol (2016) 310:899-905. doi: 10.1152/ajpgi.00382.2015

96. Fourcot A, Couchie D, Chobert MN, Zafrani ES, Mavier P, Laperche Y, et al.
Gas6 deficiency prevents liver inflammation, steatohepatitis, and fibrosis in mice.
Am ] Physiol Gastrointest Liver Physiol (2011) 300(6):1043-53. doi: 10.1152/
ajpgi.00311.2010

97. Lafdil F, Chobert MN, Deveaux V, Zafrani ES, Mavier P, Nakano T, et al. Growth

arrest-specific protein 6 deficiency impairs liver tissue repair after acute toxic hepatitis
in mice. ] Hepatol (2009) 51(1):55-66. doi: 10.1016/j.jhep.2009.02.030

98. Llacuna L, Barcena C, Bellido-Martin L, Fernandez L, Stefanovic M, Mari M,
et al. Growth arrest-specific protein 6 is hepatoprotective against murine ischemia/
reperfusion injury. Hepatology (2010) 52(4):1371-9. doi: 10.1002/hep.23833

99. Han J, Bae J, Choi CY, Choi SP, Kang HS, Jo EK, et al. Autophagy induced by
AXL receptor tyrosine kinase alleviates acute liver injury via inhibition of NLRP3
inflammasome activation in mice. Autophagy (2016) 12(12):2326-43. doi: 10.1080/
15548627.2016.1235124

Frontiers in Immunology

10

10.3389/fimmu.2024.1332818

100. Petta S, Valenti L, Marra F, Grimaudo S, Tripodo C, Bugianesi E, et al. MERTK
rs4374383 polymorphism affects the severity of fibrosis in non-alcoholic fatty liver
disease. ] Hepatol (2016) 64(3):682-90. doi: 10.1016/j.jhep.2015.10.016

101. Dengler M, Staufer K, Huber H, Stauber R, Bantel H, Weiss KH, et al. Soluble
Axl is an accurate biomarker of cirrhosis and hepatocellular carcinoma development:
Results from a large scale multicenter analysis. Oncotarget (2017) 8(28):46234-48. doi:
10.18632/oncotarget.17598

102. Tutusaus A, de Gregorio E, Cucarull B, Cristobal H, Aresté C, Graupera I, et al.
A functional role of GAS6/TAM in nonalcoholic steatohepatitis progression implicates
AXL as therapeutic target. CMGH (2020) 9(3):349-68. doi: 10.1016/
j,jemgh.2019.10.010

103. Staufer K, Huber H, Zessner-Spitzenberg J, Stauber R, Finkenstedt A, Bantel H,
et al. Gas6 in chronic liver disease—a novel blood-based biomarker for liver fibrosis.
Cell Death Discovery (2023) 9(1):282. doi: 10.1038/s41420-023-01551-6

104. Xu GX, Wei S, Yu C, Zhao SQ, Yang WJ, Feng YH, et al. Activation of Kupffer
cells in NAFLD and NASH: mechanisms and therapeutic interventions. Front Cell Dev
Biol (2023) 11. doi: 10.3389/fcell.2023.1199519

105. Luo W, Xu Q, Wang Q, Wu H, Hua J. Effect of modulation of PPAR-Y activity
on Kupffer cells M1/M2 polarization in the development of non-alcoholic fatty liver
disease. Sci Rep (2017) 7:44612. doi: 10.1038/srep44612

106. Park SJ, Garcia Diaz J, Um E, Hahn YS. Major roles of kupffer cells and
macrophages in NAFLD development. Front Endocrinol (2023) 14. doi: 10.3389/
fendo.2023.1150118

107. Pastore M, Caligiuri A, Raggi C, Navari N, Piombanti B, Di Maira G, et al.
Macrophage MerTK promotes profibrogenic cross-talk with hepatic stellate cells via
soluble mediators. JHEP Rep (2022) 4(4):100444. doi: 10.1016/j.jhepr.2022.100444

108. Cai B, Dongiovanni P, Corey KE, Wang X, Shmarakov 10, Zheng Z, et al.
Macrophage merTK promotes liver fibrosis in nonalcoholic steatohepatitis. Cell Metab
(2020) 31(2):406-21. doi: 10.1016/j.cmet.2019.11.013

109. Brar G, Greten TF, Graubard BI, McNeel TS, Petrick JL, McGlynn KA, et al.
Hepatocellular carcinoma survival by etiology: A SEER-medicare database analysis.
Hepatol Commun (2020) 4(10):1541-51. doi: 10.1002/hep4.1564

110. Reichl P, Dengler M, van Zijl F, Huber H, Fiihrlinger G, Reichel C, et al. Axl
activates autocrine transforming growth factor-f signaling in hepatocellular carcinoma.
Hepatology (2015) 61(3):930-41. doi: 10.1002/hep.27492

111. Hsu CH, Huang YH, Lin SM, Hsu C. AXL and MET in hepatocellular
carcinoma: A systematic literature review. Liver Cancer (2022) 11:94-112. doi:
10.1159/000520501

112. Lee HJ, Jeng YM, Chen YL, Chung L, Yuan RH. Gas6/Axl pathway promotes
tumor invasion through the transcriptional activation of slug in hepatocellular
carcinoma. Carcinogenesis (2014) 35(4):769-75. doi: 10.1093/carcin/bgt372

113. Xu J, Jia L, Ma H, Li Y, Ma Z, Zhao Y. Axl gene knockdown inhibits the
metastasis properties of hepatocellular carcinoma via PI3K/Akt-PAK1 signal pathway.
Tumor Biol (2014) 35(4):3809-17. doi: 10.1007/s13277-013-1521-5

114. Pinato DJ, Brown MW, Trousil S, Aboagye EO, Beaumont J, Zhang H, et al.
Integrated analysis of multiple receptor tyrosine kinases identifies Axl as a therapeutic
target and mediator of resistance to sorafenib in hepatocellular carcinoma. Br J Cancer
(2019) 120(5):512-21. doi: 10.1038/s41416-018-0373-6

115. He L, Zhang J, Jiang L, Jin C, Zhao Y, Yang G, et al. Differential expression of
Axl in hepatocellular carcinoma and correlation with tumor lymphatic metastasis. Mol
Carcinog (2010) 49(10):882-91. doi: 10.1002/mc.20664

116. Haider C, Hnat J, Wagner R, Huber H, Timelthaler G, Grubinger M, et al.
Transforming growth factor-p and axl induce CXCL5 and neutrophil recruitment in
hepatocellular carcinoma. Hepatology (2019) 69(1):222-36. doi: 10.1002/hep.30166

117. LiuY,Lan L, Li Y, Lu J, He L, Deng Y, et al. N-glycosylation stabilizes MerTK
and promotes hepatocellular carcinoma tumor growth. Redox Biol (2022) 54:102366.
doi: 10.1016/j.redox.2022.102366

118. Duan Y, Wong W, Chua SC, Wee HL, Lim SG, Chua BT, et al. Overexpression
of Tyro3 and its implications on hepatocellular carcinoma progression. Int J Oncol
(2016) 48(1):358-66. doi: 10.3892/ij0.2015.3244

119. Kabir TD, Ganda C, Brown RM, Beveridge DJ, Richardson KL, Chaturvedi V,
et al. A microRNA-7/growth arrest specific 6/TYRO3 axis regulates the growth and
invasiveness of sorafenib-resistant cells in human hepatocellular carcinoma.
Hepatology (2018) 67(1):216-31. doi: 10.1002/hep.29478

120. Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al. Sorafenib in
advanced hepatocellular carcinoma. New Engl ] Med (2008) 359(4):378-90. doi:
10.1056/NEJMo0a0708857

121. Llovet JM, Montal R, Sia D, Finn RS. Molecular therapies and precision
medicine for hepatocellular carcinoma. Nat Rev Clin Oncol (2018) 15:599-616. doi:
10.1038/541571-018-0073-4

122. Tang W, Chen Z, Zhang W, Cheng Y, Zhang B, Wu F, et al. The mechanisms of
sorafenib resistance in hepatocellular carcinoma: theoretical basis and therapeutic
aspects. Signal Transduction Targeted Ther (2020) 5:87. doi: 10.1038/s41392-020-0187-
X

123. Leung CON, Tong M, Chung KPS, Zhou L, Che N, Tang KH, et al. Overriding
adaptive resistance to sorafenib through combination therapy with src homology 2
domain-containing phosphatase 2 blockade in hepatocellular carcinoma. Hepatology
(2020) 72(1):155-68. doi: 10.1002/hep.30989

frontiersin.org


https://doi.org/10.1002/cncr.25483
https://doi.org/10.1038/s41467-018-08074-0
https://doi.org/10.1038/sj.jid.5700543
https://doi.org/10.1038/sj.jid.5700543
https://doi.org/10.1073/pnas.2023868118
https://doi.org/10.1186/1471-2164-15-1079
https://doi.org/10.1186/1471-2164-15-1079
https://doi.org/10.1016/j.canlet.2014.08.036
https://doi.org/10.15252/embr.201847052
https://doi.org/10.1038/onc.2011.13
https://doi.org/10.1371/journal.pone.0227187
https://doi.org/10.1158/1078-0432.CCR-08-2514
https://doi.org/10.1158/1078-0432.CCR-08-2514
https://doi.org/10.1016/j.ebiom.2021.103797
https://doi.org/10.1016/j.ygyno.2018.11.012
https://doi.org/10.3390/biomedicines9121776
https://doi.org/10.1002/hep.21237
https://doi.org/10.1016/j.jhep.2015.04.013
https://doi.org/10.1016/j.jhep.2015.04.013
https://doi.org/10.1038/onc.2010.504
https://doi.org/10.1038/s41467-020-16618-6
https://doi.org/10.1038/s41467-020-16618-6
https://doi.org/10.1016/j.jcmgh.2023.03.007
https://doi.org/10.1016/j.jcmgh.2023.03.007
https://doi.org/10.1152/ajpgi.00382.2015
https://doi.org/10.1152/ajpgi.00311.2010
https://doi.org/10.1152/ajpgi.00311.2010
https://doi.org/10.1016/j.jhep.2009.02.030
https://doi.org/10.1002/hep.23833
https://doi.org/10.1080/15548627.2016.1235124
https://doi.org/10.1080/15548627.2016.1235124
https://doi.org/10.1016/j.jhep.2015.10.016
https://doi.org/10.18632/oncotarget.17598
https://doi.org/10.1016/j.jcmgh.2019.10.010
https://doi.org/10.1016/j.jcmgh.2019.10.010
https://doi.org/10.1038/s41420-023-01551-6
https://doi.org/10.3389/fcell.2023.1199519
https://doi.org/10.1038/srep44612
https://doi.org/10.3389/fendo.2023.1150118
https://doi.org/10.3389/fendo.2023.1150118
https://doi.org/10.1016/j.jhepr.2022.100444
https://doi.org/10.1016/j.cmet.2019.11.013
https://doi.org/10.1002/hep4.1564
https://doi.org/10.1002/hep.27492
https://doi.org/10.1159/000520501
https://doi.org/10.1093/carcin/bgt372
https://doi.org/10.1007/s13277-013-1521-5
https://doi.org/10.1038/s41416-018-0373-6
https://doi.org/10.1002/mc.20664
https://doi.org/10.1002/hep.30166
https://doi.org/10.1016/j.redox.2022.102366
https://doi.org/10.3892/ijo.2015.3244
https://doi.org/10.1002/hep.29478
https://doi.org/10.1056/NEJMoa0708857
https://doi.org/10.1038/s41571-018-0073-4
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1038/s41392-020-0187-x
https://doi.org/10.1002/hep.30989
https://doi.org/10.3389/fimmu.2024.1332818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Apostolo et al.

124. Hsu TW, Su YH, Chen HA, Liao PH, Shen SC, Tsai KY, et al. Galectin-1-
mediated MET/AXL signaling enhances sorafenib resistance in hepatocellular
carcinoma by escaping ferroptosis. Aging (2023) 15(13):6503-25. doi: 10.18632/
aging.204867

125. Li XY, Wen JY, Jia CC, Wang TT, Li X, Dong M, et al. MicroRNA-34a-5p
enhances sensitivity to chemotherapy by targeting AXL in hepatocellular carcinoma
MHCC-97L cells. Oncol Lett (2015) 10(5):2691-8. doi: 10.3892/01.2015.3654

126. Trojan J. Cabozantinib for the treatment of advanced hepatocellular carcinoma:
current data and future perspectives. Drugs (2020) 80:1203-10. doi: 10.1007/540265-
020-01361-5

Frontiers in Immunology

11

10.3389/fimmu.2024.1332818

127. Song X, Wu A, Ding Z, Liang S, Zhang C. Soluble axl is a novel diagnostic
biomarker of hepatocellular carcinoma in Chinese patients with chronic hepatitis B
virus infection. Cancer Res Treat (2020) 52(3):789-97. doi: 10.4143/crt.2019.749

128. Reichl P, Fang M, Starlinger P, Staufer K, Nenutil R, Muller P, et al. Multicenter
analysis of soluble Axl reveals diagnostic value for very early-stage hepatocellular
carcinoma. Int ] Cancer (2015) 137(2):385-94. doi: 10.1002/ijc.29394

129. Hsu CC, Hsieh PM, Chen YS, Lo GH, Lin HY, Dai CY, et al. Axl and autophagy
LC3 expression in tumors is strongly associated with clinical prognosis of

hepatocellular carcinoma patients after curative resection. Cancer Med (2019) 8
(7):3453-63. doi: 10.1002/cam4.2229

frontiersin.org


https://doi.org/10.18632/aging.204867
https://doi.org/10.18632/aging.204867
https://doi.org/10.3892/ol.2015.3654
https://doi.org/10.1007/s40265-020-01361-5
https://doi.org/10.1007/s40265-020-01361-5
https://doi.org/10.4143/crt.2019.749
https://doi.org/10.1002/ijc.29394
https://doi.org/10.1002/cam4.2229
https://doi.org/10.3389/fimmu.2024.1332818
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	From MASH to HCC: the role of Gas6/TAM receptors
	1 Introduction
	2 Gas6 and TAM receptors
	2.1 Structure and role in cell physiology
	2.2 Gas6/TAM in inflammation and carcinogenesis
	2.3 Gas6/TAM in liver disease
	2.4 Gas6/TAM in MASH and fibrosis
	2.5 Gas6/TAM in HCC

	3 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


