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Highlights Lay summary

� MerTK, a member of the TAM family of proteins, is

highly expressed in MerTK+/CD206+/CD163+/
CD209- macrophages.

� In these macrophages, activation of MerTK induces
phosphorylation of Akt, STAT3, ERK1/2, p38 and
increased expression of VEGF-A.

� MerTK activation in macrophages modulates the
secretome to promote the profibrogenic phenotype
of human HSCs.

� Profibrogenic effects of macrophages expressing
high levels of MerTK were blocked by knockdown
or inhibition of MerTK.
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Fibrosis represents the process of scarring occurring in
patients with chronic liver diseases. This process de-
pends on production of scar tissue components by a
specific cell type, named hepatic stellate cells, and is
regulated by interaction with other cells. Herein, we
show that activation of MerTK, a receptor present in a
population of macrophages, causes the production of
factors that act on hepatic stellate cells, increasing
their ability to produce scar tissue.
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Background & Aims: Activation of Kupffer cells and recruitment of monocytes are key events in fibrogenesis. These cells
release soluble mediators which induce the activation of hepatic stellate cells (HSCs), the main fibrogenic cell type within the
liver. Mer tyrosine kinase (MerTK) signaling regulates multiple processes in macrophages and has been implicated in the
pathogenesis of non-alcoholic steatohepatitis-related fibrosis. In this study, we explored if MerTK activation in macrophages
influences the profibrogenic phenotype of HSCs.
Methods: Macrophages were derived from THP-1 cells or differentiated from peripheral blood monocytes towards MerTK+/
CD206+/CD163+/CD209- macrophages. The role of MerTK was assessed by pharmacologic and genetic inhibition. HSC
migration was determined in Boyden chambers, viability was measured by the MTT assay, and proliferation was evaluated by
the BrdU incorporation assay.
Results: Gas-6 induced MerTK phosphorylation and Akt activation in macrophages, and these effects were inhibited by
UNC569. During polarization, MerTK+/CD206+/CD163+/CD209- macrophages exhibited activation of STAT3, ERK1/2, p38 and
increased expression of VEGF-A. Activation of MerTK in THP-1 macrophages induced a secretome which promoted a sig-
nificant increase in migration, proliferation, viability and expression of profibrogenic factors in HSCs. Similarly, conditioned
medium from MerTK+ macrophages induced a significant increase in cell migration, proliferation, STAT3 and p38 phos-
phorylation and upregulation of IL-8 expression in HSCs. Moreover, conditioned medium from Gas-6-stimulated Kupffer cells
induced a significant increase in HSC proliferation. These effects were specifically related to MerTK expression and activity in
macrophages, as indicated by pharmacologic inhibition and knockdown experiments.
Conclusions: MerTK activation in macrophages modifies the secretome to promote profibrogenic features in HSCs, impli-
cating this receptor in the pathogenesis of hepatic fibrosis.
Lay summary: Fibrosis represents the process of scarring occurring in patients with chronic liver diseases. This process
depends on production of scar tissue components by a specific cell type, named hepatic stellate cells, and is regulated by
interaction with other cells. Herein, we show that activation of MerTK, a receptor present in a population of macrophages,
causes the production of factors that act on hepatic stellate cells, increasing their ability to produce scar tissue.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Liver fibrosis is a wound-healing response that occurs in the
context of chronic liver injury, and is characterized by excessive
extracellular matrix (ECM) accumulation and fibrous scar for-
mation, leading to liver dysfunction.1 Hepatic stellate cells (HSCs)
are the main cellular effectors of hepatic fibrogenesis. Through a
Keywords: Gas-6; THP-1; M2c-like macrophages; NASH; liver fibrosis.
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process termed ‘activation’, HSCs acquire a myofibroblast-like
phenotype, characterized by increased proliferation, contrac-
tility, chemotaxis and ECM production.2 The development of
fibrosis is the result of a complex cross-talk involving diverse cell
types, either resident in the liver, or infiltrating the tissue as a
response to injury. Hepatic macrophages comprise Kupffer cells
(KCs) and infiltrating, bone marrow-derived monocytes/macro-
phages.3 Various populations of hepatic macrophages have been
identified, expressing specific markers and exhibiting specialized
functions.4 Environmental stimuli define macrophage polariza-
tion into classic M1, and alternative M2, which can be further
differentiated into diverse subtypes, each induced by different
molecules and eliciting different signals.5 During the early stages
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Fig. 1. MerTK inhibition or silencing affect fibrogenic pathways in THP-1 macrophages. (A) Total RNA was isolated from serum-deprived THP-1 cells in
unstimulated conditions (Control) (THP-1 monocytes) or after treatment with PMA (10 ng/ml) (THP-1 macrophages).MerTK expressionwas evaluated by qRT-PCR
and normalized to b-actin. (B) 30 lg of cell lysate were analyzed by western blotting, using antibodies against MerTK; b-Actin was used as a control for equal
loading. PMA-treated serum-deprived THP-1 macrophages for 6 days were used for following experiments. (C) Serum-deprived THP-1 macrophages were
exposed to Gas-6 for the indicated time points. 30 lg of cell lysates were analyzed by western blotting with the indicated antibodies. (D) Serum-deprived THP-1
macrophages were exposed to Gas-6 (200 ng/ml) or to PMA (100 ng/ml) for the indicated time points. 30 lg of cell lysates were analyzed by western blotting with
the indicated antibodies. (E) Serum-deprived THP-1 macrophages were exposed to UNC569 or DMSO before stimulation with Gas-6 for 15 min. 30 lg of cell
lysates were analyzed by western blotting, using the indicated antibodies. (F-H) THP-1 macrophages were transfected with MERTK-specific siRNA (light purple
columns) or with NT siRNA (purple columns), (F) Total RNA was isolated 48 h and 72 h after transfection and MERTK expression was determined by qRT-PCR and
normalized to b-actin. (G-H) 72 h after transfection, THP-1 macrophages were exposed to Gas-6 for 8 h. Total RNA was isolated and the expression of (G) VEGF-A
and (H) TGFb1 was evaluated by qRT-PCR and normalized to b-actin. Densitometries of p-MerTK/MerTK and p-Akt/Akt expression (n = 3) were shown in the
graphs. Data are mean ± SEM. Statistical significance was assessed by Student’s t test. #p <0.05 vs. THP-1 monocytes; *p <0.05 vs. Control; **p <0.05 vs. THP-1
macrophage stimulated with Gas-6 without inhibition for MerTK; Dp <0.05 vs. NT siRNA; ††p <0.05 vs. NT siRNA unstimulated; Up <0.05 vs. NT siRNA stimu-
lated with Gas-6. NT, non-targeting; PMA, phorbol 12-myristate 13-acetate; qRT-PCR, quantitative real-time PCR; siRNA, small-interfering RNA.

Research article
of liver injury, bone marrow-derived monocytes are recruited to
the liver and differentiate into M1 macrophages.6 M1 macro-
phages can rapidly switch to an M2 phenotype and mediate
tissue repair in case of cessation of liver injury.7 However, when
the lesion is persistent, M2 macrophages mediate an important
pro-fibrotic function.8

Myeloid-epithelial-reproductive tyrosine kinase (MerTK) is a
member of the Tyro-3, Axl, and Mer (TAM) receptor tyrosine ki-
nase family9 and is expressed at high levels in macrophages dis-
playing the M2c-like phenotype, characterized by a marked
involvement in tissue repair, matrix remodeling and promotion of
angiogenesis through secretion of pro-angiogenic factors.10,11
JHEP Reports 2022
Growth arrest-specific gene 6 (Gas-6), a glycoprotein considered
a new potential fibrosis biomarker,12–14 is one of the best char-
acterized ligands for MerTK. A single nucleotide polymorphism
(SNP) associated with lower MerTK expression has been linked to
the reduced progression of liver fibrosis in patients with non-
alcoholic fatty liver disease (NAFLD) or HCV.15–17 In hepatic tis-
sue from patients with NAFLD, MerTK was found to be mostly
expressed in macrophages and partially in HSCs, and was loosely
aggregated within inflammatory foci.16 Moreover, activation of
MerTK in HSCs resulted in the induction of profibrogenic actions.

Cross-talk between HSCs and macrophages is crucial for
fibrosis development,18 but the biological role played by
2vol. 4 j 100444
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Fig. 2. Migration, proliferation, viability, and activated signaling pathways in HSCs exposed to CM from MerTK-inhibited THP-1 macrophages. (A-C-E)
Serum-starved HSCs were exposed to SF medium (Control, white columns) or to CM from THP-1 macrophages left untreated (DMSO, purple columns), treated
with UNC569 (light purple columns) or stimulated with Gas-6 in the presence (light purple columns) or absence (purple columns) of UNC569. (B-D-F) Serum-
starved HSCs were exposed to SF medium (Control, white columns) or to CM of THP-1 macrophages transfected with NT siRNA (purple columns) or MERTK-siRNA
(light purple columns) and left untreated or treated with Gas-6. (A-B) HSC migration was measured in modified Boyden chambers. (C-D) HSC proliferation was
assayed by BrdU Cell Proliferation ELISA Kit. (E-F) HSC viability was measured by MTT assay. (G) Serum-starved HSCs were exposed to CM from THP-1 mac-
rophages unstimulated or stimulated Gas-6 in the presence or absence of UNC569 or (H) to CM from THP-1 macrophages transfected with NT siRNA or MERTK-
siRNA stimulated with or without Gas-6 for 24 h. 30 lg of total cell lysates were subjected to immunoblot analysis to detect different proteins or phosphoproteins.
Densitometries of p-STAT3/STAT3, p-P38/P38 and IL8/b-Actin expression (n = 3) were shown in the graphs. Data are mean ± SEM. Statistical significance was
assessed by Student’s t test. *p <0.05 vs. SF medium; **p <0.05 vs. CM of untreated THP-1 macrophages; §p <0.05 vs. CM of THP-1 macrophage stimulated with Gas-
6 without inhibition for MerTK; †p <0.05 vs. SF medium; ††p <0.05 vs. CM of NT siRNA unstimulated THP-1 macrophages; Up <0.05 vs. CM of NT siRNA THP-1
macrophage stimulated with Gas-6. CM, conditioned media; HSC(s), hepatic stellate cells; NT, non-targeting; SF, serum free; siRNA, small-interfering RNA.
macrophage-derived MerTK is still unclear. Herein, we show that
macrophages expressing high levels of MerTK promote a profi-
brogenic phenotype in HSCs (via paracrine signals), inducing a
significant increase in cell migration, viability, proliferation and
the expression of profibrogenic factors.
Materials and methods
Cell culture and treatments
The THP-1 human monocytic leukemic cell line, kindly provided
by Dr. Elisabetta Rovida (University of Florence, Italy), was
JHEP Reports 2022
differentiated into macrophages by 48 h or 144 h of incubation
with phorbol 12-myristate 13-acetate (PMA) (10 ng/ml) at 37�C
in 5% CO2, as described by Kurihara et al.19,20 Human monocytes
were isolated from buffy coats of healthy blood donors who
provided written informed consent. A two-step procedure was
employed, as described by De Almeida et al.,21 using Lympholyte-
H (Cedarlane, Burlington, CA, USA) followed by slight hyper-
osmolar Percoll gradient (GE Healthcare Life Sciences, RD, St.
Louis, MO, USA). Primary human HSCs were isolated from
normal liver tissue unsuitable for transplantation as previously
described in detail.22 All patients provided written, informed
3vol. 4 j 100444
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Fig. 3. HSC expression of proinflammatory and profibrogenic genes in response to CM from MerTK-inhibited THP-1 macrophages. Serum-starved HSCs
were exposed to SF medium (Control, white columns) or to CM from THP-1 macrophages left untreated (DMSO, purple columns), treated with UNC569 (light
purple columns) or stimulated with Gas-6 in the presence (light purple columns) or absence (purple columns) of UNC569 for 48 h. (A-H) Total RNA was isolated
and mRNA expression of different genes was evaluated by qRT-PCR and normalized for the expression of b-actin. Data are mean ± SEM. Statistical significance was
assessed by Student’s t test. *p <0.05 vs. SF medium; **p <0.05 vs. CM of untreated THP-1 macrophages; § p <0.05 vs. CM of THP-1 macrophage stimulated with
Gas-6 without inhibition for MerTK. CM, conditioned media; HSC(s), hepatic stellate cell(s); qRT-PCR, quantitative real-time PCR; SF, serum free.
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consent for cell isolation, and the study was approved by the
local institutional review board. KCs were purchased from
Thermo Scientific (Waltham, MA USA).
Studies with conditioned medium
THP-1 monocytes were differentiated into macrophages by 144 h
of incubation with 10 ng/ml PMA at 37�C in 5% CO2, hereafter
referred to as “THP-1 macrophages”. siRNA-transfected THP-1
macrophages were incubated for 24 h in serum-free medium and
then stimulated with Gas-6 (200 ng/ml) for 8 h. When the MerTK
inhibitor UNC56923 was used, both THP-1-derived and circu-
lating monocyte-derived MerTK+/CD206+/CD163+/CD209- mac-
rophages were incubated in serum-free medium for 24 h and
then exposed to 5 lM UNC569 or to DMSO for 90 min before
stimulation with Gas-6 (200 ng/ml) for 8 h. All macrophages
were then rinsed 3 times with PBS and further incubated over-
night in serum-free medium. Conditioned medium (CM) was
collected, centrifuged at 2,000 x g for 10 min and stored at -80�C
for further use. Although the traditional classification (M1, M2a,
M2b, M2c), which is based on induction of in vitro polarization,
does not accurately describe the phenotypic heterogeneity of
in vivo macrophages, for ease of reading, the CM of MerTK+/
CD206+/CD163+/CD209- macrophages is defined as ‘M2c CM’.
JHEP Reports 2022
Statistical analysis
Data in bar graphs represent mean ± SD from at least 3 inde-
pendent experiments. Luminograms are representative of at
least 3 experiments with similar results.

Statistical analysis was performed using Student’s t test.
For further details regarding the materials and methods used,

please refer to the CTAT table and supplementary information.
Results
MerTK expression and activation in THP-1 macrophages
To elucidate the involvement of MerTK in the interaction be-
tween macrophages and HSCs, we initially studied macrophages
derived from THP-1 cells, an immortalized monocytic line which
differentiates into macrophages when exposed to PMA.19 In
PMA-differentiated THP-1 macrophages, the expression of
MerTK, but not of Axl and Tyro3, was substantially increased
(data not shown).20 Accordingly, MERTK mRNA levels were
several thousand-fold higher in THP-1 macrophages after 6 days
of treatment with PMA (Fig. 1A). This increase in MerTK
expression was confirmed by western blot analysis (Fig. 1B).
Consistent with previous findings,24,25 exposure of THP-1 mac-
rophages to Gas-6, a ligand of MerTK, increased MerTK
4vol. 4 j 100444
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Fig. 4. HSC expression of proinflammatory and profibrogenic markers in response to CM from MERTK-silenced THP-1 macrophages. Serum-starved HSCs
were exposed to SF medium (Control, white columns) or to CM from THP-1 macrophages transfected with NT siRNA (purple columns) or MERTK-siRNA (light
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PCR and normalized to b-actin. Data are mean ± SEM. Statistical significance was assessed by Student’s t test. †p <0.05 vs. SF medium; ††p <0.05 vs. CM of NT siRNA
unstimulated THP-1 macrophages; Up <0.05 vs. CM of NT siRNA THP-1 macrophage stimulated with Gas-6. CM, conditioned media; HSCs, hepatic stellate cells; NT,
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phosphorylation and downstream activation of Akt, in a time-
dependent manner (Fig. 1C). In contrast, exposure to PMA did
not result in any increase in MerTK phosphorylation (Fig. 1D).

Pre-incubation with UNC569, an inhibitor specific to MerTK,
reduced MerTK phosphorylation and downstream Akt activa-
tion23 (Fig. 1E). To rule out that the effects of UNC569 were due
to non-specific inhibition, THP-1 macrophages were transfected
with MERTK-specific small-interfering RNA (siRNA) and knock-
down efficiency was evaluated by real-time PCR (Fig. 1F). Expo-
sure of THP-1 macrophages to Gas-6 induced a significant
increase in gene expression of vascular endothelial growth
factor-A (VEGF-A) and transforming growth factor-b1 (TGFb1)
and these effects were completely abolished by MerTK silencing
(Fig. 1G and H). Taken together, these data indicate that, in
macrophages, MerTK regulates the expression of factors impli-
cated in liver repair, in a MerTK-dependent fashion.

In THP-1 macrophages, MerTK activation induces the release
of soluble factors which modulate the biology of HSCs
To examine the involvement of MerTK signaling in the cross-talk
between macrophages and HSCs, we studied the effects of CM
obtained from THP-1 macrophages on the biological features of
HSCs. HSCs exposed to THP-1-CM showed a significant increase
in migration, that was more evident when macrophages were
treated with Gas-6 (Fig. 2A). To evaluate whether these effects
JHEP Reports 2022
were mediated by MerTK activation in macrophages, we used
CM from THP-1 macrophages with pharmacologic or genetic
inhibition of MerTK. Using both these strategies, increased
migration of HSCs in response to CM from Gas-6-stimulated
THP-1 macrophages was significantly reduced (Fig. 2A,B).
Similar results were obtained when we explored the effects of
THP-1-CM on HSC proliferation (Fig. 2C,D) and viability (Fig.
2E,F). In HSCs exposed to CM from Gas-6-stimulated THP-1
macrophages, increased activation of STAT3 and p38 was
observed, together with an increase in IL-8 protein expression.
These effects were inhibited by pre-treatment of THP-1 macro-
phages with UNC569 or after MerTK silencing (Fig. 2G-H). To
better elucidate the role of THP-1 macrophage MerTK in modu-
lating the profibrogenic properties of HSCs, we analyzed the
expression of genes upregulated upon HSC activation. In HSCs
treated with CM from Gas-6-stimulated THP-1 macrophages,
mRNA expression of tissue inhibitor of metalloproteinase 1
(TIMP1), TGFb1, interleukin 8 (IL8), VEGF-A, actin alpha 2, smooth
muscle (ACTA2), matrix metalloproteinase 2 (MMP2), collagen
type I alpha 1 chain (COL1A1) and matrix metalloproteinase 9
(MMP9) was significantly increased compared to that in HSCs
treated with CM from unstimulated macrophages (Fig. 3). These
effects were blunted by macrophage pre-treatment with
UNC569, indicating that the actions of Gas-6 are mediated by
MerTK (Fig. 3). Next, we stimulated HSCs with CM from THP-1
5vol. 4 j 100444
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ˇ

p <0.05 vs. M2
macrophages; **p <0.05 vs. Control M2c; §p <0.05 vs. M2c macrophage stimulated with Gas-6 without inhibition for MerTK. M-CSF, macrophage colony-stim-
ulating factor; MFI, mean fluorescence intensity; qRT-PCR, quantitative real-time PCR.
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macrophages after MERTK depletion, with or without exposure
to Gas-6. Upon MerTK knockdown, CM from macrophages
showed a reduced capability to induce expression of fibrogenic
genes in HSCs (Fig. 4). Taken together, these data indicate that
MerTK expressed by differentiated THP-1 cells mediates profi-
brogenic actions in HSCs via soluble mediators.

Profibrogenic effects of MerTK activation in MerTK+/CD206+/
CD163+/CD209- macrophages via cross-talk with HSCs
Macrophage polarization towards a M2c-like phenotype is
associated with a marked increase in MerTK expression.11

Because THP-1 cells only partially recapitulate the biologic ef-
fects of tissue-infiltrating macrophages, we next investigated
JHEP Reports 2022
whether the effects of MerTK activation could be reproduced in a
population of monocyte-derived MerTK+/CD206+/CD163+/
CD209- macrophages (Fig. 5A). Exposure to a culture medium
rich in macrophage colony-stimulating factor (M-CSF) and IL-10
induced high expression of CD206 (a marker for alternatively
activated macrophages26), CD163 (a specific marker for M2c
cells27), and low expression of CD209 (a specific marker for M2a
phenotype11) (Fig. 5C). Flow cytometry analyses confirmed a
high expression of MerTK in the CD206+/CD163+/CD209-

phenotype (Fig. 5B,C). Furthermore, MERTK expression was
gradually increased along MerTK+/CD206+/CD163+/CD209-

macrophage differentiation. CD206 expression significantly
increased on the fifth day of exposure to M-CSF, while a
6vol. 4 j 100444
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Fig. 6. Migration, viability, proliferation, and activated signaling pathways in HSCs exposed to CM from MerTK-inhibited M2c-like macrophages. (A-C)
Serum-starved HSCs were exposed to SF medium (Control, white columns) or to CM from M2c macrophages left untreated (DMSO, purple columns), treated with
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significant increase in CD163 expression was observed after the
last 3 days of treatment (Fig. 5D).28 These findings were associ-
ated with marked MerTK upregulation at the protein level and
increased tyrosine phosphorylation on activation-specific resi-
dues (Fig. 5E). Moreover, acquisition of a M2c-like-polarization
was associated with activation of several signaling pathways,
including STAT3, ERK 1/2, and p38, compared to M0-like mac-
rophages. In addition, increased VEGF-A expression was
observed in MerTK+/CD206+/CD163+/CD209- macrophages
(Fig. 5F). Exposure of MerTK+/CD206+/CD163+/CD209- macro-
phages to Gas-6 further increased phosphorylation of MerTK
(Fig. 5G) and led to an increase in phosphorylation of STAT5,
STAT3, Akt, ERK1/2 and p38, that was reverted by pre-treatment
with UNC569 (Fig. 5H).
JHEP Reports 2022
Having confirmed the high expression levels of MerTK in
M2c-like macrophages, we next evaluated the involvement of
this kinase in the interplay between macrophages and HSCs,
analyzing the effects of CM fromMerTK+/CD206+/CD163+/CD209-

macrophages on the fibrogenic features of HSCs. Incubation of
HSCs with CM from MerTK+/CD206+/CD163+/CD209- macro-
phages caused a significant increase in HSC chemotaxis. This
effect was further increased by exposure to Gas-6 and markedly
reduced by macrophage pre-treatment with UNC569 (Fig. 6A).
Similarly, exposure of HSCs to CM from Gas-6-stimulated
MerTK+/CD206+/CD163+/CD209- macrophages led to a signifi-
cant increase in HSC viability and proliferation, and these effects
were also reduced by pre-treatment with the MerTK inhibitor
(Fig. 6B,C). To better understand the role of MerTK in the
7vol. 4 j 100444
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Fig. 7. HSC expression of proinflammatory and profibrogenic genes in response to CM from MerTK-inhibited M2c macrophages. Serum-starved HSCs were
exposed to SF medium (Control, white columns) or to CM of M2c macrophages left untreated (DMSO, purple columns), treated with UNC569 (light purple
columns) or stimulated with Gas-6 in the presence (light purple columns) or absence (purple columns) of UNC569 for 48 h. (A-H) Total RNA was isolated and
levels of different genes were determined by qRT-PCR and normalized to b-actin. Data are mean ± SEM. Statistical significance was assessed by Student’s t test. *p
<0.05 vs. SF medium; **p <0.05 vs. CM of untreated M2c macrophages; § p <0.05 vs. CM of M2c macrophage stimulated with Gas-6 without inhibition for MerTK.
CM, conditioned media; HSC(s), hepatic stellate cell(s); qRT-PCR, quantitative real-time PCR; SF, serum-free.
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induction of a profibrogenic phenotype, we examined the acti-
vation of different signaling pathways. In HSCs exposed to CM
from Gas-6-stimulated MerTK+/CD206+/CD163+/CD209- macro-
phages, we observed increased activation of STAT3 and p38,
together with an increase in IL-8 expression. These effects were
inhibited by pre-treatment of MerTK+/CD206+/CD163+/CD209-

macrophages with UNC569 (Fig. 6D).
We next evaluated the regulation of profibrogenic genes in

HSCs treated with CM from Gas-6-stimulated MerTK+/CD206+/
CD163+/CD209- macrophages. Expression of TIMP1, TGFb1, IL8,
VEGF-A, ACTA2, MMP2, COL1A1 and MMP9 was increased
compared to that in HSCs treated with CM from unstimulated
macrophages. These actions were significantly reduced when
macrophages were pre-treated with UNC569, indicating that
MerTK activation was required (Fig. 7). Taken together, these
data indicate that activation of MerTK in alternatively activated
macrophages results in the upregulation of profibrogenic signals
in HSCs.

Gas-6 expression in differentiated macrophages and in KCs
Gas-6 was produced by THP-1, M2c-like macrophages and KCs,
with higher levels in MerTK+/CD206+/CD163+/CD209- macro-
phages and in KCs (Fig. S1A-D). However, pharmacologic inhi-
bition or MERTK gene silencing did not result in significant
changes in the levels of Gas-6 (Fig. S1A-D). Gas-6 mRNA levels
were significantly increased in THP-1 macrophages after 2 and 6
JHEP Reports 2022
days of treatment with PMA (Fig. S1E), as well as during
macrophage polarization towards a M2c-like phenotype
(Fig. 8A). Of note, Gas-6 expression was markedly elevated in KCs
compared to naïve (M0) or M2c-like-polarized macrophages
(Fig. 8A). KCs expressed transcripts for MERTK at levels compa-
rable to those measured in differentiated macrophages (data not
shown).

MerTK activation in KCs induces HSC proliferation
To investigate whether MerTK expression in KCs contributes to
the fibrogenic cross-talk with HSCs, we obtained CM from
cultured human KCs in different experimental conditions.

HSCs exposed to KC-CM showed a significant increase in cell
proliferation (Fig. 8B). This effect was more evident when KCs
were treated with Gas-6 and significantly reduced upon pre-
treatment of KCs with UNC569.
Discussion
Hepatic fibrogenesis is the result of a complex cross-talk among
different resident and infiltrating cell types.29 Accumulating ev-
idence points to the pivotal role of macrophages in the genera-
tion of profibrogenic signals as well as in the process of fibrosis
resolution.30 Evidence for different macrophage phenotypes
adds complexity to the system31 and the relative role of differ-
entially polarized cells has not been completely unraveled. In
8vol. 4 j 100444
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this study, we provide evidence that activation of the tyrosine
kinase receptor MerTK on the surface of M2c-like-polarized
macrophages modifies the secretome to induce profibrogenic
actions in HSCs.

MerTK has been under intense investigation over the last few
years for its involvement in immune regulatory activities.32 A
first indication of a possible link between MerTK and hepatic
fibrosis has been provided by a genome-wide association study
in patients with hepatitis C, where a SNP in MerTK was more
prevalent in patients with advanced fibrosis.15 We recently re-
ported a higher hepatic expression of MERTK in patients with
NAFLD and in murine models of fibrogenesis.16 Moreover, 2
intronic SNPs in MERTK rs6726639 A33 and rs4374383 A15–17

were associated with decreased hepatic MerTK expression and
a reduced risk of liver fibrosis. We also previously provided ev-
idence for a direct role of MerTK in the regulation of the profi-
brogenic actions of HSCs,16 because exposure of cultured human
HSCs to Gas-6 resulted in induction of a profibrogenic pheno-
type. Moreover circulating levels of Gas-6 were increased in
patients with cirrhosis (concentrations around 60-80 ng/ml13,14)
and in animal models of chronic liver damage (concentrations
around 40 ng/ml14). Taken together, these data suggested a
relevant role of MerTK activation in the fibrogenic process,
JHEP Reports 2022
especially in the context of non-alcoholic steatohepatitis
(NASH).16

Immunohistochemical analysis of livers with NASH fibrosis
demonstrated that macrophages are major contributors to the
expression of MerTK.16 Macrophages localize in close proximity
to activated HSCs, and have been shown to play a key role in
the progression of liver injury from inflammation to fibrosis,
and eventually cirrhosis and hepatocellular carcinoma.34 Based
on this background, we differentiated cultured macrophages to
an M2c-like phenotype, which is known to express MerTK at
high levels, and evaluated the contribution of activation of this
kinase in the regulation of the HSC phenotype. Specifically, we
employed CM obtained from macrophage cultures, which is
known to contain soluble factors, exosomes and microparticles
that may modulate the phenotype of HSCs.35 We first used
THP-1 macrophages, which express high levels of MerTK, Gas-6,
VEGF-A and TGFb1, factors characterizing a wound-healing
macrophagic phenotype which promotes cellular proliferation
and blood vessel development,36–38 as a cellular model.20,38

Our findings indicate that Gas-6 induces MerTK phosphoryla-
tion and activation of Akt, a well-recognized downstream
effector of MerTK,23 confirming the functionality of this
pathway.

More important, CM from Gas-6-treated THP-1 cells induced
the increase in migration, proliferation and viability of HSCs, and
these actions were blocked by exposure of macrophages to
UNC569, a small-molecule inhibitor specific for MerTK.23 The
role of MerTK-expressing macrophages in a profibrogenic cross-
talk with HSCs was further supported by experiments using
siRNAs to downregulate MerTK expression, which provided
similar results to those obtained with the chemical inhibitor.
Interestingly, exposure of HSCs to medium conditioned by
MerTK-expressing THP-1 cells also resulted in a significant
upregulation of the expression of several genes known to be
involved in fibrogenesis, such as TIMP1, TGFb1, ACTA2, MMP2,
COL1A1 and MMP9. In addition, upregulated expression of VEGF-
A, which participates in the regulation of angiogenesis during
tissue repair,39 and of IL8, a proinflammatory chemokine,40 at the
gene and protein levels, was observed. Also in this case, stimu-
lation of macrophages with Gas-6 increased the effects, while
pharmacologic inhibition or genetic knockdown of MerTK
blocked these actions. Interestingly, Gas-6 also upregulated the
expression of TGFb1 and VEGF-A in macrophages, indicating that
paracrine and autocrine loops involving these factors are regu-
lated by MerTK.

To provide additional data supporting our findings, we used
MerTK+/CD206+/CD163+/CD209- macrophages derived from pe-
ripheral blood monocytes. This subpopulation expresses high
levels of MerTK and, consistently, we observed a marked in-
crease in activation of signaling pathways such as STAT3, ERK1/2,
p38,41 and in the expression of VEGF-A,42 all downstream targets
of MerTK. Of note, no differences between M2-like and MerTK+/
CD206+/CD163+/CD209- macrophages were observed for ERK1/2
and p38 activation, possibly reflecting the fact that several ago-
nists converge on these pathways. Also, in these differentiated
and well-characterized cells, Gas-6 induced a substantial in-
crease in phosphorylation of MerTK and Akt, and downstream
targets of MerTK such as STAT5, STAT3, ERK1/2 and p38, which
was reverted by pre-treatment with UNC569. Using these freshly
prepared cells, we corroborated the findings indicating that CM
from Gas-6-stimulated MerTK+/CD206+/CD163+/CD209- macro-
phages promotes the profibrogenic actions of HSCs, inducing a
9vol. 4 j 100444
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significant increase in HSC migration, cell viability, cell prolifer-
ation and expression of profibrotic and proinflammatory genes.
Lastly, we found that CM from Gas-6-stimulated MerTK+/
CD206+/CD163+/CD209- macrophages induced, in HSCs, the
phosphorylation of STAT3 and p38, which are fundamental in the
profibrogenic phenotype of HSCs,43 and increased the expression
of IL8, an inflammatory chemokine that is closely associated with
angiogenesis.40 Importantly, the results obtained in THP-1 cells
and in peripheral monocytes derived M2c-like macrophages
could be extended to KCs, where transcripts for MerTK were
detected, and Gas-6 was expressed at the gene and protein
levels.

Functionally, CM from Gas-6-treated KCs increased HSC pro-
liferation, and this effect was blocked by exposure of KCs to
UNC569. Taken together, these data strongly suggest that
macrophage MerTK could play an important role in the liver
fibrogenic process by upregulating several functions associated
with the activated phenotype of HSCs. These studies provide an
additional mechanism to support previously reported data
indicating that holo- or myeloid-specific MerTK targeting in
NASH mice decreases liver fibrosis.38

Data reported herein are in clear agreement with previous
studies highlighting the reduced risk of liver fibrosis in carriers of
the (rs4374383 G>A) variant of MerTK, both in hepatitis C and in
NASH.15–17 Moreover, in a recent study, myeloid-specific target-
ing of MerTK reduced fibrosis development in NASH mice.
Interestingly, shedding of MerTK from the surface of macro-
phages limited profibrogenic activities, which were dependent,
at least in part, on TGFb1-mediated signals.38 These findings are
JHEP Reports 2022
consistent with recent data reporting single-cell RNA sequence
analysis of cirrhotic human livers, showing that MerTK is pri-
marily expressed in liver macrophages.44

These data should be put in the context of the growing in-
terest in other members of the TAM family, such as Axl, in the
pathophysiology of liver fibrosis.45 Blocking activation of this
receptor in different cell types was reported to blunt fibro-
genesis in experimental models.13,14 Because tyrosine kinase
receptors are generally considered druggable targets, different
lines of evidence, including those reported in the present study,
indicate the TAM family should be the topic of further investi-
gation as a new target for pharmacologic treatment of hepatic
fibrosis.12,13

The identification of a role for MerTK in fibrogenesis expands
the number of hepatic conditions where this receptor is impli-
cated. In patients with acute-on-chronic liver failure, monocytes
and macrophages expressing MerTK were increased, and MerTK
expression was associated with a reduced ability to produce
proinflammatory cytokines, resulting in suppression of the
innate immune response to microbes.46 On the other hand, in
mice with acute liver failure, MerTK-deficient animals exhibited
persistent liver injury and inflammation, identifying a protective
role of MerTK+ macrophages in this setting.47

In conclusion, MerTK expressed on macrophages induces the
secretion of factors which modify the phenotype of stellate cells
in a profibrogenic fashion, highlighting a novel cross-talk be-
tween intrahepatic cells. Together with other data, our findings
warrant additional investigation to substantiate the role of this
receptor as a therapeutic target for antifibrotic treatments.
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