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SUMMARY

Nonalcoholic steatohepatitis (NASH) is emerging as a
leading cause of chronic liver disease. However,
therapeutic options are limited by incomplete under-
standing of the mechanisms of NASH fibrosis, which
is mediated by activation of hepatic stellate cells
(HSCs). In humans, human genetic studies have
shown thathypomorphicvariations inMERTK, encod-
ing the macrophage c-mer tyrosine kinase (MerTK)
receptor, provide protection against liver fibrosis,
but the mechanisms remain unknown. We now show
that holo- or myeloid-specific Mertk targeting in
NASH mice decreases liver fibrosis, congruent with
the human genetic data. Furthermore, ADAMmetallo-
peptidase domain 17 (ADAM17)-mediated MerTK
cleavage in liver macrophages decreases during
steatosis to NASH transition, and mice with a cleav-
age-resistant MerTK mutant have increased NASH
fibrosis. Macrophage MerTK promotes an ERK-
TGFb1 pathway that activates HSCs and induces liver

fibrosis. These data provide insights into the role of
liver macrophages in NASH fibrosis and provide a
plausible mechanism underlyingMERTK as a genetic
risk factor for NASH fibrosis.

INTRODUCTION

The epidemic of obesity has led to a sharp rise in non-alcoholic

liver disease (NAFLD), which can progress to nonalcoholic

steatohepatitis (NASH) (Corey and Kaplan, 2014). NASH in turn

can lead to the development of cirrhotic liver disease and hepa-

tocellular carcinoma (HCC) and has emerged as the leading

cause of chronic liver disease and the most rapidly growing

indication for liver transplantation worldwide (Doycheva et al.,

2018; Rinella, 2015; Rinella and Sanyal, 2016). Liver fibrosis

is the most important predictor of long-term mortality, liver

transplantation, and liver-related clinical events in NASH (Angulo

et al., 2015a, 2015b; Dulai et al., 2017; Puche et al., 2013; Vilar-

Gomez et al., 2018). However, there are no FDA-approved drugs

to treat NASH, which is due in large part to our incomplete under-

standing of the mechanisms of fibrotic NASH progression.

Context and Significance

Nonalcoholic steatohepatitis (NASH) has emerged as the leading cause of chronic liver disease, with liver fibrosis being the
most important predictor of liver failure. However, owing to the major gaps in understanding the mechanisms of NASH
fibrosis, there are no FDA-approved drugs to treat NASH. Recent genome-wide association studies identified MERTK
gene variations that reduce MerTK protein expression and possess protective effects against liver fibrosis in NASH, but
the mechanism linking MerTK to fibrosis has remained a mystery. Using various genetic MerTK NASH mouse models
and human NASH liver specimens, researchers at Columbia University show that MerTK signaling in macrophages pro-
motes liver fibrosis, whereas blocking MerTK activation suppresses fibrosis. These data raise the possibility of unique ther-
apeutic strategies to block NASH fibrosis.
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NAFLD begins with the accumulation of large amounts of tri-

glyceride in hepatocytes (hepatosteatosis or fatty liver), which

is a relatively benign condition. However, in approximately

20% of subjects, inflammation, cell death, and fibrosis ensue,

leading to NASH and then, in certain subjects, cirrhosis and

HCC. Liver fibrosis in NASH and other chronic liver diseases is

driven by the activation of hepatic stellate cells (HSCs), which

become transformed from quiescent retinyl ester-storing cells

into myofibroblasts that produce collagen and other types of

extracellular matrix (Puche et al., 2013; Tsuchida and Friedman,

2017). Therefore, understanding how HSCs become activated

during the progression from non-fibrotic hepatosteatosis into

fibrotic NASH is a critical question in this area of research.

Although many studies have uncovered pathways in which

molecules secreted by liver macrophages and hepatocytes

can activate HSCs, major gaps remain in our understanding of

HSC activation during steatosis to NASH progression (Weis-

kirchen and Tacke, 2016; Tsuchida and Friedman, 2017).

Human genetics can provide important clues for treatable pro-

cesses that contribute to disease pathogenesis. In a genome-

wide association study (GWAS) and several independent repli-

cation cohorts, naturally occurring variations in MERTK, the

gene that encodes c-mer tyrosine kinase (MerTK), have been

identified as a contributor to the development and progression

of liver fibrosis in NASH and HCV patients (Cavalli et al., 2017; Ji-

ménez-Sousa et al., 2018; Patin et al., 2012; Petta et al., 2016).

However, how MerTK may be mechanistically linked to liver

fibrosis in NASH remains unknown. MerTK, which is a member

of the Tyro-Axl-MerTK (TAM) family of proteins, is highly ex-

pressed on macrophages and has a number of ligands, notably

Gas6 and protein S, either as free proteins or attached to

apoptotic cells during MerTK-mediated clearance of apoptotic

cells (efferocytosis) (Dransfield et al., 2015; Scott et al., 2001;

Thorp et al., 2008). Ligand binding activates MerTK signaling

pathways involved in internalization of apoptotic cells, suppres-

sion of inflammation, and synthesis of mediators of inflammation

resolution and tissue repair (Cai et al., 2016, 2018; Camenisch

et al., 1999; Tibrewal et al., 2008). In the aforementioned human

genetic studies, two intronic single-nucleotide polymorphisms

(SNPs) in MERTK that are in linkage disequilibrium, rs4374383

A (Patin et al., 2012; Petta et al., 2016) and rs6726639 A (Cavalli

et al., 2017), were shown to be associated with lower hepatic

expression ofMERTK and a reduced risk of liver fibrosis, raising

the possibility that MerTK promotes liver fibrosis. Although pre-

vious studies have suggested roles for MerTK in exacerbating

pro-inflammatory monocyte activation in response to fat inges-

tion (Musso et al., 2017) and in Gas6 signaling in HSCs (Petta

et al., 2016), no precise mechanism has been defined.

In this context, we now show that MerTK signaling in macro-

phages induces the expression of TGF-b1 by activating ERK1/2,

and secretion of TGF-b1 by thesemacrophages can then activate

HSCs to promote collagen synthesis. Most importantly, myeloid-

specific targeting of MerTK in mice fed a high-fat NASH-promot-

ing diet partially protects the mice from developing liver fibrosis.

Interestingly, cell-surface proteolytic cleavage of MerTK, which

is an ADAM metallopeptidase domain 17 (ADAM17)-mediated

process that destroys MerTK signaling (Cai et al., 2016, 2017;

Sather et al., 2007; Thorp et al., 2011), occurs in early, non-fibrotic

steatosis but decreaseswithNASHprogression.Moreover, NASH

fibrosis is enhanced in mice expressing a cleavage-resistant (CR)

mutant of MerTK. Thus, MerTK cleavage is protective in this

setting. We show further that all-trans retinoic acid (ATRA), an

active metabolite of retinol found in healthy liver, induces MerTK

cleavage inmacrophages by activatingADAM17. Finally, blocking

MerTK activation in NASH mice by using a Gas6 inhibitor or by

enhancing MerTK cleavage with ATRA supplementation sup-

pressed NASH progression. These findings provide mechanistic

insight related to the role of liver macrophages in NASH, suggest

a plausible mechanism for the association of hypomorphic

MERTK variants with protection against fibrosing NASH in

humans, and raise the possibility of unique human genetic-based

strategies to suppress NASH fibrosis.

RESULTS

Macrophage MerTK Promotes Liver Fibrosis in NASH
Mice, and Macrophage MerTK Expression Is Lower in
the Livers of Humans Carrying a NASH Fibrosis-
Protective MERTK Polymorphism
Macrophages express the highest levels of MerTK among all

cell types, including in liver (Gautier et al., 2012; Petta et al.,

2016). To examine this point in more detail, we assayed cell-sur-

face MerTK expression in different liver macrophage populations

by flow cytometry and found that MerTK is expressed predomi-

nantly on F4/80hiCD11blow CLEC4F+ resident macrophages

(Kupffer cells) (Figures S1A and S1I, gate #5). This finding is

consistent with recent single-cell RNA sequencing (RNA-seq)

analysis of mouse NASH liver and cirrhotic human liver, which

revealed thatMERTK is primarily expressed in liver macrophages,

including Kupffer cells (Ramachandran et al., 2019; Xiong et al.,

2019).To study the role of MerTK in NASH-associated liver

fibrosis, we compared wild-type (WT) and Mertk�/� mice fed a

NASH-promoting diet that is rich in fructose, palmitic acid, and

cholesterol. After 16 weeks of feeding, this diet causes key fea-

tures of NASH, including weight gain and insulin resistance; liver

steatosis, inflammation, and early fibrosis; and elevated plasma

alanine aminotransferase (ALT) (Wang et al., 2016). The livers

from the Mertk�/� mice had undetectable MerTK but the same

level of expression as WT mice of the TAM family member, Axl

(FigureS1B). The twogroups ofmicehad similar bodyweights, liv-

er:body weight ratios, fasting blood glucose, plasma cholesterol,

plasma triglyceride, liver cholesterol, and liver triglyceride (Fig-

ure S1C). The key finding was that liver fibrosis as assessed

by Picrosirius red staining, collagen gene expression, and

aSMA+ area was decreased in the MerTK-deficient mice (Figures

1A–1C), without a change in hepatosteatosis as assessed by lipid

droplet area (Figure S1D). These data are congruent with the hu-

man genetic data, which show that loss-of-functionMERTK vari-

ants are associated with decreased liver fibrosis in NAFLD (Petta

et al., 2016). The Mertk�/� mice also had lower plasma ALT and

less terminal deoxynucleotidyl transferase dUTP nick end label-

ing-positive (TUNEL+) liver cells (Figure S1E), but inflammation-

induced cytokine mRNAs, which are increased in NASH-diet-fed

mice compared with chow-fed mice (Wang et al., 2016), were

not different between the two cohorts (Figure S1F).

We then conducted a similar experiment to that above, but

this time comparing NASH-diet-fed control (Con) Mertkfl/fl mice

with Mertkfl/flLyz2cre+/� mice, in which Cre recombinase driven
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Figure 1. Macrophage MerTK Deficiency Protects against Liver Fibrosis in NASH-Diet-Fed Mice, and Humans with a NASH Fibrosis-Protec-

tive Polymorphism Have Lower MerTK Expression in Liver Macrophages

(A–C)WT orMertk�/�male mice were fed either the chow or NASH diet for 16 weeks. (A) Liver fibrosis was detected by Picosirius red staining in liver sections and

quantified as percent Picosirius red+ area by ImageJ; scale bar, 200 mm. (B) Liver collagen gene expression was assayed by qPCR. (C) aSMA immunofluo-

rescence (red) and quantification; DAPI counterstain for nuclei is shown; scale bar, 200 mm. For (A)–(C), n = 8 mice per group.

(D–F)Mertkfl/flLyz2cre+/� and littermate controlMertkfl/fl mice were fed the NASH diet for 16 weeks. Liver fibrosis, collagen gene expression, and percent aSMA+

area in the liver were assayed as in (A)–(C) (n = 9 mice per group); scale bar, 200 mm.

(legend continued on next page)
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by the lysozyme M promoter (LysMCre) deletes floxed Mertk in

myeloid cells (Clausen et al., 1999). Mertkfl/flLyz2cre+/� mice

and Con Mertkfl/fl mice had similar body weight, liver:body

weight ratio, fasting blood glucose, plasma cholesterol, plasma

triglyceride, liver cholesterol, and liver triglyceride (Figure S1G).

In line with the fact that most MerTK is expressed on macro-

phages, whole liver extract from both chow-fed and NASH

Mertkfl/flLyz2cre+/� mice showed much less MerTK protein

than liver extract from Con Mertkfl/fl mice, and F4/80hiCD11blow

macrophages from Mertkfl/flLyz2cre+/� mice also had much

fewer MerTK+ cells (Figures S1H and S1I, gates 4–6). As with

holo-MerTK knockout NASH mice, Mertkfl/flLyz2cre+/� NASH

mice had less liver fibrosis, collagen gene expression, aSMA+

area, plasma ALT, and TUNEL+ liver cells than Mertkfl/fl mice

(Figures 1D–1F and S1J). As MerTK is an efferocytosis receptor

on macrophages, we assayed efferocytosis in the livers from

these mice by quantifying the ratio of macrophage-associated

to free TUNEL+ cells and found no differences (Figure S1K).

Finally, Mertkfl/flLyz2cre+/� mice also had less liver fibrosis than

Mertkfl/fl mice when the mice were fed the NASH diet for

25 weeks to increase fibrosis (Figure S1L).

As mentioned previously, NASH patients carrying the MERTK

rs4374383 G > A variant, which is associated with reduced

MERTK mRNA expression in the liver, have less liver fibrosis

compared with those harboring the major G allele (Petta et al.,

2016). In view of the above data showing that loss of myeloid

MerTK suppresses NASH fibrosis, we determined whether

MERTK mRNA was lower in blood monocytes of healthy sub-

jects carrying the A versus G allele and, most importantly,

whether MerTK expression was lower in liver macrophages of

NASH patients carrying the A versus G allele. We found that

subjects carrying at least one A allele had lower MERTK mRNA

expression in blood monocytes than GG subjects (Figure 1G)

and that the presence of an A allele was also associated with

lower MerTK expression in liver macrophages (Figure 1H).

In summary, the mouse data show that MerTK in liver macro-

phages contributes to NASH progression to fibrosis, and the

human data raise the possibility that the association of the A

allele in rs4374383 with protection from fibrosing NASH may

be due, at least in part, to its association with lessMerTK expres-

sion in liver macrophages.

Activation ofMacrophageMerTKLeads to an Increase in
TGF-b1, which Activates HSCs to Produce Collagen
We next explored how macrophage MerTK might promote

fibrosis in NASH, focusing on the concept of macrophage-HSC

crosstalk. In view of the pro-fibrotic action of TGF-b in experi-

mental NASH (Yang et al., 2014), we considered the hypothesis

that MerTK activation in macrophages might increase the

synthesis and secretion of TGFb, which would then activate

HSCs to promote fibrosis. As an initial test of this hypothesis,

we compared Tgfb1, Tgfb2, and Tgfb3 mRNAs in the livers of

chow-fed Mertkfl/fl mice, NASH-diet-fed Mertkfl/fl mice, and

NASH-diet-fed Mertkfl/flLyz2cre+/� mice. Tgfb1, but not Tgfb2 or

Tgfb3, was markedly increased in NASH liver, and this increase

was partially dependent on myeloid MerTK (Figure 2A, upper

graph). TGF-b1 latency-associated peptide (LAP) expression in

F4/80hiCD11blow liver resident macrophages was also increased

in NASH liver, and it was decreased to the non-NASH liver level

in mice lacking myeloid MerTK (Figure 2A, lower graph and Fig-

ure S2A). The TGF-b-fibrosis pathway driven by MerTK appears

tobe relatively specific, as liver expressionof PDGFb, another liver

fibrosis inducer (Czochra et al., 2006), was statistically similar be-

tween the two groups ofmice, andGas6 treatment of Kupffer cells

did not increase Pdgfb mRNA (Figure S2B).

We next isolated F4/80+ macrophages from the livers of WT

mice (Figure S2C) to determine if MerTK activation could in-

crease Tgfb1 expression. The macrophages were treated with

siMertk or scrambled Con siRNA (siScr) and then incubated

with the MerTK activator Gas6. Consistent with the hypothesis,

Gas6 treatment induced Tgfb1 expression in liver macrophages,

and this action of Gas6 was completely blocked by MerTK

silencing (Figure 2B). Human monocyte-derived macrophages

also showed an increase in TGFB1 mRNA with Gas6 treatment,

and this was abrogated by siMERTK (Figure 2C).

To determine whether Gas6-induced macrophage TGF-b1

can activate HSCs, conditioned media (CM) collected from

Gas6-treated or Con human macrophages were treated with

Con IgG or anti-TGF-b1 neutralizing IgG and then added to

primary murine HSCs or HSC-T6 cells, an immortalized rat

liver stellate cell line that shares many properties with primary

HSCs (Vogel et al., 2000). We first analyzed TGF-b signaling

in the HSC cells by immunoblotting for phospho-SMAD2/3

(p-SMAD2/3), a mediator of TGF-b signaling (Vander Ark

et al., 2018). As predicted, CM from Gas6-treated macro-

phages increased SMAD2/3 phosphorylation, and this was

suppressed by treatment of the macrophages with siMERTK

or by anti-TGF-b1 treatment of the CM (Figures 2D and

S2D). We then assayed Col1a1 mRNA in the HSC cells and

found exactly the same pattern: conditioned medium from

Gas6-treated macrophages increased Col1a1, and this was

prevented by silencing MERTK in the macrophages or by im-

munoneutralizing TGF-b1 in the media (Figures 2E and S2E).

These in vitro data support the concept of a transcellular

pathway leading from MerTK activation in macrophages to

TGF-b1-mediated activation of HSCs. Based on previous

findings, we considered the possibility that MerTK-induced

TGF-b might have an additional NASH-relevant effect, namely,

induction of hepatocyte death (Ciuclan et al., 2010; Tomita

et al., 2012; Yang et al., 2014). Consistent with this idea and

the finding of decreased cell death in livers of Mertk�/� and

Mertkfl/flLyz2cre+/� NASH mice, we found that macrophages

MerTK activation induced cell death of palmitate-treated he-

patocytes in a TGF-b-dependent manner (Figure S2F).

(G) Human peripheral blood monocytes were isolated from healthy subjects carrying MERTK rs4374383 GG, GA, or AA genotypes, and MERTK mRNA was

assayed by qPCR (n = 22 subjects).

(H) MerTK mean fluorescence intensity (MFI) in liver CD68+ cells from NASH patients carrying the indicated variants at MERTK rs4374383 was detected by

immunostaining (n = 17 subjects); scale bar, 500 mm.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S1 and Table S1.
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Figure 2. Activation of a MerTK-ERK-TGFb1 Pathway in Liver Macrophages Activates HSCs and Promotes Liver Fibrosis in NASH

(A) The livers from age-matched chow-fedMertkfl/flmice, 16-week NASH-diet-fedMertkfl/flmice, andMertkfl/flLyz2cre+/-mice were assayed for Tgfb1, Tgfb2, and

Tgfb3 mRNA by qPCR (top graph, n = 5–9 mice per group) and TGF-b1 latency-associated peptide (LAP) on F4/80highCD11blow liver macrophages by flow

cytometry (bottom graph, n = 5–9 mice per group).

(B) Kupffer cells were isolated from chow-fedWTmouse livers using anti-F4/80microbeads. Kupffer cells were then treatedwith either scrambled siRNA (siScr) or

siMertk. After 72 h, cells were treated with 100 nM purified recombinant mouse Gas6 or vehicle (Veh) for 16 h and then assayed for Tgfb1mRNA (n = 3 plates of

macrophages per group). Inset shows MerTK immunoblot.

(C) Human monocyte-derived macrophages were treated with either siScr or siMERTK. After 72 h, the cells were treated with control (Con)- or human Gas6-

conditioned media (CM) for 16 h and then assayed for TGFB1 mRNA (n = 3 plates of macrophages per group). Inset shows MerTK immunoblot.

(legend continued on next page)
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We next sought to understand howMerTK signaling in macro-

phages induces TGFB1. We reasoned that ERK1/2 may be a

key signaling intermediate in this process, as it is known to be

activated by MerTK (Cai et al., 2018), and the TGFB1 transcrip-

tion factor activator protein-1 (AP1) can be activated by ERK1/

2 (Birchenall-Roberts et al., 1990; Liu et al., 2006; Monje et al.,

2005). Consistent with this idea, Gas6-induced TGFB1 in human

macrophages was abrogated by silencing the gene encoding

ERK1/2, MAPK1/3 (Figure 2F). To show in vivo relevance, we

used flow cytometry to assay F4/80hiCD11blow macrophages

from the livers of Mertkfl/fl and Mertkfl/flLyz2cre+/� NASH mice

for phosphorylation of ERK, which is a measure of its activation.

We found the livers from Mertkfl/flLyz2cre+/� mice had a lower

phospho-ERK:total ERK ratio (Figures 2G and S2G). Moreover,

this pattern correlated with Smad phosphorylation in the HSCs

from these livers (Figures 2H and S2H). These data show that

ERK is an important mediator of MerTK-TGFb1 signaling in

liver macrophages.

The next goal was to learn more about the interaction of

MerTK with two of its ligands, Gas6 and protein S. Analysis

of liver from Con steatotic and NASH mice revealed a progres-

sive increase in Gas6 mRNA and Gas6 protein during NAFLD

progression (Figure S2I). Although the mRNA for protein S was

decreased in NAFLD versus Con liver (Figure S2J), it remained

detectable in NASH liver, and, as will be shown below, protein

S was able to induce TGFB1 in human macrophages. In this

context, we sought to determine the general role of MerTK li-

gands in the macrophage MerTK-HSC pathway in the setting

of NASH. We used a compound called RU-301, which has

been shown to block the functional interaction of Gas6 with

TAM receptors, including MerTK (Kimani et al., 2017). We

showed that RU-301 blocked the ability of Gas6 to induce

TGFB1 in human macrophages, and a similar result was ob-

tained using an inhibitor of the tyrosine kinase activity of

TAM receptors, BMS-777607 (Kasikara et al., 2017) (Fig-

ure S2K). Neither compound affected basal TGFB1, i.e.,

when macrophages were incubated in serum-free medium in

the absence of MerTK ligands (Figure S2L). Protein S was

also able to increase TGFB1 in human macrophages, and

although it was less potent than Gas6 at the concentration

tested, protein S-induced TGFB1 was also blocked by RU-

301 (Figure S2M).

To explore in vivo relevance, we fed mice the NASH diet for

12 weeks and then injected the mice 3 times per week intraper-

itoneally (i.p.) with either DMSO or compound RU-301. After

an additional 4 weeks, the livers were assayed for the macro-

phage MerTK-ERK-TGFb1-fibrosis pathway. RU-301 treatment

reduced liver fibrosis as indicated by decreases in liver Picrosir-

ius red staining and collagen gene expression (Figure 2I). As

predicted from the ability of RU-301 to block MerTK signaling,

we further observed that the livers from RU-301-treated mice

had a lower phospho-ERK:total ERK ratio, Tgfb1 mRNA (Fig-

ure 2J), plasma ALT, and TUNEL+ liver cells (Figure S2N). These

combined in vitro and in vivo data are consistent with a pathway

in NASH in which a ligand-activatedMerTK-ERK pathway in resi-

dent liver macrophages leads to the secretion of TGF-b, which

can then activate HSCs and promote liver fibrosis.

Liver MerTK Cleavage Is Suppressed in NASH Fibrosis,
and Mice Expressing a Genetically Engineered CR
MerTK Show Increased NASH Fibrosis
The humanGWAS data and the in vitro and in vivoNASH findings

here support the hypothesis that MerTK signaling in liver can

contribute to NASH fibrosis. In this context, we wondered

whether theremay be a process during the pathological progres-

sion of NASH through which liver MerTK is increased. An impor-

tant mechanism that limits MerTK expression and activity in

macrophages is cell-surface proteolytic cleavage by ADAM17

protease (Sather et al., 2007; Thorp et al., 2011). Moreover, the

cleaved extracellular portion of the receptor—a stable protein

referred to as soluble Mer (sol-Mer)—can bind Gas6 and thereby

inhibit Gas6-MerTK interaction in vitro (Sather et al., 2007).

Consistent with this idea, we found that sol-Mer prevented

Gas6-induced TGFB1 in human macrophages (Figure S3A).

We therefore questioned whether there might be a decrease in

MerTK cleavage in NASH fibrosis versus earlier stages of

NAFLD. We studied three groups of mice; chow-fed for

16 weeks, chow-fed for 8 weeks followed by NASH-diet-fed

for an additional 8 weeks, or NASH-diet-fed for 16 weeks.

When mice are fed the NASH-promoting diet for 8 weeks, the

liver becomes steatotic, but it does not acquire NASH features

including fibrosis (Wang et al., 2016). We found that sol-Mer

was markedly lower in the livers of mice fed the NASH diet for

16 weeks compared with those fed for 8 weeks (Figure 3A, top

(D and E) Humanmacrophages were treated as in (C). Media was removed and then the cells were rinsed and incubated in serum-freemedium for 24 h. Themedia

was collected and added to primary mouse HSCs in the presence of either 10 mg/mL anti-TGF-b1 neutralization antibody or Con IgG. One set of the HSCs was

incubated with these CM for 1 h and immunoblotted for p-Smad2/3, total Smad2/3, and b-actin (D), and another set was incubated for 16 h and assayed for

Col1a1mRNA (E) (n = 3 plates of HSCs for each condition). The CM notation below the immunoblot and graph is as follows: for siMERTK, � and + refer to siScr

and siMERTK treatment, respectively; and for Gas6, � and + refer to control and Gas6 treatment, respectively.

(F) Human macrophages were treated with either siScr or siMAPK1/3. After 72 h, the cells were incubated with Con- or Gas6-CM for 16 h, followed by assay of

TGFB1 mRNA (n = 4 plates of cells). Inset shows ERK1/2 immunoblot.

(G)Mertkfl/flLyz2cre+/� andConMertkfl/flmicewere fed the NASH diet for 16weeks. Liver cells were isolated and stained with anti-CD45, F4/80, CD11b, phospho-

ERK (p-ERK), or ERK antibodies, and p-ERK and ERK MFI in F4/80highCD11blow macrophages were analyzed by flow cytometry and expressed as p-ERK:total

ERK MFI ratio.

(H) As in (G), but here the cells were stained with anti-p-Smad2/3, Smad2/3, and desmin antibodies, and the data are expressed as p-Smad2/3:total Smad2/3MFI

ratio in desmin+ HSCs. For (G) and (H), n = 5–6 mice per group.

(I) WT mice were fed the NASH diet for 12 weeks and then injected i.p. with 300 mg/kg body weight of RU-301 or vehicle Con 33 per week for an additional

4 weeks. Livers were assayed for Picosirius red+ area and collagen gene expression (n = 6 mice per group). Scale bar, 200 mM.

(J) F4/80highCD11blow liver macrophages (top) and liver extracts (bottom) from the mice in (I) were assayed for p-ERK:total ERK MFI ratio by flow cytometry and

liver Tgfb1 mRNA by qPCR, respectively (n = 6 mice per group).

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S2 and Table S1.
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Figure 3. MerTK Cleavage Is Suppressed in Fibrotic versus Steatotic Liver in NASH-Diet-Fed Mice, and Nash-Induced Liver Fibrosis Is

Enhanced in MerTK Cleavage-Resistant Mice

(A) Mice were fed the chow diet for 16 weeks, chow diet for 8 weeks and then NASH diet for an additional 8 weeks, or NASH diet for 16 weeks. Liver sol-Mer,

MerTK, and b-actin were assayed by immunoblot. The ratio of sol-Mer to MerTK was quantified by Image J (n = 5 mice per group).

(B) Liver cells from the mice in (A) were isolated and stained with anti-MerTK, CD45, F4/80, and CD11b antibodies. Surface MerTK on F4/80high CD11blow

macrophages was assayed by flow cytometry (n = 5 mice per group).

(C) MerTK and sol-Mer were assayed by immunoblot in extracts of control, steatotic, and NASH human livers. Pathology data are shown in Table S2. The ratio of

sol-Mer to MerTK was quantified by ImageJ (n = 3–5 subjects per group).

(legend continued on next page)
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blot). Conversely, intact MerTK was higher in the mice fed

the diet for 16 weeks compared with 8 weeks without a change

in Mertk mRNA (Figure S3B), and thus the ratio of sol-Mer to

intactMerTKwasmarkedly lower in theseNASHmice (Figure 3A,

middle blot and graph).We next examined F4/80hiCD11blow resi-

dent macrophages from these livers for cell-surface MerTK

by flow cytometry. Macrophages from mice fed the NASH diet

for 16 weeks had a higher expression of cell-surface MerTK

than those from mice fed the diet for 8 weeks (Figure 3B). Re-

cruited F4/80lowCD11bhi macrophages from these livers had a

relatively low level of cell-surface MerTK relative to resident F4/

80hiCD11blow macrophages from normal livers (Figure S3C). To

link these findings to human NAFLD, we were able to obtain a

few samples of Con, steatotic, and NASH liver from humans

for immunoblotting. As with the mouse study, the sol-Mer:intact

MerTK ratio was much higher in steatotic liver than in NASH

liver (Figures 3C and S3D). We also had access to liver sections

from another cohort of normal, steatotic, and fibrotic NASH

human liver that were available for immunostaining for MerTK

and CD68+ macrophages. We found that macrophage MerTK

staining was lowest in steatotic liver and highest in NASH liver

(Figure S3E). These combined data support the idea that MerTK

cleavage is decreased in NASH versus steatotic liver, which

contributes to higher cell-surface MerTK in NASH.

The above data, when considered together with the previous

data herein and the human genetic studies, suggest that (1)

macrophageMerTK cleavage in hepatosteatosis protects against

fibrosis, i.e., by decreasing pro-fibrotic MerTK signaling to HSCs,

and (2) decreased MerTK cleavage during NASH progression

contributes to loss of this protection. To test this idea, we studied

mice whose endogenous Mertk gene has been replaced with a

mutant Mertk encoding a CR but fully functional MerTK receptor

(MertkCR mice) (Cai et al., 2016, 2017). After 8 weeks of NASH

diet feeding, which is a time of high MerTK cleavage in WT

mice, sol-Mer was markedly decreased in MertkCR mice and

vice versa for intact MerTK (Figure 3D), indicating low cleavage.

After being fed the NASH diet for 16 weeks, MertkCR mice and

WT mice had similar body weights, liver:body weight ratios, fast-

ing blood glucose, plasma cholesterol, plasma triglyceride, liver

cholesterol, liver triglyceride, liver lipid droplet area, and liver in-

flammatory gene mRNAs (Figures S3F–S3H). Most importantly,

the livers of MertkCR mice showed an increase in NASH fibrosis

(Figure 3E), and this was accompanied by increases in collagen

gene expression, aSMA+ area, TUNEL+ liver cells, and plasma

ALT (Figures 3F, 3G, and S3I). We next assayed Tgfb1 mRNA in

the livers of WT and MertkCR mice on the chow or NASH diet for

8 or 16 weeks (Figure S3J). Eight weeks of NASH diet caused

an increase in Tgfb1 in both groups, consistent with the increase

in Gas6 at this time point, and it was higher in CR versus WT,

consistent with increased MerTK signaling in CR macrophages.

Tgfb1 increased further by 16weeks, concomitant with the further

rise in Gas6 between 8 and 16 weeks, but the difference between

WT and CR at 16 weeks was not as great as that seen at 8 weeks,

as MerTK cleavage in liver macrophages in WT mice is sup-

pressed at this time point. Macrophage ERK activation and HSC

Smad activation were also increased in the livers of MertkCR

mice versus WT mice (Figures 3H and 3I), indicating activation

of the signaling pathways described previously. Thus, as pre-

dicted from the in vitro data, MerTK cleavage during NAFLD limits

NASH fibrosis.

ATRA Induces MerTK Cleavage via a P38-ADAM17
Pathway in Macrophages
Having established the importance of MerTK cleavage as an

initially protective mechanism in NAFLD mice, we next sought to

determine processes that could contribute to the regulation of

MerTK cleavage in NAFLD. As MerTK is cleaved by ADAM17

Sather et al., 2007; Thorp et al., 2011, we examined ADAM17 ac-

tivity in liver extracts from the chow- and NASH-diet-fed mice in

the previous section. ADAM17 activity was higher in the livers of

the 8-week NASH-diet-fed mice (steatosis) compared with the

livers of the 16-week-fed mice (NASH) (Figure 4A), which is

consistent with the pattern of MerTK cleavage. ADAM17 protein

was not higher in 8- versus 16-week-fed mice (Figure S4A, top

blot), suggesting that ADAM17 enzymatic activity was higher in

the steatotic versus NASH livers. Furthermore, as previously

reported, F4/80+ liver macrophages were more numerous in 16-

versus 8-week-fed mice (Wang et al., 2016) (Figure S4A, 2nd

blot), suggesting that ADAM17 activity per liver macrophages

was markedly higher in steatotic versus NASH livers.

To investigate what might contribute to the higher ADAM17

activity in a steatotic liver, we turned to in vitro experiments

using mouse bone-marrow-derived macrophages (BMDMs).

We conceived a hypothesis based on the following previous find-

ings in the literature: (1) P38 can activate ADAM17 (Killock and

Iveti�c, 2010; Thorp et al., 2011; Xu and Derynck, 2010; Xu

et al., 2012) and thereby induce MerTK cleavage (Sather et al.,

2007), (2) the active retinol metabolite ATRA can activate P38

in various cell types (Alsayed et al., 2001; Dai et al., 2004; Liu

et al., 2014; Ren et al., 2007), (3) liver retinol is lower in the livers

of subjects with NASH compared with subjects with simple stea-

tosis (Chaves et al., 2014) and in the livers of cirrhotic patients

compared with healthy controls (Ukleja et al., 2002), and (4)

serum ATRA concentrations were reported to be lower in

NASH patients versus Con subjects (Liu et al., 2015). We thus

hypothesized that a decrease in ATRA during NASH progression

might lower an important signal for the P38-ADAM17-MerTK

cleavage pathway (Sather et al., 2007), leading to less MerTK

cleavage in NASH.

To investigate this hypothesis, we assayed ADAM17 in

BMDMs before and after treatment with ATRA. ADAM17 activity

increased after 30min of ATRA treatment and remained elevated

(D–I) WT andMertkCRmice were fed the NASH diet for either 8 weeks (D) or 16 weeks (E–I). (D and E) Liver extracts were assayed for sol-Mer, MerTK, and b-actin

by immunoblot; scale bar, 200 mM. Liver fibrosis was detected by Picosirius red staining and quantified as % Picosirius red+ area by ImageJ. (F) Liver collagen

gene expression was detected by qPCR. (G) aSMA immunofluorescence (red) and quantification; DAPI counterstain for nuclei is shown; scale bar, 200 mm. (H and

I) Liver macrophages and HSCs were assayed for p-ERK:total ERK MFI ratio or p-Smad2/3:total Smad2/3 MFI ratio, respectively, by flow cytometry. For (D)–(I),

n = 8 mice per group.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S3 and Tables S1 and S2.
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for the next 2.5 h (Figure 4B), whereas ADAM17 protein was not

increased by ATRA (Figure S4B). We then followed P38 activa-

tion by assaying phospho-P38 by immunoblot and found that

ATRA increased the phospho-P38:total P38 ratio, which was

most evident at the 30- and 60-min time points (Figure 4C).

Most importantly, ATRA was able to induce MerTK cleavage in

these macrophages, as shown by an increase in sol-Mer and

a decrease in cell-surface MerTK, and this ATRA-induced

cleavage was blocked by both a P38 inhibitor and an ADAM17

inhibitor (Figure 4D). ATRA has been shown to activate P38 by

downregulating protein kinase B (AKT) activity (Gianni et al.,

2002). In this context, we found that ATRA-induced P38 activa-

tion in BMDMs was associated with a decrease in the ratio of

phospho-AKT:total AKT, indicating reduced AKT activation,

and the AKT activator SC79 (Jo et al., 2012) blocked ATRA-

A B

C D

E

F

G

Figure 4. ATRA InducesMerTKCleavage via a

P38-ADAM17 Pathway in Macrophages

(A) WT mice were fed the chow diet for 16 weeks,

chow diet for 8 weeks and then NASH diet for an

additional 8 weeks, or NASH diet for 16 weeks. Liver

ADAM17 activity was assayed and normalized to

liver ADAM17 protein (n = 5 mice per group).

(B and C) Mouse bone-marrow-derived macro-

phages (BMDMs) were incubated in Dulbecco’s

Modified Eagle Media (DMEM) media containing 3%

fetal bovine serum (FBS) for 4 h and then treated with

10 mM ATRA for the indicated times. ADAM17 ac-

tivity was assayed at the indicated time points,

and cell lysates were immunoblotted for p-P38, P38,

p-AKT, and AKT. For (B), n = 4 plates of macro-

phages per time point.

(D) BMDMs (�106 cells) were treated with ATRA for

3 h in the absence or presence of 10 mMP38 inhibitor

(SB203580) or 10 mM ADAM17 inhibitor (TAPI-0).

Sol-Mer in the culture medium was detected

by ELISA, and cell-surface MerTK was assayed by

flow cytometry (n = 3 plates of macrophages per

condition).

(E and F) BMDMs were incubated in DMEM media

containing 3% FBS for 4 h, pre-treated with 5 mM

SC79 for 10 min, and then incubated with 10 mM

ATRA for 1 h. Cell lysates were assayed for p-P38,

P38, p-AKT, and AKT by immunoblot and for

ADAM17 activity. A parallel set of cells was incu-

bated with ATRA for 3 h, and the culture media was

assayed for sol-Mer (n = 3 plates of macrophages

per condition).

(G) Mice were treated as in (A), and livers were as-

sayed for ATRA by liquid chromatography-tandem

mass spectrometry (LC-MS/MS) (upper graph, n =

9–10 mice per group) and for sol-Mer:MerTK ratio by

immunoblot as in Figure 3A. The correlation between

liver ATRA and MerTK cleavage was determined by

linear regression, with the r and p values indicated.

Data are presented as mean ± SEM. *p < 0.05, **p <

0.01, ***p < 0.001.

See also Figure S4.

induced P38 and ADAM17 activation and

MerTK cleavage (Figures 4E and 4F).

Similar to the findings with BMDMs, ATRA

suppressed phospho-AKT (p-AKT) and

increased phospho-P38 (p-P38), ADAM17 activity, and MerTK

cleavage in isolated Kupffer cells (Figures S4C and S4D).

ATRA-induced MerTK cleavage did not require retinoic acid re-

ceptors (RARs), as neither Rara and Rarb siRNAs nor the pan-

RAR antagonist AGN 193109 (Levi et al., 2015) decreased

ATRA-induced MerTK cleavage, despite good silencing efficacy

of the siRNAs (Figures S4E–S4G) and demonstration that both

treatments lowered a known ATRA-inducedmRNA,Arg1 (Chang

et al., 2013) (Figures S4G and S4H). We then returned to our

in vivo model by analyzing mice fed the chow or NASH diet for

8 or 16 weeks. Consistent with our hypothesis, ATRA was lower

in NASH liver versus steatotic liver (Figure 4G, top). Moreover, we

took advantage of the mouse-to-mouse variation in both liver

ATRA and MerTK cleavage in the 8-week steatosis cohort to

test correlation. When these two parameters were plotted
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against each other, there was a strong positive correlation

(Figure 4G, bottom). In summary, ATRA can induceMerTK cleav-

age in macrophages via an AKT-P38-ADAM17 pathway, and

the decreases in ADAM17 activity and MerTK cleavage that

are seen in NASH versus steatotic liver correlate with a decrease

in liver ATRA. These data suggest that the decrease in retinoic

acid that occurs during steatosis to NASH progression may

be one factor that suppresses ADAM17-mediated MerTK

cleavage.

Treatment of Mice with ATRA during Steatosis-to-NASH
ProgressionMaintainsMerTKCleavage andSuppresses
Fibrosis in WT but Not MertkCR Mice
To investigate causation among liver ATRA, MerTK cleavage,

and fibrosis, we ‘‘restored’’ ATRA in NASH mice by treating

them with a relatively low dose of ATRA (15 mg/g body weight

i.p.) between weeks 8 and 16 of NASH diet feeding, i.e., the

time period during which liver ATRA levels drop. As ATRA can

have multiple effects in the liver, we compared WT mice with

MertkCR mice to determine whether any observed effects of

ATRA on fibrosis were dependent on MerTK cleavage. ATRA

treatment caused slight but statistically significant decreases

in body weight and liver:body weight ratio in both WT and

MertkCR mice, while fasting blood glucose and liver inflamma-

tory gene mRNAs were unaffected (Figures S5A and S5B). As

designed, themice treated with ATRA had higher but not exces-

sive levels of ATRA in the liver (Figure S5C), with the concentra-

tion being similar to that in the steatotic liver in Figure 4G.

Consistent with the hypothesis and in vitro data, ATRA admin-

istration caused an increase in sol-Mer and a reciprocal

decrease in intact MerTK in the livers of WT but not MertkCR

mice (Figure 5A). ATRA also caused an increase in liver phos-

pho-P38 and ADAM17 activity, and in line with the proposed

pathway in which these parameters are upstream of MerTK

cleavage, these results were similar in WT and MertkCR mice

(Figures 5B and 5C).

Analysis of the livers for Picosirius red staining and collagen

gene expression in the two vehicle (Veh)-treated groups

showed, as before, that fibrosis was increased in the MertkCR

cohort (Figures 5D and 5E, Veh-WT versus Veh-MertkCR). More-

over, consistent with a previous report (Kim et al., 2014), ATRA

ameliorated steatosis in the livers ofWTmice, but this appeared

to be unrelated to MerTK cleavage, as ATRA treatment also

lowered steatosis in MertkCR mice (Figures 5D and S5D, Veh

versus ATRA groups). Most importantly, ATRA treatment low-

ered liver fibrosis, collagen gene expression, and aSMA+ area

in WT mice but not in MertkCR mice (Figures 5D–5F). The

same pattern was seen with plasma ALT and the percentage

of TUNEL+ liver cells (Figure S5E). Thus, treatment of mice

with ATRA during the period of steatosis-to-NASH progression

appears to have two distinct effects on the liver: reversal of

steatosis and suppression of fibrosis. The steatosis-reversal ef-

fect is independent of MerTK cleavage, with previous reports

suggesting various other mechanisms (Berry and Noy, 2009;

Kim et al., 2014). In contrast, the anti-fibrotic effect is depen-

dent on MerTK cleavage, which is consistent with our data

showing links between macrophage MerTK signaling and liver

fibrosis in NASH and between ATRA and MerTK cleavage in

macrophages.

DISCUSSION

The primary finding in this study is the discovery of a liver macro-

phage-HSC crosstalk pathway in steatosis-to-NASH fibrosis

progression that is triggered by activation of the MerTK receptor

on resident liver macrophages and regulated byMerTK cleavage

(Figure S5F). We provide correlative evidence for this pathway in

humans, and the association of certain MERTK polymorphisms

in humans with low MerTK expression and relative protection

from fibrotic NASH provides further support for the role of MerTK

in liver fibrosis in humans. One of the more interesting issues

raised by this work is how repair and resolution pathways, partic-

ularly as orchestrated by various macrophage phenotypes, can

become maladaptive in certain disease settings, including

fibrotic liver disease (Gieseck et al., 2018; Hart et al., 2017).

Macrophage MerTK signaling and MerTK-mediated efferocyto-

sis participate in repair and resolution, e.g., in the setting of

atherosclerosis and myocardial infarction (Cai et al., 2016,

2017; DeBerge et al., 2017). For example, MerTK pro-resolving

signaling in atherosclerotic lesional macrophages stabilizes

atherosclerotic plaques, in part by increasing the thickness of

the collagenous fibrous cap, and MerTK cleavage during plaque

progression contributes to the formation of unstable, thin-cap-

ped atheroma (Cai et al., 2017). The findings in the current study

suggest that in the setting of NAFLD, the macrophage MerTK-

mediated pro-fibrotic response becomes maladaptive, and

thus genetic polymorphisms that lower MerTK or processes

that promote MerTK cleavage are protective in this particular

setting. This concept raises the issue as to whether the loss of

the beneficial roles of MerTK in humans possessing loss-of-

function variants or in steatosis as a result of MerTK cleavage

may have some detrimental consequences in NAFLD. However,

there are other mechanisms of resolution in the setting of NAFLD

(Spite, 2019), and at the time that liver cell death increases in

NASH (Schwabe and Luedde, 2018), cell-surface MerTK is

restored owing to less cleavage.

The mechanism of howmacrophageMerTK increases hepatic

fibrosis in NASH in a manner consistent with the human MERTK

genetic data represents an unexplored area of investigation.

Interestingly, mouse models of liver injury that are not related

to NASH or that are too far separated from human NASH may

not capture the directionality of the human genetic data for

NASH (Bellan et al., 2019), where variants that lower MerTK

expression are associated with protection against NASH fibrosis

(Petta et al., 2016). For example, liver injury in mice was exacer-

bated by holo-MerTK deficiency in mice given hepatotoxic

amounts of acetaminophen or subjected to a choline-deficient

high-fat diet for 8 weeks (Triantafyllou et al., 2018; Tutusaus

et al., 2019). Future studies will be needed to investigate the

mechanisms of the differences in MerTK effects between these

two models and both the human genetic directionality in NASH

and the NASH model used here, which uses a NASH-promoting

diet without other manipulations (Wang et al., 2016). One possi-

bility is that the anti-inflammatory and pro-resolving properties of

macrophage MerTK signaling may predominate in these other

models of liver injury, whereas the maladaptive, pro-fibrotic

response is the major effect of MerTK signaling in human and

mouse NASHmodels that capture certain key features of human

NASH. With regard to other studies related to TAM receptors in
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Figure 5. ATRA Induces MerTK Cleavage and Reduces Liver Fibrosis in WT but Not in MertkCR NASH Mice

(A–F) WT andMertkCRmice were fed the NASH diet for 16 weeks. During the last 8 weeks, the mice were injected i.p. with 15 mg/g body weight of ATRA or vehicle

control three times aweek. (A) Liver sol-Mer, MerTK, and b-actin were detected by immunoblot. (B and C) 16 h after the last of ATRA injection, the p-P38:P38 ratio

in livermacrophageswas determined by flow cytometry, and liver ADAM17 activity was assayed and normalized to liver ADAM17 protein (n = 5–6mice per group).

(D and E) Liver fibrosis and collagen gene expression were assayed by Picosirius red staining and qPCR, respectively; scale bar, 200 mm. (F) aSMA immuno-

fluorescence (red) and quantification; DAPI counterstain for nuclei is shown; scale bar, 500 mm. For (D)–(F), n = 5–6 mice per group.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S5 and Table S1.
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liver disease, Gas6 can be secreted from either HSCs (Bárcena

et al., 2015; Lafdil et al., 2006) or macrophages (Nepal et al.,

2019) and is increased in NASH, suggesting a mechanism that

could trigger macrophage MerTK signaling in NASH. In this

context, holo-knockout of Gas6 in a model of steatohepatitis

has been shown to lessen liver inflammation and fibrosis,

although in this study there was no link to TAM receptors per

se (Fourcot et al., 2011). Other studies have examined how

holo-absence of Axl affects various types of liver disease, with

the understanding that Axl and MerTK have different functions.

For example, Axl�/� mice exposed to CCl4 or fed the aforemen-

tioned choline-deficient high-fat diet were shown to have less

HSC activation and less fibrosis (Bárcena et al., 2015; Tutusaus

et al., 2019). However, the cell-specific effects of MerTK and Axl

are not yet known. Thus, much remains to be learned about the

role of TAM receptors in various forms of liver injury, but the data

herein, in concert with the humanGWASdata, strongly support a

pro-fibrotic role of macrophage MerTK in NASH.

A major theme of the study is macrophage-HSC crosstalk in

liver fibrosis. In that context, liver macrophages can promote

fibrosis in liver disease by a number of mechanisms in addition

to the one reported here. For example, IL-1 and TNF secreted

by inflammatory liver macrophages triggers an NF-kB survival

pathway in HSCs in vitro and contributes to HSC activation

and liver fibrosis in bile-duct-ligated and CCl4-treated mice (Pra-

dere et al., 2013). In other settings, such as recovery from liver

injury, liver macrophages can limit hepatic fibrosis by secreting

matrix metalloproteinases (MMPs) (Duffield et al., 2005; Fallow-

field et al., 2007). Whereas the macrophage MerTK pathway re-

vealed here is clearly distinct from the inflammatorymacrophage

pathway that promotes HSC survival, it remains possible that

MerTK-induced suppression of MMP activity is an additional

fibrosis-promoting mechanism, as inhibition of MerTK in lipo-

polysaccharide-treated macrophages increases MMP activity

(Lee et al., 2012).

Although the major mechanism of MerTK increase during

steatosis-to-NASH progression in mice is decreased MerTK

cleavage, with evidence of this occurring in human NASH, the

mechanism of decreased MerTK in subjects harboring the

lower-risk polymorphisms is not known. Transcriptional rather

than post-translational regulation is likely, which is consistent

with our data showing that the presence of the protective A

allele at rs4374383 is associated with lower expression of

MERTK mRNA in blood monocytes. In this context, the

rs4374383 site is at an active intronic enhancer region in various

cells, including human blood monocytes, according to the

Encyclopedia of DNA Elements (ENCODE) and Roadmap Epi-

genomics Consortium databases. Moreover, the lower-

MERTK, fibrosis-protective minor allele of rs4374383 is in link-

age disequilibriumwith another lower-MERTK, protective minor

allele, rs6726639, which shows increased binding of transcrip-

tional repressors, notably IRF1 (Cavalli et al., 2017). Regardless

of mechanism MERTK transcriptional regulation, we propose

that in subjects progressing from steatosis to NASH, lower

MERTK expression resulting from low-risk polymorphisms

may partially mitigate the effect of increased cell-surfaceMerTK

resulting from suppressed receptor cleavage. It must be noted,

however, that while our findings provide a plausible mechanism

for the human genetic findings, additional mechanisms could

be involved either at the MERTK locus itself or at possible

distant loci that are regulated by polymorphisms at the MERTK

locus.

Our investigation as to why MerTK cleavage is higher in

steatotic liver versus NASH liver led to the discovery of ATRA

as an activator of ADAM17 and MerTK cleavage in macro-

phages. MerTK cleavage is carried out by endogenous, intracel-

lular ADAM17 in macrophages (Thorp et al., 2011), and we have

provided a plausible mechanism whereby ATRA, by activating

P38 in macrophages, activates ADAM17. It is interesting to

consider that retinoic acid comes from retinol that is released

from HSCs when they become activated, and thus retinoic

acid-induced cleavage of MerTK in liver macrophages may

represent a feedback loop to Con fibrogenesis in the initial

stages of liver injury. We further suggest that when there is

persistent liver damage and the liver becomes depleted of retinol

due to transdifferentiation of the majority of HSCs, MerTK be-

comes chronically activated because of suppressed cleavage,

thereby driving fibrogenesis. It is also interesting to note that

ATRA has been reported to directly suppress HSC activation in

non-NASH settings through completely different mechanisms

that involve RAR activation in HSCs, which is distinct from the

RAR-independent macrophage-HSC crosstalk mechanism re-

vealed here. ATRA has been shown to suppress HSC NF-kB

and P38 activation in mouse models of liver injury induced by

CCl4 and bile duct ligation (BDL) (He et al., 2011; Hisamori

et al., 2008). However, our finding that ATRA does not improve

NASH when MerTK cleavage is disabled, i.e., in MertkCR mice,

indicates that in the HSC-mediated protective actions of ATRA

are not dominant in the NASH model used in this study. Finally,

although we have identified ATRA as an important MerTK cleav-

age inducer, our previous study showed that TLR4 activation can

also induce ADAM17 activation (Thorp et al., 2011). Therefore, in

addition to ATRA, other factors that activate TLR4 in NASH may

also contribute to ADAM17 activation and MerTK cleavage.

In summary, the data in this report have revealed a pathway in

the progression from steatosis to NASH fibrosis that involves

crosstalk between resident liver macrophages, which secrete

TGF-b1 in response to MerTK signaling, and HSCs. In view of

the importance of hepatic fibrosis in the clinical course of

NASH, a future goal will be to determine how the macrophage

MerTK-TGF-b1 pathway revealed here might be integrated

with other pathways leading to HSC activation in NASH,

including those involving inflammation, cell death, and pathways

involving members of the hedgehog family that are secreted by

hepatocytes and activate HSCs (Machado and Diehl, 2016; Tsu-

chida and Friedman, 2017; Wang et al., 2016). Finally, as there

are no FDA-approved drugs for NASH despite its very high

prevalence, it is interesting to imagine how these findings might

identify a unique therapeutic strategy in NASH. As shown here,

both RU-301, which blocks the activation of MerTK by its li-

gands, and ATRA, which induces MerTK cleavage and has

been tested in clinical trials to prevent HCC recurrence (Baselli

and Valenti, 2019; Pingitore et al., 2016; Romeo and Valenti,

2016), decrease liver fibrosis during steatosis-to-NASH progres-

sion. However, asMerTK is critical for maintaining tissue homeo-

stasis in other settings, notably atherosclerosis (Cai et al., 2017),

a strategy of blocking the MerTK pathway specifically in liver

macrophages, e.g., via nanotechnology (Bartneck et al., 2014;
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Giannitrapani et al., 2014), would be a key consideration in

conceiving such a strategy.

Limitations of Study
Our study reveals that MerTK in Kupffer cells triggers a pro-

fibrotic response during NASH progression. However, what re-

mains unknown is whether macrophage MerTK in NASH livers

participate in macrophage functions traditionally ascribed to

this receptor, namely, efferocytosis, dampening of inflamma-

tion, and resolution of inflammation. Moreover, some studies

have shown that Kupffer cells are protective in non-NASH liver

injury models, including BDL and LPS-induced acute injury

(Osawa et al., 2010; Zheng et al., 2017). Therefore, if Kupffer

MerTK plays different roles in diverse injury settings, the mech-

anisms of these differences need to be investigated. In addition,

previous studies have shown that ATRA can directly suppress

HSC activation and liver fibrosis in CCl4- and BDL-induced liver

injury (He et al., 2011; Hisamori et al., 2008). However, this

beneficial effect of ATRA is not seen in our NASHmodel. Hence,

the molecular-cellular basis of the differential effect of ATRA in

different liver injury models needs further exploration. Finally,

our study shows that ATRA is decreased and Gas6 is increased

in fibrotic livers, but the mechanisms of these changes remain

unknown.
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Antibodies

Goat anti-mouse MerTK R&D Systems Cat# AF591; RRID:AB_2098565

(1:1000 dilution)

Goat anti-mouse Axl R&D Systems Cat# AF854; RRID:AB_355663

(1:1000 dilution)

Goat anti-mouse CLEC4F R&D Systems Cat# AF2784; RRID:AB_2081339

(1:200 dilution)

Mouse anti-human TGF-beta1 R&D Systems Cat# MAB240; RRID:AB_358119

(1:50 dilution)

Mouse anti-human CD68 antibody Agilent Cat# M0814; RRID:AB_2314148

(1:300 dilution)

Rabbit anti-phospho Smad2/3 Cell Signaling Technology Cat# 8828; RRID:AB_2631089

(1:1000 dilution)

Rabbit anti-Smad2/3 Cell Signaling Technology Cat# 8685; RRID:AB_10889933

(1:1000 dilution)

Rabbit anti-phospho P38 Cell Signaling Technology Cat# 4631; RRID:AB_331765

(1:1000 dilution)

Rabbit anti-P38 Cell Signaling Technology Cat# 8690; RRID:AB_10999090

(1:1000 dilution)

Rabbit anti-phospho AKT Cell Signaling Technology Cat# 4060; RRID:AB_2315049

(1:1000 dilution)

Rabbit anti-AKT Cell Signaling Technology Cat# 4685; RRID:AB_2225340

(1:1000 dilution)

Rabbit anti-beta actin (HRP) Cell Signaling Technology Cat# 5125; RRID:AB_1903890

(1:5000 dilution)

Rabbit anti-Smad2/3 (PE) Cell Signaling Technology Cat# 72255; RRID:AB_2799818

(1:100 dilution)

Rabbit anti-ERK1/2 (PE) Cell Signaling Technology Cat# 8867; RRID:AB_2797675

(1:100 dilution)

Rat anti-mouse MerTK (PE) eBiosciences Cat# 12-5751-80; RRID:AB_2572622

(1:100 dilution)

Rabbit anti-ADAM17 Sigma-Aldrich Cat# T5442; RRID:AB_1840689

(1:1000 dilution)

Goat anti-mouse (CF555) Sigma-Aldrich Cat# SAB4600066; RRID:AB_2336060

(1:500 dilution)

Goat anti-rabbit (CF647) Sigma-Aldrich Cat# SAB4600184; RRID:AB_2665437

(1:500 dilution)

Mouse anti-alpha-smooth muscle

actin (Cy3)

Sigma-Aldrich Cat# C6198; RRID:AB_476856

(1:300 dilution)

Donkey anti-rabbit (HRP) Jackson ImmunoResearch Labs Cat# 711-035-152; RRID:AB_10015282

(1:5000 dilution)

Mouse anti-goat (HRP) Santa Cruz Biotechnology Cat# sc-2354; RRID:AB_628490

(1:5000 dilution)

Rat anti-mouse CD16/CD32 BD Biosciences Cat# 553142; RRID:AB_394657

(1:100 dilution)

Mouse anti-phospho Smad2/3 (AF647) BD Biosciences Cat# 562696; RRID:AB_2716578

(1:500 dilution)

Rabbit anti-human MerTK antibody Abcam Cat# ab52968; RRID:AB_2143584

(1:1000 dilution)
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Continued
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Goat anti-RAR alpha Abcam Cat# ab28767; RRID:AB_777684

(1:500 dilution)

Rabbit anti-RAR beta Abcam Cat# ab53161; RRID:AB_882283

(1:500 dilution)

Rat anti-mouse CD45 (APC) Biolegend Cat# 103112; RRID:AB_312977

(1:100 dilution)

Rat anti-mouse F4/80 (PE/Cy7) Biolegend Cat# 123113; RRID:AB_893490

(1:100 dilution)

Rat anti-mouse CD11b (AF488) Biolegend Cat# 101217; RRID:AB_389305

(1:100 dilution)

Mouse anti-mouse LAP (APC) Biolegend Cat# 141405; RRID:AB_10896418

(1:100 dilution)

Mouse anti-phospho ERK1/2 (PE) Biolegend Cat# 369506; RRID:AB_2629705

(1:100 dilution)

Rabbit anti-F4/80 GeneTex Cat# GTX101895; RRID:AB_1950198

(1:1000 dilution)

Chemicals, Peptides, and Recombinant Proteins

Dulbecco’s Modified Eagle Media (DMEM) Corning Cat# 10-013-CV

Roswell Park Memorial Institute (RPMI)

1640 Media

Corning Cat# 10-040-CV

1X PBS Corning Cat# 21-040-CV

CellStripper Corning Cat# 25-056-CI

Penicillin/Streptomycin Corning Cat# 30-002-CI

10X Tris-buffered saline Corning Cat# 46-012-CM

Heat-Inactivated Fetal Bovine Serum GIBCO Cat# 10438-026

Opti-MEM GIBCO Cat# 31985-070

Human Granulocyte Colony Stimulating

Factor (GM-CSF)

PeproTech Cat# 300-03

HISTOPAQUE Sigma-Aldrich Cat# 10771

Citrate-dextrose solution Sigma-Aldrich Cat# C3821

Collagenase I Sigma-Aldrich Cat# 1148089

DMSO Sigma-Aldrich Cat# D2650

All-trans retinoic acid (ATRA) Sigma-Aldrich Cat# R2625

Protease from Streptomyces griseus Sigma-Aldrich Cat# P5147

Gey’s Balanced Salt Solution Sigma-Aldrich Cat# G9779

Collagenase D Roche Cat# 11088866001

Recombinant mouse Gas6 protein R&D Systems Cat# 986-GS

AGN193109 R&D Systems Cat# 5758

SC79 R&D Systems Cat# 4635

TAPI-0 R&D Systems Cat# 5523

Recombinant human Mer-FC chimeric

protein (sol-Mer)

R&D Systems Cat# 891-MR-100

Recombinant human protein S Haematologic Technologies Cat# HCPS-0090

SB203580 Selleckchem Cat# S1076

BMS-777607 Selleckchem Cat# S1561

Novex 4–20% Tris-Glycine Mini Gels,

15-well

Invitrogen Cat# XP04205BOX

DAPI Nucleic Acid Stain Invitrogen Cat# P36934

4X Laemmli Buffer Bio-Rad Cat# 161-0747

2X Laemmli Buffer Bio-Rad Cat# 161-0737

b-mercaptoethanol Bio-Rad Cat# 1610710
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

0.45-mm nitrocellulose membranes Bio-Rad Cat# 1620115

Hoechst 33342 Thermo Scientific Cat# 62249

Lipofectamine RNAiMax Life Technologies Cat# 13778-150

Lymphoprep� Stemcell Technologies Cat# 07851

Power SYBR Green PCR Master Mix Applied Biosystems Cat# 4367659

40 mm Nylon Cell Strainers Fisher Scientific Cat# 22363547

100 mm Nylon Cell Strainers Fisher Scientific Cat# 22363549

70 mm Nylon Cell Strainers Falcon Cat# 352350

FACS-staining buffer BD Biosciences Cat# 554656

Perm buffer II BD Biosciences Cat# 558052

Anti-mouse F4/80 microbeads MACS Cat#130-110-443

Nycodenz Accurate Chemical Cat# AN1002423

ATRA-d5 Toronto Research Chemicals Cat# R250202

RIPA buffer Thermo Fisher Scientific Cat# 89900

Human Gas6-conditioned media Tsou et al., 2014 N/A

Critical Commercial Assays

Picrosirius (Sirius) Red Stain Kit Polysciences Cat# 24901

ALT Test Kit TECO Diagnostics Cat# A526-120

RNeasy Mini Kit Qiagen Cat# 74106

TUNEL Kit Roche Cat# 12156792910

Mouse Mer DuoSet ELISA Kit R&D Systems Cat# DY591

SensoLyte� 520 TACE (a-secretase)

Activity Assay Kit

AnaSpec Cat# AS-72085

Hydroxyproline Kit Sigma-Aldrich Cat# MAK008

Total Cholesterol Kit Wako Diagnostics Cat# 999-02601

Triglycerides Kit Color A Wako Diagnostics Cat# 994-02891

Triglycerides Kit Color B Wako Diagnostics Cat# 990-02991

BCA assay Thermo Fisher Scientific Cat# 23227

Supersignal West Pico

Chemiluminescence Kit

Thermo Fisher Scientific Cat# 34080

Experimental Models: Cell Lines

Mouse: L-929 fibroblast cells ATCC ATCC CCL-1

Mouse: Bone marrow-derived

macrophage cells

This paper N/A

Mouse: Kupffer cells This paper N/A

Human: Peripheral blood monocyte-

derived macrophage cells

This paper N/A

Rat: HSC-T6 Vogel et al., 2000 N/A

Experimental Models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Mouse: Mertk-/-: C57Bl/6J Thorp et al., 2008 N/A

Mouse: MertkCR: C57Bl/6J Cai et al., 2016 N/A

Mouse: Mertkfl/fl: C57Bl/6J Fourgeaud et al., 2016 N/A

Mouse: Lyz2cre: C57Bl/6J Clausen et al., 1999 N/A

Oligonucleotides

ON-TARGET plus non-targeting pool GE Healthcare Dharmacon D-001810-10-05

Human: MERTK SMARTpool GE Healthcare Dharmacon L-003155-00-0010

Human: MAPK1/3 Cell Signaling Technology Cat# 6560

Mouse: Mertk SMARTpool GE Healthcare Dharmacon L-040357-00-0010
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ira

Tabas (iat1@columbia.edu). This study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental Animals
Mertk-/-,MertkCR,Mertkfl/fl, and Lyz2cremale mice on the C57BL6/J background were generated as previously described (Cai et al.,

2016; Clausen et al., 1999; Fourgeaud et al., 2016; Thorp et al., 2008). Male wild-type C57BL/6J mice (10-12 weeks/old) were ob-

tained from Jackson Laboratory (Bar Harbor, ME) and were allowed to adapt to housing in the animal facility for 1 week before

the commencement of experiments. The mice were fed a NAFLD-inducing diet (Envigo, TD.190142: 1.25% cholesterol and 8.7%

palmitic acid with drinking water containing 23.1 g/L fructose and 18.9 g/L glucose) or control diet (LabDiet Rodent Diet 20,

#5053: 0.01% cholesterol and 0% palmitic acid) for the times indicated in the figure legends, as previously described and validated

in detail (Wang et al., 2016). Hepatosteatosis is observed after 8 weeks of diet feeding, and inflammation, cell death, and early fibrosis

are evident by 16 weeks. The high percentage of cholesterol in the diet is necessary to achieve an increase in liver cholesterol

similar to that observed in human NASH liver (Caballero et al., 2009; Ioannou, 2016; Puri et al., 2007), taking into account the fact

that C57BL/6J mice absorb cholesterol relatively poorly (Jolley et al., 1999). For RU-301 experiment, RU-301 was synthesized as

described (Kimani et al., 2017), dissolved in DMSO (Sigma Aldrich), and injected i.p. at a dose of 300 mg/kg body weight three times

a week for 4 weeks. For the ATRA administration experiment, ATRA (Sigma Aldrich) was dissolved in coconut oil and was injected i.p.

at a dose of 15 mg/gram body weight of mice, three times a week for 8 weeks. Fasting blood glucose was measured using a glucose

meter (One Touch Ultra, Life- scan) after withdrawal of food for 5 h, with free access to water. Some aliquots of liver were fixed in 10%

formalin, embedded in paraffin, and sectioned for histology analysis, followed by lipid droplet area analysis and Sirius red staining,

whichwere quantified using ImageJ. Other aliquots were either snap-frozen for gene expression analysis ormechanically dissociated

for flow cytometry. Animals were housed in standard cages at 22�C in a 12-12 h light-dark cycle in a barrier facility. All animal exper-

iments were performed by following institutional guidelines and regulations and approved by the Institutional Animal Care and Use

Committee at Columbia University.

Human Studies
For the analysis ofMERTKmRNA expression levels in peripheral blood monocytes carrying MERTK rs4374383 GG, GA and AA ge-

notypes, monocytes were isolated from healthy subjects with normal coagulation and iron metabolism parameters and without

cardiovascular disease. Mononuclear cells (monocytes and lymphocytes) were isolated from 200 ml of blood that was anti-coagu-

lated using 3.2% citrate using Lymphoprep� (Stemcell Technologies), according to the manufacturer’s instructions. In this proced-

ure, erythrocytes and the PMNs sediment through the medium (density 1.077 g/ml), while mononuclear cells are retained at the

sample/medium interface, as previously described (Milano et al., 2016). Isolated mononuclear cells were cultured in RPMI 1640 me-

dium supplemented with 10% FBS, 1% b-mercaptoethanol, and 1% glutamine. After 24 h, non-adherent lymphocytes were

removed, leaving behind adherent monocytes. RNA in adherent monocytes was extracted for MERTK mRNA qPCR assay, and

DNA was assessed by MERTK genotype at rs4374383. For the analysis of liver MerTK staining in NASH patients carrying MERTK

rs4374383 GG, GA and AA genotypes, liver biopsy specimens were fixed in 10% formalin, embedded in paraffin, and sectioned.

For both studies, written informed consent was obtained from each subject, and the studies were approved by the Institutional Re-

view Board of the Fondazione IRCCS Ca’ Granda.

To assess MerTK staining in macrophages in control, steatotic, and NASH fibrotic liver sections, liver biopsy specimens from in-

dividuals undergoing weight loss surgery were selected from the MGH NAFLD Biorepository. Patients gave informed consent at

Continued
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the time of recruitment, and their records were anonymized and de-identified, and studies were approved by the Partners Human

Research Committee. The sections, which were characterized by a liver pathologist as being most representative of normal, stea-

tosis, or NASH fibrosis, were stained with mouse anti-human CD68 and rabbit anti-humanMerTK, followed by addition of secondary

antibodies. The slides were counterstained with DAPI Nucleic Acid Stain (Invitrogen). Liver MerTK intensity in CD68+ cells was

analyzed under a Leica fluorescent microscope (Leica Microsystems, Germany). All human studies were approved by the Columbia

University Institutional ReviewBoard andwere conducted in accordancewith National Institutes of Health and institutional guidelines

for human subject research.

METHOD DETAILS

Assay of MerTK Cleavage
Aliquots of mouse liver (�150mg) were placed in 40-mmcell strainers and gently homogenized with 1ml 1X PBS. Homogenates were

centrifuged at 1000 x g for 10 min at 4
�
C. Supernatant fractions were lysed with 4X Laemmli buffer (Bio-Rad) containing 5% b-mer-

captoethanol (Bio-Rad) and immunoblotted for sol-Mer, and cell pellets were lysed and immunoblotted for MerTK and b-actin.

Sol-Mer was detected in human liver specimens obtained frommorbidly obese individuals who underwent percutaneous liver biopsy

performed during bariatric surgery. These subjects had no history of alcohol abuse (<30 g/day for males and <20 g/day for females) or

other liver diseases. NASH was diagnosed when steatosis, lobular inflammation, and ballooning were concomitantly present.

Informed written consent was obtained from each patient. The study protocol was approved by the Ethical Committee of the

Fondazione IRCCS Ca’ Granda, Milan and conforms to the ethical guidelines of the 1975 Declaration of Helsinki. Hepatic samples

with a length of 1.5 cm were directly lysed in SDS buffer, containing 1 mmol/L Na-orthovanadate, 200 mmol/L phenylmethyl sulfonyl

fluoride, and 0.02 mg/mL aprotinin. Equal amounts of protein (�10 mg) were separated by SDS-PAGE and immunoblotted for sol-Mer,

MerTK, and b-actin. For assay of MerTK cleavage in macrophages, mouse BMDMs were cultured in DMEM media containing 3%

FBS for 4 h. The cells were then washed with PBS and incubated for 3 h with DMSO (vehicle) or 10 mM ATRA in medium containing

3% FBS. Culture media were collected and assayed for sol-Mer measurement by ELISA.

Flow Cytometry of Mouse Hepatic Cells
Liver tissue (�150 mg) was excised and mechanically dissociated in 1X PBS and passed through a 100 mm cell strainer. The cell sus-

pension was centrifuged at 60 x g for 1 min to pellet hepatocytes, which were used for flow cytometric analysis. For cell-surface pro-

tein staining, cells were blocked with anti-mouse CD16/CD32 antibody (BD Biosciences) and were then stained with the indicated

antibodies for 1 h in FACS-staining buffer (BD Biosciences). For staining of intracellular proteins, cells were fixed with 2% parafor-

maldehyde (PFA) for 10 min and permeabilized with buffer (BD Biosciences) for 1 h, followed by incubation with the indicated anti-

bodies. Flow cytometric assessment was conducted using a FACSCanto II (BD Biosciences), and data were analyzed using FlowJo

software (Tree Star).

Preparation of Human Monocyte-Derived Macrophages and Mouse Bone Marrow-Derived Macrophages (BMDMs)
To generate human macrophages, peripheral human blood leukocytes were isolated from the buffy coats of de-identified healthy

volunteers (New York Blood Center). Buffy coats were gently layered onto Histopaque solution (Sigma Aldrich) as 1:1 ratio (vol/

vol) and centrifuged at 1,500 x g for 25 min. Leukocytes were removed from the middle layer, washed with RPMI medium, and

then centrifuged at 1,500 x g for 5 minutes. This wash step was repeated once, and then the cell pellet was suspended in RPMI

medium and plated into 12-well plates. After 3 to 4 hours, when monocytes were adherent, the medium was exchanged for RPMI

containing 10% (vol/vol) FBS, 1% pen-strep, and 10 ng/ml recombinant human GM-CSF (PeproTech), and the cells were incubated

for 7 to 10 days to allow macrophage differentiation. To generate mouse BMDMs, bone marrow cells from 8-12 week old mice were

cultured for 7-10 days in DMEM supplemented with 10% (vol/vol) FBS, 1% pen-strep, and 20% (vol/vol) L-929 fibroblast-condi-

tioned media.

Isolation of Kupffer Cells
As described previously (Wang et al., 2016), mice were euthanized with isoflurane, and a cannula was inserted into the inferior vena

cava. The portal vein was cut, and the liver was perfused sequentially through the vena cava cannula with solutions containing

protease from Streptomyces griseus (14 mg/mouse, Sigma Aldrich) and collagenase D (3.7 U/mouse, Roche). Digested liver was

generally disrupted using a tissue homogenizer, and the resulting cell suspension was centrifuged at 60 x g for 1 min to pellet hepa-

tocytes. Kupffer cells in the supernatant fraction were then isolated by using anti-F4/80 microbeads (MACS) and cultured in DMEM

containing 10% (vol/vol) FBS and 1% pen-strep.

Isolation of Primary Hepatic Stellate Cells
HSCs were isolated from 5-6 mo/o BALB/C mice as described previously (Mederacke et al., 2015; Wang et al., 2016). After cannu-

lation of the inferior vena cava, the portal vein was cut, followed by retrograde step-wise perfusion with solutions containing protease

(14 mg/mouse, Sigma Aldrich) and collagenase D (3.7 U/mouse, Roche). Livers were then minced with forceps. The minced livers

were further digested in the solution containing 1% DNase, protease (25 mg/mouse) and collagenase D (4.4 U/mouse) for 25 min.

Digested livers were filtered through a 70-mm cell strainer to get rid of non-digested tissue. The cell suspensions were centrifuged
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at 580 x g for 10 min at 4
�
C. Cell pellets were washed with Gey’s Balanced Salt Solution (Sigma Aldrich) twice. Cells were then sub-

jected to gradient centrifugation on 9.7% Nycodenz (Accurate Chemical) to isolate HSCs, which were then plated in tissue culture

dishes in DMEM containing 10% (vol/vol) FBS and 1% pen-strep.

Assay of Liver ATRA by LC/MS/MS
Liver tissue (> 120 mg) was collected in 4 volumes of 50% ethanol, disrupted by homogenization, and extracted using the two-step

acid-base extraction described by Kane et al (Kane et al., 2008). Initially,12.5 mL of 2 M KOH in ethanol was added to a 20% (wt/vol)

tissue homogenate, along with 10 ng of penta-deuterated all-trans-retinoic acid (ATRA-d5) (Toronto Research Chemicals, Ontario,

Canada) dissolved in absolute ethanol to serve as an internal standard. The aqueous phase containing non-polar lipids was then

extracted with hexane. The remaining aqueous phase was acidified with 50 mL of 8 M HCl and polar lipids including ATRA were

extracted with hexane. The hexane extract containing ATRA was dried under N2 and suspended in acetonitrile for LC/MS/MS

analysis using a Waters Xevo TQ MS ACQUITY UPLC system (Waters, Milford, MA). ATRA was detected and quantified using the

multiple reaction monitoring mode employing the following transitions: ATRA, m/z 301.16 / 123.00; penta-deuterated ATRA,

m/z 306.15 / 127.03; and 9-cis-RA, m/z 301.16 / 123.00.

Quantification of Liver Fibrosis and Liver Macrophage MerTK Intensity
Liver fibrosis was detected with Sirius red staining according to the manufacturer’s instructions and quantified as% Sirius red+ area

of total area by ImageJ. Liver macrophage MerTK intensity was assayed by co-staining sections with anti-CD68 (1:300) and

anti-MerTK (1:200) antibodies. MerTK intensity in CD68+ cells was assayed using immunofluorescence microscopy and quantified

by ImageJ. The same threshold settings were used for all analyses.

Quantification of Liver TUNEL+ Cells and Efferocytosis
Liver sections were stained with TUNEL (Roche) followed by anti-F4/80 to label macrophages. In situ efferocytosis in liver was quan-

tified as previously described for atherosclerotic lesions (Subramanian et al., 2013; Thorp et al., 2008). TUNEL+ cells were determined

to be either macrophage-associated (co-localizing or juxtaposed with macrophages) or free (not associated with macrophages).

Data are plotted as a ratio of associated:free cells to represent efferocytosis efficiency. Images were captured using a Zeiss fluores-

cence microscope and analyzed using FIJI/ImageJ by an observer blinded to the group assignment of each sample.

Immunoblotting
Liver protein lysates were extracted using RIPA buffer (Thermo Fisher Scientific), and the protein concentration was measured

using the BCA assay (Thermo Fisher Scientific). Proteins were separated by electrophoresis on 4-20% Tris gels (Invitrogen) and

transferred to 0.45-mm nitrocellulose membranes (Bio-Rad). The membranes were blocked for 1 h at room temperature in Tris-buff-

ered saline/0.1% Tween 20 (TBST) containing 5% (wt/vol) nonfat milk and then incubated with the primary antibody in TBST contain-

ing 5% (wt/vol) nonfat milk or 5% (wt/vol) BSA at 4�Covernight. Themembraneswere then incubated with the appropriate secondary

antibody coupled to horseradish peroxidase, and proteins were detected by the ECL Supersignal West Pico chemiluminescence kit

(Thermo Fisher Scientific). Cultured cells were lysed in 2X Laemmli buffer (Bio-Rad) containing 5% b-mercaptoethanol, heated at

100�C for 5 min, and then electrophoresed and immunoblotted as above.

Quantitative RT-qPCR
Total RNA was extracted from liver tissue or cultured macrophages using the RNeasy kit (Qiagen). The quality and concentration of

the RNA was assessed by absorbance at 260 and 280 nm using a NanoDrop spectrophotometer (Thermo Fisher Scientific). cDNA

was synthesized from 0.5-1 mg RNA using oligo (dT) and Superscript II (Applied Biosystems). Quantitative RT-PCR was performed

with a 7500 Real-time PCR system (Applied Biosystems) using SYBR green chemistry (Applied Biosystems). The primer sequences

were listed in Table S1.

siRNA-Mediated Gene Silencing
Scrambled siRNA control and gene-targeting siRNAs were transfected into macrophages or Kupffer cells using Lipofectamine RNAi-

MAX (Life Technologies) at 50 nM of siRNA in 24-well plates following the manufacturer’s instructions. Briefly, the cells were

incubated for 18 h with 0.5 ml of culture medium containing 1.5 ml Lipofectamine RNAiMAX per 2 X 105 cells and 50 nM siRNA. Cells

were then incubated in complete media and experiments were conducted three days later.

Analyses of Blood Glucose and Plasma Lipids and Liver Lipids
Fasting blood glucose was measured using a glucose meter (One Touch Ultra, Life- scan) in mice that were fasted for 4-5 h, with free

access to water. Total plasma triglyceride and cholesterol were assayed using commercially available kits from Wako. For liver

cholesterol and triglyceride, the same kits were used on liver tissue that was homogenized in water. The suspensions were

centrifuged, and the lipids in supernates were assayed with a plate reader.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All results are presented as mean ± SEM. Statistical significance was determined using GraphPad Prism software. P values were

calculated using the Student’s t-test for normally distributed data and the Mann-Whitney rank sum test for non-normally distributed

data. One-way ANOVAwith Bonferroni post-test was used to analyzemultiple groupswith only one variable tested. Two-way ANOVA

with Bonferroni post-test was used to analyze more than two groups with multiple variables tested.

DATA AND CODE AVAILABILITY

This study did not generate any unique datasets or code.
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Figure S1 (Related to Figure 1). Additional Systemic and Liver Data for NASH Diet-Fed WT,

Mertk-/-, and Mertkfl/flLyz2cre+/- Mice

(A) Flow cytometric analysis of cell-surface MerTK expression on resident (F4/80high CD11blow)

and recruited (F4/80low CD11bhigh) macrophages in NASH liver.

(B-F) Mertk-/- and littermate control mice were fed the NASH diet for 16 weeks.

(B) Liver MerTK and Axl were detected by immunoblot of liver extracts.

(C) Body weight, liver/body weight ratio, fasting blood glucose, plasma cholesterol (Chol), plasma

triglyceride (TG), liver cholesterol, and liver triglyceride were measured.

(D) Lipid droplet area in H&E-stained liver sections was quantified with Image J.

(E) Plasma ALT and percent TUNEL+ cells in the liver were assayed.

(F) The mRNAs for Emr1, Mcp1, Tnfα1, Il6, and Il10 in NASH livers were assayed by qPCR.

For panels B-F, n = 8 mice per group.

(G-K) Mertkfl/flLyz2cre+/- and control Mertkfl/fl mice were fed the NASH diet for 16 weeks.

(G) Body weight, liver/body weight ratio, fasting blood glucose, plasma cholesterol (Chol), plasma

triglyceride (TG), liver cholesterol, and liver triglyceride were measured.

(H) Liver MerTK protein was assayed by immunoblot.

(I) Flow cytometric analysis of MerTK, CLEC4F, and CD206 on different CD11b- and F4/80-

expressing macrophage populations isolated from Mertkfl/fl and Mertkfl/flLyz2cre+/- NASH livers.

(J) Plasma ALT and percent TUNEL+ cells in the liver were assayed.

(K) The ratio of macrophage-associated to free TUNEL+ cells in liver was quantified.

For panels G-K, n = 9 mice per group.

(L) Mertkfl/flLyz2cre+/- and control Mertkfl/fl mice were fed the NASH diet for 25 weeks. Liver fibrosis

was detected by Sirius red staining (bar, 200 mm) and quantified as percent Sirius red+ area by

Image J. Liver collagen gene expression was detected by qPCR, and liver hydroxyproline content

was quantified using a colorimetric assay, For all data, n = 6 mice per group.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure S2 (Related to Figure 2). The Purity of Kupffer Cells and the Effect of MerTK
Activation on Tgfb1 mRNA

(A) Flow cytometry plot related to Figure 2A.

(B) Left, Mertkfl/flLyz2cre+/- and control Mertkfl/fl mice were fed the NASH diet for 16 weeks. Liver

Pdgfb mRNA was assayed by qPCR (n = 9 mice). Right, Mouse Kupffer cells were incubated for

16 h with 100 nM Gas6 and assayed for Pdgfb mRNA by qPCR (n = 3 plates of macrophages per
group).

(C) Flow cytometric analysis of F4/80+ Kupffer cells before and after isolation.

(D-E) Similar to the co-culture experiment in Figure 2D, but HSC-T6 cells were used instead of
primary HSCs.

(F) Similar to the co-culture experiment in Figure 2D, primary hepatocytes that had been treated

with 200 µm palmitate were incubated for 24 h with the indicated macrophage conditioned media.

The percentage of Annexin V+ hepatocytes was quantified by fluorescence microscopy (n = 4-7
plates of hepatocytes per group).

(G-H) Flow cytometry plots related to Figures 2G-H.

(I-J) Mice were fed chow diet for 16 weeks, chow diet for 8 weeks and then NASH diet for an

additional 8 weeks, or NASH diet for 16 weeks. Liver extracts were assayed for Gas6 and Pros

mRNAs by qPCR and for Gas6 protein by ELISA (n = 5 mice per group).

(K-M) Human macrophages were treated with 100 nM Gas6 or 200 nM protein S (ProS) in the

absence or presence of 5 µm RU-301 or 300 nm BMS777607. Tgfb1 mRNA was assayed by
qPCR (n = 3 plates of macrophages per condition).

(N) Plasma ALT and percent TUNEL+ cells in the livers of Veh- or RU-301-treated mice in Figure
2I were assayed (n = 6 mice per group).

Data are presented as mean± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, n.s, no significance.
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Figure S3 (Related to Figure 3). MerTK Cleavage and Macrophage MerTK Expression in

Human Liver, and Additional Systemic and Liver Data for NASH Diet-Fed WT and MertkCR

Mice.

(A) Human macrophages were treated with conditioned media containing Gas6 in the absence or

presence of 10 µM recombinant Mer-FC (sol-Mer) for 16 h and then assayed for TGFB1 mRNA (n
= 3 plates of macrophages per group).

(B) Mice were fed chow diet for 16 weeks, chow diet for 8 weeks and then NASH diet for an

additional 8 weeks, or NASH diet for 16 weeks. Liver extracts were assayed for Mertk mRNA by
qPCR (n = 5 mice per group).

(C) F4/80hiCD11blow macrophages from normal liver and F4/80lowCD11bhi macrophages from the

livers of mice on the NASH diet for 0, 8, or 16 weeks were assayed for cell-surface MerTK by flow

cytometry. The data show MFI relative to the value for F4/80hiCD11blow macrophages from normal
liver (n = 5 mice per group).

(D) Top panel: a lighter exposure of the immunoblot of human liver extracts from Figure 3C;

Bottom panel: MerTK and sol-Mer were assayed by immunoblot in extracts of an additional cohort
of human livers. Pathology data are shown in Table S2.

(E) Control, steatotic, and NASH human liver sections were immunostained for CD68 and MerTK

under non-permeabilizing conditions. Cell-surface MerTK in CD68+ cells was quantified by

fluorescence microscopy (n = 8-11 subjects per group); bar, 500 mm.

(F-I) WT and MertkCR mice were fed the NASH diet for 16 weeks.

(F) Body weight, liver/body weight ratio, fasting blood glucose, plasma cholesterol (Chol), plasma
triglyceride (TG), liver cholesterol, and liver triglyceride were measured.

(G) Lipid droplet area in H&E-stained sections was quantified with Image J.

(H) The mRNAs for Emr1, Mcp1, Tnfα1, Il6, and Il10 livers were assayed by qPCR.

(I) Plasma ALT and TUNEL+ liver cells were assayed.

For panels F-I, n = 8 mice per group. Data for A-I are presented as mean± SEM. *p < 0.05, **p <
0.01, ***p < 0.001, n.s, no significance.

(J) Tgfb1 mRNA in the livers of WT and MertkCR mice on chow diet or on the NASH diet for 8 or 16

weeks was assayed by qPCR. By two-way ANOVA, bars with different symbols were statistically

different from each other at p < 0.001 for all comparisons except 8 wks versus 0 wks within the

WT cohort, which was p = 0.003 (n = 5 mice per group).
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Figure S4 (Related to Figure 4). ADAM17 proteins in NASH livers and in ATRA-treated
macrophages, the effect of RAR on ATRA-induced MerTK cleavage

(A) ADAM17 and F4/80 in the livers of chow-fed and NASH diet-fed mice was detected by
immunoblot. The intensity ratio of ADAM17 to β-actin was quantified by Image J.

(B) BMDMs were treated with 10 µm ATRA as in Figure 4B, and ADAM17 was assayed by
immunoblot.

(C) BMDMs or Kupffer cells were treated with 10 µm ATRA for 1 h as in Figure 4C. Cell lysates
were immunoblotted for p-P38, P38, p-AKT, and AKT.

(D) Left panel: Kupffer cells were incubated in DMEM media containing 3% FBS for 4 h and then

treated with 10 mM ATRA for the indicated times. ADAM17 activity in cell lysates was assayed at

the indicated time points. Right panel: ~ 0.3 million Kupffer cells were treated with 10 µm ATRA for

3 h as in Figure 4D, and then sol-Mer in the culture medium was assayed by ELISA (n = 3 plates
of cells per condition).

(E) BMDMs were treated with siScr, siRara, or siRarb for 72 h, then with 10 µm ATRA or vehicle
control (Veh) for 3 h, followed by assay of sol-Mer by ELISA in the culture medium.

(F) BMDMs were treated with 10 µm RAR antagonist AGN193109 for 10 min. The cells were then

treated with 10 µm ATRA or vehicle control (Veh) for 3 h, followed by assay of sol-Mer by ELISA in
the culture medium.

(G) BMDMs were treated with siScr, siRara, or siRarb for 72 h. The cells were lysed for

immunoblot analysis of RARα and RARβ or treated with 10 µm ATRA (AT) or vehicle control (V,
Veh) for 16 h, followed by Arg1 mRNA measurement.

(H) BMDMs were treated with 10 µm RAR antagonist AGN193109 for 10 min. The cells were then
treated with 10 µm ATRA or vehicle control (Veh) for 16 h, followed by Arg1 mRNA measurement.

For panels D-H, n = 3 plates of macrophages per condition.

Data are presented as mean± SEM. **p < 0.01, ***p < 0.001; n.s, no significance.
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Figure S5 (Related to Figure 5). Metabolic Parameters, Liver Inflammatory Gene
Expression, Plasma ALT, and TUNEL+ Liver Cells in ATRA-Treated WT and MertkCR Mice.

(A-E) WT and MertkCR mice were fed the NASH diet for 16 weeks. During the last 8 weeks, the
mice were injected i.p. with 15 µg/g body weight ATRA or vehicle control three times a week.

(A) Body weight, liver/body weight ratio, and fasting blood glucose were measured

(B) The mRNAs for Emr1, Mcp1, Tnfα1, and Il6 in NASH livers were assayed by qPCR.

(C) Liver ATRA was determined by LC-MS/MS.

(D) Lipid droplet area in H&E-stained sections was quantified with Image J.

(E) Plasma ALT and TUNEL+ liver cells were assayed.

For all panels, n = 5-6 mice per group.

(F) Summary scheme of MerTK-macrophage HSC crosstalk pathway in fibrotic NASH. In

steatosis, MerTK cleavage in resident macrophages suppresses MerTK signaling, and HSCs,

which store retinoids in cytoplasmic lipid droplets, remain quiescent. In this setting, a retinoic acid-

P38-ADAM17 activation pathway in macrophages contributes to MerTK cleavage. During

progression to fibrotic NASH, MerTK signaling is restored by suppression of MerTK cleavage. This

signaling leads to ERK1/2 activation and TGFB1 induction, and the resulting increase and

secretion of TGFb1 from these macrophages activates HSCs into a pro-fibrotic phenotype.

Data are presented as mean± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.



 

Table S1 (Related to all figures).  Primers used for QPCR.  

Primers Sequences 

Hprt F (mouse) TCAGTCAACGGGGGACATAAA 

Hprt R (mouse) GGGGCTGTACTGCTTAACCAG 

Tgfb1 F (mouse) CTCCCGTGGCTTCTAGTGC 

Tgfb1 R (mouse) GCCTTAGTTTGGACAGGATCTG 

Tgfb2 F (mouse) CTTCGACGTGACAGACGCT 

Tgfb2 R (mouse) GCAGGGGCAGTGTAAACTTATT 

Tgfb3 F (mouse) CCTGGCCCTGCTGAACTTG 

Tgfb3 R (mouse) TTGATGTGGCCGAAGTCCAAC 

Col1a1 F (mouse) GCTCCTCTTAGGGGCCACT 

Col1a1 R (mouse) CCACGTCTCACCATTGGGG 

Col1a2 F (mouse) GTAACTTCGTGCCTAGCAACA 

Col1a2 R (mouse) CCTTTGTCAGAATACTGAGCAGC 

Col3a1 F (mouse) CTGTAACATGGAAACTGGGGAAA 

Col3a1 R (mouse) CCATAGCTGAACTGAAAACCACC 

Col6a1 F (mouse) GATGAGGGTGAAGTGGGAGA 

Col6a1 R (mouse) CAGCACGAAGAGGATGTCAA 

F4/80 (Adgre1) F (mouse) ACCACAATACCTACATGCACC 

F4/80 (Adgre1) R (mouse) AAGCAGGCGAGGAAAAGATAG 

Tnfa F (mouse) CTTCTGTCTACTGAACTTCGGG 

Tnfa R (mouse) CAGGCTTGTCACTCGAATTTTG 

Mcp1 F (mouse) TTAAAAACCTGGATCGGAACCAA 

Mcp1 R (mouse) GCATTAGCTTCAGATTTACGGGT 

Il6 F (mouse) TAGTCCTTCCTACCCCAATTTCC 

Il6 R (mouse) TTGGTCCTTAGCCACTCCTTC 

Il10 F (mouse) GCATGGCCCAGAAATCAAGG 

Il10 R (mouse) AGGGGAGAAATCGATGACAGC 

Pdgfb F (mouse) CATCCGCTCCTTTGATGATCTT 

Pdgfb R (mouse) GTGCTCGGGTCATGTTCAAGT 

Hprt F (human) CCTGGCGTCGTGATTAGTGAT 

Hprt R (human) AGACGTTCAGTCCTGTCCATAA 

Tgfb1 F (human) GGCCAGATCCTGTCCAAGC 

Tgfb1 R (human) GTGGGTTTCCACCATTAGCAC 

Gapdh F (rat) CCATTCTTCCACCTTTGATGCT 

Gapdh R (rat) TGTTGCTGTAGCCATATTCATTGT 

Col1a1 F (rat) ATCAGCCCAAACCCCAAGGAGA 

Col1a1 R (rat) CGCAGGAAGGTCAGCTGGATAG 

Hprt, hypoxanthine guanine phosphoribosyl transferase; Tgfb1, transforming growth factor, beta 

1; Tgfb2, transforming growth factor, beta 2; Tgfb3, transforming growth factor, beta 3; Col1a1, 

collagen type I alpha 1; Col1a2, collagen type I alpha 2; Col3a1, collagen, type III alpha 1; 

Col6a1, collagen type IX alpha 1; F4/80 (Adgre1), adhesion G protein-coupled receptor E1; 

Tnfa, tumor necrosis factor- ; Mcp1, monocyte chemoattractant protein-1; Il6, interleukin 6; 

Il10, interleukin 10; Pdgfb, platelet derived growth factor, beta; Gapdh, glyceraldehyde-3-

phosphate dehydrogenase. 



 

Table S2 (Related to Figures 3C and S3D). Pathology scoring of human liver samples. 

Subject # Steatosis Necroinflammation Fibrosis Ballooning NAS 

1 0 0 0 0 0 

2 0 0 0 0 0 

3 0 0 0 0 0 

4 1 0 0 0 1 

5 1 0 0 0 1 

6 1 0 0 0 1 

7 1 0 0 0 1 

8 1 0 0 0 1 

9 1 1 1 0 2 

10 2 1 1 0 3 

11 2 1 1 0 3 

12 1 1 1 0 2 

13 3 1 1 1 5 

14 3 1 0 0 4 

15 3 1 0 0 4 

16 2 1 0 1 4 

17 2 1 0 0 3 

18 2 1 0 0 3 

19 3 2 0 0 5 

20 3 1 0 1 5 

21 2 1 2 0 3 

22 2 1 3 0 3 

23 3 1 1 1 5 
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