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ARTICLE
Increased Tim-3 expression alleviates liver injury by regulating
macrophage activation in MCD-induced NASH mice

Xianhong Du', Zhuanchang wu', Yong Xu', Yuan Liu?, Wen Liu', Tixiao Wang1, Chunyang Li3, Cuijuan Zhang“, Fan Yi', Lifen Gao’,
Xiaohong Liang' and Chunhong Ma'”

As an immune checkpoint, Tim-3 plays roles in the regulation of both adaptive and innate immune cells including macrophages
and is greatly involved in chronic liver diseases. However, the precise roles of Tim-3 in nonalcoholic steatohepatitis (NASH) remain
unstated. In the current study, we analyzed Tim-3 expression on different subpopulations of liver macrophages and further
investigated the potential roles of Tim-3 on hepatic macrophages in methionine and choline-deficient diet (MCD)-induced NASH
mice. The results of flow cytometry demonstrated the significantly increased expression of Tim-3 on all detected liver macrophage
subsets in MCD mice, including F4/80"CD11b™, F4/80"CD68™, and F4/80*"CD169" macrophages. Remarkably, Tim-3 knockout (KO)
significantly accelerated MCD-induced liver steatosis, displaying higher serum ALT, larger hepatic vacuolation, more liver lipid
deposition, and more severe liver fibrosis. Moreover, compared with wild-type C57BL/6 mice, Tim-3 KO MCD mice demonstrated an
enhanced expression of NOX2, NLRP3, and caspase-1 p20 together with increased generation of IL-13 and IL-18 in livers. In vitro
studies demonstrated that Tim-3 negatively regulated the production of reactive oxygen species (ROS) and related downstream
pro-inflammatory cytokine secretion of IL-13 and IL-18 in macrophages. Exogenous administration of N-Acetyl-L-cysteine (NAC), a
small molecular inhibitor of ROS, remarkably suppressed caspase-1 p20 expression and IL-13 and IL-18 production in livers of Tim-3
KO mice, thus significantly reducing the severity of steatohepatitis induced by MCD. In conclusion, Tim-3 is a promising protector in

MCD-induced steatohepatitis by controlling ROS and the associated pro-inflammatory cytokine production in macrophages.
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INTRODUCTION

As the most common chronic liver disease, nonalcoholic fatty liver
disease (NAFLD) affects human health worldwide." While most
patients with NAFLD remain asymptomatic, 20% progress to
develop nonalcoholic steatohepatitis (NASH), a more serious
condition that is widely defined as steatosis accompanied by
inflammation. NASH can in turn result in cirrhosis and hepatocel-
lular carcinoma (HCC).2 The process and pathogenesis of NAFLD is
extremely complex, multifactorial, and only partially understood.
Massive liver fat accumulation or hepatic steatosis is the first step
and the typical symptom of NAFLD, but itself does not cause
NASH.2 Multiple hits, mainly including insulin resistance, oxidative
stress owing to excessive production of reactive oxygen species
(ROS), and inflammation, account for severe liver injury in NASH.*
As a risk factor, oxidative stress initiates the generation of
inflammatory cytokines, leading to inflammation and a fibrogenic
response in NASH.> Thus, identifying a key regulator that can
interfere with ROS-mediated liver inflammation in NASH mice is of
great importance.

Accumulated evidence suggests that innate immune dysfunc-
tion contributes to the aggravation of liver damage in NAFLD.° As
the most abundant hepatic innate immune cells, Kupffer cells
(KCs) are roughly 20% of hepatic nonparenchymal cells, and they
greatly contribute to the pathogenesis of NAFLD.” Activated KCs
generate various mediators, including ROS and pro-inflammatory
cytokines that directly lead to hepatocyte injury and affect the
outcome of NASH.2 Indeed, liver macrophages contribute to the
activation of the inflammasome and to the production of
interleukin (IL)-1B in NASH.® Antagonizing monocyte chemotactic
protein 1 efficiently diminishes the infiltration of liver macro-
phages and reduces steatohepatitis in NASH mice.'® Therefore,
targeting macrophages, especially the ROS/inflammation axis in
macrophages, is a possible treatment strategy.

T-cell immunoglobulin and mucin-domain-containing protein-3
(Tim-3) was first identified as a specific cell surface marker of
Th1 cells,'" and it is responsible for the exhaustion of T cells in
either chronic virus infection or tumorigenesis.'> '* The accumu-
lated data have shown the expression of Tim-3 on innate immune
cells such as NKT cells, NK cells, and macrophages, where Tim-3
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displays diverse regulatory roles.* Tim-3 is constitutively
expressed on monocytes and macrophages and can be regulated
by different stimuli. Abundant Tim-3 expression could be detected
on either a THP-1 cell line or on human peripheral CD147
monocytes in a quiescent state with low cytokine secretion,'®
while lipopolysaccharide (LPS) and TLR4/7 ligands decrease the
expression of Tim-3 and increase the secretion of IL-12 in
macrophages.'® By interacting with the local microenvironment,
Tim-3 on macrophages plays distinct functions in diverse disease
models. tumor growth factor-f in the tumor microenvironment
promotes Tim-3 expression and suppresses classical macrophage
activation, leading to the progression of tumor growth.'’ Tim-
3*CD14" monocytes have a positive correlation with serum
alanine transaminase (ALT) in individuals with chronic HBV
infection.'® In contrast, Tim-3 in microglia is distinctly increased,
and Tim-3 blockade alleviates hypoxia-induced brain damage,
indicating that Tim-3 acts as a linker between inflammation and
ischemia-induced brain damage.”® However, whether Tim-3
regulates macrophage-derived ROS and ROS-mediated liver
inflammation in NASH mice induced by methionine and choline-
deficient diet (MCD) remains completely unknown. Here, in the
present study, we displayed enhanced Tim-3 expression in
different subpopulations of hepatic macrophages in MCD mice
and showed evidence supporting the critical role of Tim-3 in
alleviating liver injury by regulating ROS production and pro-
inflammatory cytokine secretion from macrophages after MCD
treatment.

MATERIALS AND METHODS

Animal experiments

C57BL/6 mice were offered by Shandong University Experimental
Animal Center. Tim-3 TALEN (Tim-3 KO) mice were generated by
Sidansai Biotechnology Company. A MCD and high-fat diet (HFD)
were utilized to build NASH animal models. Briefly, 8—10-week-old
male mice were fed the MCD (MD12052, Medicience, Yangzhou,
China) for 2 or 3 weeks, while 4-week-old male mice were fed with
HFD (MD12032, Medicience) for 24 weeks. N-Acetyl-L-cysteine
(NAC; A9165, Sigma, St. Louis, MO, USA) was administered as 150
mg/kg i.p. twice a week to eliminate ROS in MCD mice. All mice
were raised under specific pathogen-free conditions, following the
procedures approved by the Animal Care and Use Committee of
Shandong University.

Transmission electron microscopy

The ultrastructures of hepatocytes from wild-type (WT) and Tim-3
KO mice were analyzed after 3 weeks of MCD diet. The tissues
were sliced into cubes <1m> and were immersed into 2.5%
glutaraldehyde before they were sent to WeiYa company (Jinan,
Shandong China) for transmission electron microscopy (TEM)
analysis.

Masson staining

Liver fibrosis was accessed using Masson staining with liver tissue
sections of WT and KO mice after a 3-week MCD treatment. A
Masson Stain Kit was offered by Wuhan Servicebio Technology
Company (G1006, Wuhan, China).

Fluorescent immunohistochemistry

Fluorescent immunohistochemistry was performed to judge the
relevance of Tim-3 in human hepatic macrophages with NASH.
Fixed paracancerous HCC tissue sections were obtained from the
Department of Pathology from Qilu Hospital of Shandong
University. Tissue sections were divided into two groups: tissues
with hepatic vacuolation indicating potential lipid deposition
(n=10) and tissues without hepatic vacuolation (n=8). As
described before,?® Tim-3 expression on CD68+ human hepatic
macrophages was detected. Antibodies and reagents were as
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follows: anti-Tim-3 (dilution: 1:100, mAb, 45208, CST, Boston, USA),
anti-CD68 (dilution: 1:100, mAb, ab955, Abcam, Southampton,
UK), DAPI (dilution: 1:1000, #4083, CST), and Tyramide (TSA)-
conjugated  fluorophore  (dilution:  1:100, NEL791001KT,
PerkinElmer, T20950, Life Technologies). The images were
snapped by a Mantra system and were analyzed using inForm.
2.1 software.

Macrophage preparation and stimulation

Macrophages were prepared from liver, bone marrow, and
peritoneal fluid of C57BL/6 mice as described previously.'” 2'
For hepatic macrophage preparation, hepatic mononuclear cells
were first separated by 40% Percoll gradients and then cultured at
37°C with 5% CO, for 2h to allow the macrophages to
adhere. After the non-adherent cells were removed, the hepatic
macrophages were collected for further studies.”’ Bone marrow-
derived macrophages (BMDMs) were isolated from the femur
bone and were induced by 100 ng/ml M-CSF for maturation.'”
Peritoneal macrophages were starch-induced in vivo and were
cultured for 4 h at 37 °C with 5% CO, in vitro for adherence.?* To
analyze the characteristics of fat-induced macrophages in vitro,
freshly isolated macrophages were stimulated with either
oleic acid (OA; 01383, Sigma) or palmitic acid (PA; P5585, Sigma).
In addition, liver homogenate was used to stimulate macrophages,
mimicking the NASH liver microenvironment. Briefly, mice
were killed after treatment with MCD for 2 weeks and
HFD for 6 months, and liver homogenates were prepared and
mixed with fresh total culture medium at a ratio of 1:3. In addition,
LPS was used at 1ug/ml, and the cultured macrophages were
harvested at 6 h for cFCM analysis and at 12 h for ELISA or western
blot analysis.

Western blot and ELISA

Western blot analysis was performed with antibodies as follows:
anti-NLRP3 (dilution: 1:1000, mAb, AG-20B-0014, Adipogen, San
Diego, CA, USA), anti-Tim-3 (dilution: 1:500, pAb, ab185703,
Abcam), anti-NOX2 (dilution: 1:400, pAb, BA2811, Boster,
Wuhan, China), anti-caspase-1 p20 (dilution: 1:1000, mAb, AG-
20B-0042, Adipogen), and anti-beta actin (dilution: 1:5000, mAb,
66009-1g-lg, ProteinTech Group Inc, Chicago, USA). HRP-
conjugated Affinipure Goat Anti-Mouse IgG(H+L) (dilution:
1:10000, SA00001-1, ProteinTech Group Inc.) and horseradish
peroxidase  (HRP)-conjugated Affinipure Goat Anti-Rabbit
IgG (H+L; dilution: 1:10,000, SA00001-2, ProteinTech Group Inc.)
were used as secondary antibodies. ELISA test kits were used to
detect IL-1 (DKW12-2012-096, DAKEWE, Shenzhen, China), TNFa
(DKW12-2720-96, DAKEWE), and IL-18 (CODE 7625, MBL,
Nagoya, Japan) in cell culture supernatants and mouse liver
homogenates.

Flow cytometry

Tim-3 and other surface markers of liver macrophages were
analyzed by flow cytometry (FCM). Antibodies are indicated as
follows: anti-mouse F4/80 PE-eFlour610 (61-4801-82, eBioscience,
San Diego, CA, USA), anti-mouse CD11b APC (17-0112-82,
eBioscience), anti-mouse CD68 PerCP-Cy5.5 (137010, Biolegend,
San Diego, CA, USA), anti-mouse CD169 PE-Cy7 (142411,
Biolegend), anti-mouse Tim-3 PE (12-5870-82, eBioscience), anti-
mouse Tim-3 APC (119706, Biolegend), and anti-mouse NK1.1 PE-
Cy7 (552878, BD Pharmingen, NJ, USA). FCM was performed
according to the protocol. Briefly, liver mononuclear cells were
isolated and aliquotted to 1x10° cells/100 ul in FACS tubes.
Thereafter, liver mononuclear cells were blocked with 1gG (1 ug
IgG/10° cells) for 10 min at room temperature. For identification of
cell surface markers, the antibodies were incubated with liver
mononuclear cells at 4 °C for 30 min and were washed with cold
1 X PBS thereafter. To determine the specificity of the FCM results,
fluorescence-minus-one controls were performed according to the
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approaches as described.?® 2* The tests were detected by a
Beckman CytoFLEX FCM, and the data were analyzed using
CytExpert 2.0 software.

ROS detection

DCFH-DA (1 pM, S0033, Beyotime, China) or mitosox red (5 uM,
M360008, Invitrogen, Carlsbad, CA, USA) was loaded into 1x 10°
cells/100 pl, incubated at 37 °C for 20 min and washed twice with
1x PBS. ROS and mitochondrial ROS production were detected
with Beckman CytoFLEX FCM and were analyzed using CytExpert
2.0 software.

PCR and real-time PCR

RNA was prepared with Trizol (15596-018, Invitrogen) and reversed-
transcribed into cDNA. The primers used for PCR were as follows:
Tim-3 forward primer 5-ACTGGTGACCCTCCATAATAACA-3/, reverse
primer 5-ATTTTCCTCAGAGCGAATCCT-3/; B-actin forward primer
5'-TGCGTGACATCAAAGAGAAG-3/, reverse primer 5-TCCATACCCA
AGAAGGAAGG-3; Acta2 forward primer 5-GACGTACAACTGGTA
TTGTG-3/, reverse primer 5-TCAGGATCTTCATGAGGTAG-3'; Mef2c
forward primer 5-TGTCCAGCCATAACAGTTTGG-3/, reverse primer
5/-GGTTGCCGTATCCATTCCCT-3'. PCR was performed using Tagman
Universal PCR Master Mix, and RT-PCR was analyzed with a BIO-RAD
RT-PCR CFX96 detecting system.

Oil Red O Staining

Frozen sections from WT or KO mice were stained with 0.3% Oil
Red O staining reagent for 20 min and were counterstained with
hematoxylin for 1 min.

Statistical analysis

The data are displayed as mean values + SEM. In vitro and in vivo
experiments were assessed in at least three independent
experiments. Differences were evaluated using GraphPad Prism.
Statistical significance was set at a p value < 0.05.

RESULTS

Tim-3 is significantly increased in livers from MCD-induced NASH
mice, and it acts as a protective factor

To evaluate the possible implication of Tim-3 in NASH, Tim-3 levels
in liver tissues of MCD and HFD mice were assessed by IHC
staining and western blot. Compared with mice with normal diet
(ND), both MCD mice (Fig. 1a) and HFD mice (Supplementary
Figure S1A) showed significantly enhanced Tim-3 expression in
liver tissues. To determine whether Tim-3 plays a role in NASH,
Tim-3 KO mice were fed with MCD to induce NASH. Fig. S6
demonstrated the significantly decreased Tim-3 expression in
F4/80" hepatic macrophages from Tim-3 KO mice, suggesting that
the knockout (KO) was successful. Two weeks after MCD
treatment, Tim-3 KO mice displayed more aggravated liver
damage than control WT mice, as indicated by increased serum
ALT (Fig. 1b), enlarged hepatic vacuolization (Fig. 1c), and more
lipid accumulation in livers (Fig. 1d, e), suggesting that Tim-3
protects mice from MCD-induced liver steatohepatitis. In accor-
dance, Masson staining of liver tissues from Tim-3 KO mice treated
with 3 weeks of MCD showed more collagen fibers than MCD-
treated WT mice (Fig. 1f). In addition, qPCR detected much higher
expression of a-SMA (encoded by Acta2) and Mef2c, well-known
markers of liver fibrosis, in Tim-3 KO mice treated with 3 weeks of
MCD (Fig. 1g). This liver injury was further verified in the hepatic
ultrastructure detected by TEM, which showed larger lipid
droplets, greater swelling of mitochondria, and more lysosomes
in hepatocytes from Tim-3 KO mice (Supplementary Figure S1B, C).
More collagen bundles appeared in Tim-3 KO mice than in WT
control mice (Supplementary Fig S1,D). Collectively, the data
presented above suggest that Tim-3 alleviates liver steatohepatitis
in MCD mice.

SPRINGERNATURE

Tim-3 expression is significantly augmented in different
subpopulations of hepatic macrophages in MCD mice, and OA
serves as a potential inducer

As a well-known immune checkpoint, Tim-3 is responsible for T-
cell exhaustion and is also widely expressed on different innate
immune cells, including macrophages, NK cells, and NKT cells,'”" '®
25 all of which are abundant in the liver. We then evaluated the
existence of hepatic innate immune cells and their Tim-3
expression. Flow cytometry results showed that, compared with
control mice, MCD mice displayed a significantly increased
number of hepatic NK cells and macrophages (Supplementary
Figure S2). However, Tim-3 expression was enhanced in hepatic
adherent macrophages but not in NK cells in MCD mice
(Supplementary Figure S2). Consistently, Tim-3 expression in
peritoneal macrophages could be induced by liver homogenate
from MCD mice (Fig. 2a), indicating that the microenvironment in
NASH liver or the overload of lipids drives Tim-3 expression. This
hypothesis was further verified with oleic acid-stimulated macro-
phages. As shown in Fig. 2, OA significantly enhanced lipid
accumulation and increased Tim-3 expression in peritoneal
macrophages (Fig. 2b, ¢) and BMDMs (Fig. 2d).

Since liver macrophages are heterogeneous, we next estimated
Tim-3 expression on different subgroups of liver macrophages,
including F4/807CD68"KCs, F4/80"CD11b*motile liver macro-
phages derived from bone marrow, and F4/801CD169" residential
liver macrophages.?® As displayed in Fig. 3, Tim-3 expression was
significantly enhanced on all three of the detected subpopulations
of hepatic macrophages after MCD treatment. Similarly, increased
Tim-3 expression appeared on liver macrophages from HFD mice
(Supplementary Figure S3A and B). Interestingly, compared with
that of HCC paracancerous liver tissues without vacuolation,
augmented expression of Tim-3 was also displayed on CD68"
hepatic macrophages from HCC tissue sections showing hepatic
vacuolation (as a sign of potential lipid deposition; Supplementary
Figure S3C). On the basis of these findings, although the specific
roles of different subpopulations of liver macrophages may be
slightly different, it seems that Tim-3 is expressed on different
populations of liver macrophages and that it plays an important
regulatory role in the pathogenesis of NASH.

Tim-3 inhibits ROS generation in macrophages

Oxidative stress is one of the key factors promoting the
progression from initial steatosis to NASH. Targeting ROS is,
therefore, suggested as an efficient treatment strategy in NASH
patients.?” In accordance with a previous study that reported the
crucial role of ROS generated from liver macrophages in NASH,?
we also detected significantly increased ROS production from liver
macrophages in NASH mice (Supplementary Figure S5). To assay
whether Tim-3 plays a role in ROS production from macrophages,
both Tim-3-neutralizing antibody and Tim-3 KO mice were used.
As shown in Fig. 4a, Tim-3 KO significantly enhanced NOX2
expression in livers of MCD mice. In addition, blocking Tim-3 with
neutralizing antibody significantly increased NOX2 expression in
BMDMs (Fig. 4b), suggesting that Tim-3 may inhibit ROS
production in macrophages. This inhibition of ROS was further
verified with macrophages in vitro. Compared with the control
groups, BMDMs pretreated with neutralizing antibody and
peritoneal macrophages derived from Tim-3 KO mice produced
higher levels of ROS after LPS or PA treatment (Fig. 4c, d). Similar
results were obtained when mitochondrial ROS was analyzed
(Fig. 4e) in peritoneal macrophages derived from Tim-3 KO mice.
Collectively, the above results supported the assumption that ROS
were negatively controlled by Tim-3 in macrophages.

Tim-3 suppresses ROS-mediated liberation of pro-inflammatory
cytokines in macrophages

As the important mediators of liver inflammation, ROS have
recently been identified as a “bonfire” or “trigger” for the
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Augmented Tim-3 expression protected mice from MCD-induced liver injury. (a) Tim-3 expression in liver tissues of MCD mice was

detected by IHC. b—e Compared with the WT group (n = 4), more severe liver damage was observed in Tim-3 KO (n = 4) mice after 2 weeks of
MCD. b Colorimetric method analysis of ALT in serum from WT and Tim-3 KO mice. ¢ HE-stained liver tissues from Tim-3 KO mice and WT mice.
d Levels of TG in liver homogenate from WT and Tim-3 KO MCD mice were detected by enzymatic analysis. @ ORO staining was applied to
detect the lipid composition in liver tissues of WT and Tim-3 KO mice. f Masson staining and g qPCR results showed more collagen fibers in
Tim-3 KO mice after 3 weeks of MCD treatment. The bars represent the mean values and the S.E.M.s. *p < 0.05, **p < 0.01. NASH nonalcoholic
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activation of NLRP3 inflammasomes, which results in more
production of IL-1B and IL-18.2% 3° To determine whether Tim-3
contributes to NLRP3 activation, we detected the expression of
NLRP3 in livers of Tim-3 KO mice with MCD treatment. Western
blot results demonstrated significant enhancement of NLRP3 and
caspase-1 p20 in livers of Tim-3 KO mice, suggesting that Tim-3
repressed the expression of NLRP3, which in turn led to
inactivation of the inflammasome (Fig. 5a). ELISA analysis
confirmed that the concentrations of IL-1 and IL-18 were
significantly enhanced in liver homogenate from Tim-3 KO mice,
while the TNFa level remained unchanged (Fig. 5b). Similar results
were obtained with Tim-3-neutralizing antibody in vitro. Blocking
Tim-3 with neutralizing antibody significantly increased

Cellular & Molecular Immunology (2019) 16:878 - 886

LPS-triggered expression of NLRP3, caspase-1 p20 (Fig. 5c), and
IL-1 B generation (Fig. 5d) in BMDMs. Furthermore, the adminis-
tration of NAC, a small molecule inhibitor of ROS, efficiently
reversed the enhancement of IL-13 generation in peritoneal
macrophages derived from Tim-3 KO mice compared to that of
WT mice (Fig. 5e). All of the above data suggested that Tim-3
regulated IL-1pB release in a ROS-dependent way.

Tim-3 alleviates liver injury in NASH mice via inhibiting ROS
generation

As displayed previously, Tim-3 protected MCD mice from liver
injury in vivo and inhibited ROS production in cultured macro-
phages, leading to lower inflammasome activation and reduced
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IL-1B. To verify the critical role of ROS in Tim-3-initiated protection
of liver injury, NAC was administered to MCD mice to inhibit ROS.
As shown in Fig. 6, NAC distinctly reduced the difference in liver
damage between WT and Tim-3 KO mice. In other words, with
NAC treatment, MCD failed to induce severe liver injury in Tim-3
KO mice. The serum ALTs (Fig. 6a), liver lipid accumulation (Fig. 6b)
and hepatic vacuolization (Fig. 6¢) showed no statistical difference
between WT and Tim-3 KO mice after MCD treatment. Conse-
quently, Tim-3 KO mice displayed comparable levels of hepatic
caspase-1 p20 (Fig. 6d), IL-1B and IL-18 in liver tissues (Fig. 6e) as
those of WT mice with MCD treatment. Collectively, the data
presented above confirm that Tim-3 can be highlighted as a
protector against NASH by inhibiting oxidative stress and related
inflammation in macrophages.

DISCUSSION

NASH is a growing epidemic worldwide, worsening the quality of
life in adults. Clinical and experimental findings indicate that ROS
production and the related inflammatory response induced by
innate immune cells, especially triggered by KCs, are critically
involved in the pathogenesis of NASH.?' The identification of ROS
regulators in macrophages seems to be a matter of great
importance for understanding the pathogenesis of NASH, which
is critical for developing new therapeutic strategies. Herein, for the
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first time, we supplied evidence suggesting that Tim-3 is a key
negative regulator of ROS/inflammation in macrophages and
therefore alleviates liver injury in NASH mice.

Increased evidence demonstrated the dynamic expression and
diverse functions of Tim-3 in different disease models, especially in
liver diseases including viral hepatitis, acute alcohol hepatitis, and
HCC.'" 3% 33 Qur present study demonstrated that Tim-3
expression in fatty livers of NASH mice was significantly increased
and acted as a modulator in the process of NASH (Fig. 1). Further
analysis detected augmented Tim-3 expression on liver macro-
phages. This increased expression might be due to the local
microenvironment in fatty liver. As demonstrated in Fig. 2, not
only the fatty liver homogenate but also OA triggered Tim-3
expression. More interestingly, increased Tim-3 expression was
found in distinct subpopulations of hepatic macrophages,
including F4/807CD11b*, F4/807CD68", and F4/807CD1697
macrophages, in both MCD and HFD mice (Fig. 3; Fig.53), implying
that Tim-3 on liver macrophages plays a role in NASH. However,
whether the functions of Tim-3 are diverse in different subgroups
of liver macrophages still needs further investigation.

Tim-3 not only works as a checkpoint of T-cell activation but
also plays important roles in macrophage functions by regulating
cytokine release, cell activation, and apoptotic body capture,
contributing to the progression of various diseases.'> 3% Using
Tim-3-neutralizing antibody and Tim-3 KO mice, we clearly
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Fig. 5 Tim-3 regulated ROS-mediated pro-inflammatory cytokine liberation in macrophages. a, b Livers were isolated from MCD-treated Tim-3
KO and WT mice (n = 4). a Western blots were applied for the detection of NLRP3 and caspase-1 p20 in the liver tissues. b ELISA was used to
detect the levels of IL-1p, IL-18, and TNF« in the liver homogenates. ¢, d BMDMs were pretreated with anti-Tim-3-neutralizing antibody (IgG as
a control) and then stimulated by LPS. Western blot (c) and ELISA (d) were employed to detect the expression of the indicated proteins. e FCM
analysis was used to analyze IL-1p generation in NAC-pretreated, HFD liver homogenate-stimulated peritoneal macrophages derived from WT
or Tim-3 KO mice. The results were assessed by Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 6 Tim-3 alleviated liver injury by inhibiting ROS generation in NASH mice. WT and Tim-3 KO mice fed with MCD were administered with
NAC as described in the Materials and methods (n = 4). Serum ALT (a) and liver TG (b) were tested. ¢ HE was applied to determine the hepatic
vacuolation. d Caspase-1 p20 expression was analyzed by western blot. e ELISAs were applied to detect the levels of IL-1p, IL-18, and TNFa in
liver homogenates

showed that Tim-3 suppressed ROS production, especially the the dominant superoxide-generating enzyme in macrophages.®
mitochondrial ROS in macrophages (Fig. 4). As far as we know, this This finding explains the Tim-3-mediated inhibition of ROS;
is the first report demonstrating the involvement of Tim-3 in however, the detailed mechanisms need to be further
modulating ROS production in macrophages. In support of Tim-3 investigated.

regulation of ROS production, western blot assays indicated that Clinical and animal studies demonstrated that ROS inhibitors or
Tim-3 is a negative regulator of NOX2 expression (Fig. 4), which is antioxidant reagents are effective treatment strategies for
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Tim-3 acts as a protector against liver injury by regulating
macrophage activation in NASH
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Fig. 7 Tim-3 protects against liver injury by regulating macrophage

NASH,?” 3¢ strongly suggesting that ROS and the related
inflammation are the major signal promoting the progression of
fatty liver disease. Despite the direct cellular damage caused by
oxygen-containing free radical molecules, excessive ROS accumu-
lation instigates oxidant-sensitive transcription factor nuclear
factor-kB, upregulating the generation of pro-inflammatory
cytokines including IL-1B and TNFa.?”" 38 A recent study reported
that ROS contribute to NLRP3 activation, resulting in more IL-1f
and IL-18 liberation.>® Herein, we detected significantly increased
NLRP3, caspase-1 p20 expression, and IL-1B and IL-18 generation
in livers of Tim-3 KO mice. Consistent with these findings, the
blocking assay showed that Tim-3 inhibited ROS-mediated NLRP3
activation and the release of the pro-inflammatory cytokines IL-1(3
and IL-18 in macrophages (Fig. 5). Although a crosstalk exists
between TNFa and ROS in inflammation,’® TNFa expression
showed no significant difference in our experiments (Fig. 5b),
indicating to us that Tim-3 suppressed inflammation via down-
regulating ROS and NLRP3-primed inflammasome activation.
Injection of NAC efficiently alleviated NASH, downregulated
caspase-1 p20 overexpression, and decreased IL-1f and IL-18
generation in livers of Tim-3 KO mice (Fig. 6), further providing
evidence suggesting that Tim-3 alleviates liver injury by inhibiting
ROS and the related cytokine release. Our findings somehow are
consistent with the previous work in a peritonitis model,*’ which
targeted the function of Tim-3 in NLRP3 activation (Fig. 7).

It is well known that innate immune cells, including NK, NKT,
and macrophages, are key factors in liver diseases, and all of them
abundantly express Tim-3%. Although we focused our work on
Tim-3 expression on macrophages, we are currently unable to rule
out the functional possibilities of Tim-3 in other immune cells in
NASH. Previous reports demonstrated the increased hepatic NK
cells and KCs in NASH mice,** ** while NKT cells were selectively
decreased in number in fatty livers.** Similarly, our data showed
that NK and macrophages were significantly increased, while the
proportion of NKT cells was reduced in livers of MCD mice. Tim-3
expression on liver NK cells showed no significant difference
between ND and MCD mice in our experiment. We also detected a
higher amount of Tim-3 on hepatic NKT cells in NASH mice (data
not shown), which was consistent with Tang’s study.*> Using Tim-3
ligand Galectin 9 (Gal-9), Tang ascribed the NKT cell depletion in
NASH mice to increased Tim-3 by inducing cell apoptosis.
However, as they reported, gal-9 might promote apoptosis by
other pathways than Tim-3. In fact, previous reports demonstrated
the Tim-3-independant functions of Gal-9, including the differ-
entiation of pDC-like macrophages and Th17 development®® 7.
Therefore, the exact role of NK and NKT cells expressing Tim-3 in
NASH needs further studies.

Collectively, our data describe the potential roles of Tim-3 on
macrophages as a protector against liver injury in NASH. Tim-3 can

Cellular & Molecular Immunology (2019) 16:878 - 886

activation in NASH

inhibit macrophage activation through regulating ROS generation
and downstream cytokine release, which highlights Tim-3 on
macrophages as a negative regulator in maintaining immune
homeostasis in NASH mice.
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