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KEY WORDS Abstract The mesencephalic astrocyte-derived neurotrophic factor (MANF) has been recently identi-
fied as a neurotrophic factor, but its role in hepatic fibrosis is unknown. Here, we found that MANF was
upregulated in the fibrotic liver tissues of the patients with chronic liver diseases and of mice treated with
CCly. MANF deficiency in either hepatocytes or hepatic mono-macrophages, particularly in hepatic
mono-macrophages, clearly exacerbated hepatic fibrosis. Myeloid-specific MANF knockout increased

Hepatic fibrosis;
Mesencephalic astrocyte-
derived neurotrophic

M:i:(t)(;)r};age the population of hepatic Ly6C™e" macrophages and promoted HSCs activation. Furthermore, MANF-

differentiation; sufficient macrophages (from WT mice) transfusion ameliorated CCly-induced hepatic fibrosis in myeloid
Ly6C"&" macrophages; cells-specific MANF knockout (MKO) mice. Mechanistically, MANF interacted with SI00AS8 to compet-
S100A8/S100A9; itively block S100A8/A9 heterodimer formation and inhibited S100A8/A9-mediated TLR4—NF-«xB
TLR4; signal activation. Pharmacologically, systemic administration of recombinant human MANF significantly
NE-«B pgthv&{ay; alleviated CCly-induced hepatic fibrosis in both WT and hepatocytes-specific MANF knockout (HKO)
£RICE aeiivaion mice. This study reveals a mechanism by which MANF targets SIO0A8/A9-TLR4 as a “brake” on the
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upstream of NF-«B pathway, which exerts an impact on macrophage differentiation and shed light on he-

patic fibrosis treatment.

© 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chronic liver diseases represent a class of chronic hepatic disor-
ders that usually begin with liver injury and inflammation. Hepatic
chronic inflammatory events activate hepatic stellate cells (HSCs),
myofibroblasts differentiation, and ECM protein accumulation,
eventually resulting in hepatic fibrosis' . HSCs produce and
secrete a large amount of collagen-I and -III*. In addition to
increasing ECM protein synthesis, HSCs express tissue inhibitors
of metalloproteinase (TIMPs), which restrain the secretion and
activity of metalloproteinases (MMPs) that promote ECM protein
degradation™®. Multiple pathological factors such as viral infec-
tion, excessive drinking, and drug abuse can lead to hepatic
inflammation, which could further progress to hepatic fibrosis,
cirrhosis, and even hepatic carcinoma’ ’. Identification and
characterization of the pivotal anti-inflammatory factors in liver is
an urgent demand for the prevention and treatment of chronic liver
diseases.

Mesencephalic astrocyte-derived neurotrophic factor (MANF),
initially identified as a neurotrophic factor'®" "%, is an endoplasmic
reticulum (ER) stress inducible protein that is extensively
expressed in liver'*”'®. Previous research has reported that hepatic
MANF expression decreases with aging'’. MANF supplementa-
tion can relieve liver aging, prevent hepatic steatosis and restore
metabolic dysfunction'’. Our previous studies demonstrated that
MANEF is upregulated in inflammatory diseases and attenuates
inflammation by inhibiting NF-xB signaling pathway'®'".
Furthermore, MANF has been found to play a protective role
against alcohol-'>, rifampicin-'®, and ischemia/reperfusion-
induced liver injury'. Recently, we also reported that MANF,
whose level is significantly reduced in the tissues of hepatocellular
carcinoma (HCC), inhibited the progression of HCC by sup-
pressing NF-«xB/Snail signaling pathway”’. However, the level of
MANEF in the hepatic fibrosis, which is the stage prior to HCC, and
the role of MANF in this stage need to be investigated. In this
study, we evaluated the level of MANF in patients with Chronic
liver diseases and in mice with carbon tetrachloride (CCly)-
induced hepatic fibrosis, and the effect of MANF on liver fibrosis
was elucidated by using MANF knockout mice, macrophages
transfusion and recombinant human MANF (rhMANF). Mean-
while, the efficacy of hepatocyte- and macrophage-derived MANF
was compared, and the underlying mechanism by which hepatic
macrophage-derived MANF manipulated hepatic macrophages to
differentiate into anti-inflammatory phenotypes was investigated.

2. Materials and methods

2.1.  Patients

Hepatic tissues were collected from 8 patients with hepatitis, 7
patients with hepatic fibrosis, and 7 patients with hepatic cirrhosis
by liver puncture biopsy from the First Affiliated Hospital of

Anhui Medical University (Hefei, China). Immunohistochemistry
assay was used to examine the level of MANF in human hepatic
tissues. All the experiments related to human tissues were con-
ducted in accordance with the Helsinki criteria and were also
approved by the Ethics Committees of Anhui Medical University
with the approval number 20200282. The informed consent was
obtained from all involved patients.

2.2.  Mice

Manf™** mice bearing loxP sites flanking exons 3 of the Manf
gene on the C57BL/6 background were provided by Prof. Jia Luo
of Kentucky University. Manf" " mice were cross-bred with
Alb-Cre or Lyz2-Cre to specifically knock out Manf gene in he-
patocytes (HKO) or myeloid cells (MKO). The mating and
reproduction of HKO and MKO mice was completed by Gem-
Pharmatech Co., Ltd. (Nanjing, China). The littermate Manf™/"*
mice were used as wild type (WT) control. SPF-class animal
laboratory was used to raise and breed mice. All mice experiments
were performed according to protocols approved by the Animal
Ethics Committee of Anhui Medical University with the approval
number LLSC20200022.

2.3.  CClsinduced hepatic fibrosis model

The male WT, MKO, and HKO mice at 6-week-old age were used
for establishing hepatic fibrosis model. Carbon tetrachloride
(CCly) dissolved in olive oil was administrated by intraperitoneal
injection three times a week for 8 weeks at a dose of 0.5 uL/g. All
mice were sacrificed 24 h after the final CCly injection to acquire
livers and serum samples. The body weight of all mice was
recorded weekly.

2.4.  Primary cell isolation and culture

Peritoneal macrophages were isolated from WT and MKO mice.
After anesthetization and disinfection, 5 mL 1 x PBS was injected
to mice’s abdomen for 5 min. Cell suspensions were collected by
centrifugation at 500 x g for 5 min. Then, peritoneal cells were
cultured in DMEM with 20% fetal calf serum for 2 h. Non-
adherent cells were removed, and the remaining adherent cells
were collected.

Hepatic macrophages and hepatic stellate cells (HSCs) were
prepared and cultured as previously described”'. Briefly, mice
were perfused with Hank’s buffer with EGTA (0.5 mmol/L) for
3 min (60 rpm), then perfused with 15 mL Hank’s buffer con-
taining collagenase IV (0.2 g/L) via hepatic portal vein for 3 min
(60 rpm). Liver tissues were collected and incubated on rotary
shaker (200 rpm) for 20 min. For hepatic macrophages collection
and treatment, the dispersed liver cell suspensions were performed
by gradient centrifugation with 25% and 50% Percoll (P1644-1L,
Sigma—Aldrich). Primary hepatic macrophages were cultured in
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Figure 1 MANF expression is upregulated in fibrotic liver tissues. (A) MANF level in hepatic tissues of the patients with hepatitis (n = 8),
hepatic fibrosis (n = 7), and hepatic cirrhosis (n = 7) detected by using immunohistochemistry assay, and the integral optical density were
calculated. (B) HE, Sirius red, and Masson staining in CCly-treated fibrotic liver tissues were performed, and the positive area was calculated.
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DMEM with 20% fetal calf serum. Hepatic macrophages isolated
from WT and MKO mice were stimulated by LPS (500 ng/mL) for
6 h, then the medium supernatant of macrophages was collected to
treat primary HSCs isolated from WT mice. For HSCs collection
and treatment, the dispersed liver cells suspension was performed
by gradient centrifugation with 11.5% and 20% optiPrep (Axis-
Shield, Norway). Primary HSCs were cultured in the special
DMEM for HSCs culture (CM-0116, Procell, China), then stim-
ulated by TNF-a (20 ng/mL) for 6 h after pretreatment of re-
combinant human MANF (thMANF) (0, 5, 10, 20 ng/mL) for 2 h.

2.5.  Macrophages transfusion

Macrophages transfusion were performed following a previously
described protocol®”. The peritoneal macrophages were isolated
from WT and MKO mice and then were injected into MKO mice
by tail vein with 1 x 10° cells after 4-week CCl, injection.
Twenty-four hours after the last CCly injection, the mice were
sacrificed and the liver tissues and serum samples were collected.

2.6.  Recombinant human MANF treatment

The expression and purification of thMANF were performed as
previously described'”. After 8 weeks CCly injection, thMANF (0,
15, 30, 60 pg/mouse) were administrated through tail vein twice a
week for 2 weeks. Twenty-four hours after the last hMANF in-
jection, mice were sacrificed to collect liver tissues and serum
samples.

2.7.  Serum AST and ALT assay

Serum AST and ALT levels were detected by using AST (Jian-
cheng Bioengineering Institute, Nanjing, China, C010-2-1) and
ALT assay kits (Jiancheng Bioengineering Institute, Nanjing,
China, C009-2-1) according to the manufacturer’s instructions.

2.8.  Sirius red staining

Paraffin sections of hepatic tissues from WT, MKO, and HKO
mice were used to perform Sirius red staining. Briefly, after
deparaffinization, rehydration was performed in 100%, 90%, 80%,
and 70% ethanol, followed by Sirius red staining (Solarbio,
G1472) for 1 h and rinsing for 30 min. Sirius red staining images
were obtained by Olympus Microscope BX53/1X71.

2.9.  Masson staining

Masson staining was performed for paraffin sections of hepatic
tissues from WT, MKO, and HKO mice using Masson staining kit
(Solarbio, G1346). Briefly, paraffin sections were used for
deparaffination and rehydration in 100%, 90%, 80%, and 70%
ethanol, followed by Weigert’s iron hematoxylin staining, differ-
entiation acidic ethanol solution treatment, Masson solution
treatment, and ponceau acid Fuchs solution treatment in sequence.
After rinsing by weak acid buffer and phosphomolybdic acid

solution, aniline blue staining and ethanol dehydration were per-
formed. Masson staining images were obtained by Olympus Mi-
croscope BX53/1X71.

2.10.  Immunohistochemistry

Immunohistochemistry was performed for hepatic tissues ac-
cording to the previous research®. Firstly, hepatic tissues were
fixed in 10% formaldehyde for 24 h. After paraffin embedding,
paraffin sections were produced, followed by deparaffinization in
dimethylbenzene for 2 h. Then, rehydration was performed in
100%, 90%, 80%, and 70% ethanol. For hematoxylin—eosin (HE)
staining, hematoxylin and eosin were used. For immunohisto-
chemical staining, paraffin sections were stained by the indicated
antibodies of MANF, HMGB1, TGF-31, a-SMA, MMP2, MMP9,
S100A8, S100A9, TLR4, TIMP1, TIMP2, CCL2, CX3CLI, and
phosphorylated  NF-kB  p65, followed by  3,3'-dia-
minobenzidinetetrahydrochloride (DAB) and hematoxylin stain-
ing. Immunohistochemical images were obtained by Olympus
Microscope BXS53. The involved antibodies were included in
Supporting Information Table S1.

2.11.  Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to examine the levels of TGF-G1, TNF-«, Hya-
luronan, IL-183, S100A8, and S100A9 in serum from WT, MKO,
and HKO mice according to manufacturer’s instruction. The uti-
lized ELISA Kits included Mouse TGF-#1 ELISA Kit (R&D
Systems, Minneapolis, USA, MB100B), Mouse TNF-« ELISA Kit
(Abcam, ab208348), Mouse IL-18 ELISA Kit (Abcam,
ab197742), Mouse CCL2 ELISA Kit (Abcam, ab208979), Mouse
S100A8 ELISA Kit (Abcam, ab263886), Mouse S100A9 ELISA
Kit (Abcam, ab213887), Mouse Hyaluronan ELISA Kit (Jiyinmei
Biological Technology, Wuhan, China, JYM0514Mo), and Mouse

MANF ELISA Kit (Cloud-Clone Corp, Wuhan, China,
SEC300Mu).
2.12.  Immunofluorescent staining

Immunofluorescent staining was performed according to the pre-
vious research'*'®?°. For paraffin sections, deparaffination and
rehydration were performed. Then, paraffin sections and cell
culture slides were incubated by 5% BSA for 30 min, followed by
antibodies staining for 2 h. DAPI was used for nuclei staining.
Immunofluorescent staining images were obtained by Zeiss
LSMB800. The involved antibodies were included in Table S1.
2.13.  Western blot

Cell lysates and protein samples were used for the reduced sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The loading quantity for each sample was 10 pg total protein.
After protein separation, protein bands were transferred to PVDF
membrane. Then, 5% BSA and antibodies were used for mem-
brane incubation. The target protein bands were visualized by

MANF was detected by immunohistochemistry and the integral optical density was calculated (n = 10). (C, D) MANF protein (C) and mRNA
(D) levels in CCly-treated fibrotic liver tissues were detected by Western blot and qPCR (n = 10), respectively. The relative MANF levels were
calculated. (E) Serum MANF was detected by ELISA. (F) Double labeled immunofluorescence was performed to detect the colocalization of
MANF (red) with a-SMA (green), HNF-4 (green), F4/80 (green), and Ly6G (green) in fibrotic liver tissues (n = 10). DAPI (blue) was used to
stain nuclei. Data are expressed as mean £ SEM. ***P < 0.001. WT, wild type; CCly, carbon tetrachloride.
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Chemiscope 6000 pro touch imaging system. The involved anti-
bodies were included in Table S1.

2.14.  Quantitative real time polymerase chain reaction (qPCR)
Trizol reagent was used for total RNA extraction, then reverse
transcription was performed by PrimeScript RT reagent Kit
(TaKaRa Bio, Dalian, China) according to manufacturer’s in-
struction. The involved primers were included in Supporting In-
formation Table S2.

2.15.  Flow cytometry

Hepatic tissues from WT, MKO, and HKO mice were used to
produce cell suspensions for flow cytometry assay. Cells were
blocked by 1% rat serum in 1 x PBS, followed by staining with
antibodies for 30 min. After washing by 1 x PBS, cell suspensions
were analyzed by BD FACS Celesta. The involved antibodies
were included in Table S1.

2.16.  Co-immunoprecipitation (Co-IP)

RAW264.7 cells were stimulated with LPS (0.5 pg/mL) for 6 h.
Cell lysates were prepared in IP lysis buffer containing 50 mmol/L
HEPES (pH 7.4), 150 mmol/L NaCl, 0.1% Triton X-100, 2 mmol/L
EGTA, and cocktail (protease inhibitor). Co-immunoprecipitation
was performed according to the previous research™. After pre-
cleaning with protein A/G plus-agarose, lysates were incubated
with anti-MANF or anti-S100A8 antibodies overnight at 4 °C.
Protein A/G plus-agarose was added, followed by washing in Co-IP
washing buffer (20 mmol/L Tris—HCI, pH 7.6, 100 mmol/L NaCl,
and 1 mmol/L EDTA). Co-IP results were analyzed by SDS-PAGE
and immunoblotting. The involved antibodies were included in
Table S1.

2.17.  Immunoprecipitation-coupled mass spectrometry analysis
Immunoprecipitation was performed according our previous
study”’. Briefly, immunoprecipitation was performed on HepG2
cell lysates using anti-MANF antibody (ab67271, Abcam) or
isotype control antibody (CST3900, Cell Signaling Technology).
Protein samples were used for the SDS-PAGE, and the gel was
processed by Shanghai Applied Protein Technology Company for
immunoprecipitation-mass spectrometry (IP-MS). LC-MS (Q
Exactive™ Quadrupole-Orbitrap™ Mass Spectrometer and Easy-
nLC 1000 chromatograph, Thermo Fisher) was performed on the
peptide mixture obtained from trypsin digestion of protein sam-
ples. The peptide sequence was identified by bioinformatics
analysis using MASCOT software. The mass spectrometry pro-
teomics data have been deposited in the ProteomeXchange Con-
sortium (http://proteomecentral.proteomexchange.org) with the
dataset identifier PXD035967.

2.18.  Statistics

Data are expressed as the mean =+ standard error of mean (SEM).
For comparisons between two groups, two-tailed Student’s z-test

was used to determine statistical significance. For multiple com-
parisons, two-way ANOVA followed by Tukey’s post hoc test was
used to determine statistical significance. P < 0.05 (One asterisk,
*) indicates the significant difference. Two asterisks (**) mean
P < 0.01, three asterisks (***) mean P < 0.001. The integral
optical density, Sirius red positive area, and collagen fibers area
were calculated by Image J. Data are representative of three in-
dependent experiments.

3. Results

3.1.  MANF expression is upregulated in hepatic fibrosis

Our previous research has reported that the MANF level was
increased in the serum of hepatitis B virus-infected hepatitis and
hepatic fibrosis patients compared to healthy individuals™.
Consistently, MANF expression was observed in the paraffin-
embedded liver tissues from 8 hepatitis, 7 hepatic fibrosis, and 7
hepatic cirrhosis patients. The results revealed that hepatic MANF
protein levels in the patients with fibrosis and cirrhosis were
significantly increased than that in the patients with hepatitis
(Fig. 1A). To verify the correlation between MANF level and
hepatic fibrosis, firstly CCls-induced hepatic fibrosis mouse model
was established. As shown in Fig. 1B, the significant liver injury
and collagen deposition reflected by HE, Sirius red, and Masson
staining were found to correlate well with MANF levels.
Furthermore, MANF protein and mRNA levels were significantly
increased in the fibrotic liver tissues (Fig. 1C and D), indicating
hepatic fibrosis promoted MANF expression. The serum MANF
level was significantly increased in mice with hepatic fibrosis
(Fig. 1E). The double-labeled immunofluorescent staining
exhibited that MANF was co-localized with HNF-4 and F4/80, but
not with «-SMA and Ly6G in liver tissues (Fig. 1F), suggesting
that MANF was specifically expressed in hepatocytes and hepatic
macrophages, but not in HSCs and hepatic granulocytes. These
results, together with our previous findings, indicate that hepatic
fibrosis can upregulate the expression and secretion of MANF,
which is mainly derived from hepatocytes and hepatic
macrophages.

3.2.  MANF knockout in hepatocytes or myeloid cells
exacerbates CCly-induced hepatic fibrosis

As MANF mainly expresses in hepatocytes and macrophages
which are the two major cell types expressing MANF in the liver,
we constructed HKO and MKO mice, respectively, to elucidate the
significance of MANF upregulation in liver fibrosis. The effi-
ciency of MANF knockout was identified by immunoblotting and
immunohistochemistry, which showed that MANF was specif-
ically knocked out in the hepatocytes in HKO mice (Supporting
Information Fig. SIA, SIC and S1D) and in the myeloid cells,
including peritoneal macrophages in MKO mice (Fig. S1B, S1C
and SID). Even in the fibrotic liver tissues, MANF level was
significantly reduced in both HKO and MKO mice compared to
WT mice (Fig. S1E and S1F). We also found MANF knockout,
either in hepatocytes or myeloid cells, did not affect the liver and
spleen indexes, serum ALT level, and liver histology (Supporting

and -III mRNA levels in hepatic tissues detected by qPCR. (G) HMGBI protein level detected by immunohistochemistry. (H) The quantitative
data in panel G. (I) Hmgbl mRNA level detected by qPCR. Data are expressed as mean + SEM, n = 10; *P < 0.05, **P < 0.01, ***P < 0.001.
WT, wild type; HKO, MANF knockout in hepatocytes; MKO, MANF knockout in myeloid cells; CCly, carbon tetrachloride.
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Figure 5 MANF-sufficient macrophages transfusion alleviates CCly-induced liver fibrosis in MKO mice. (A) Strategy for macrophages
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(C) Hepatic a-Sma mRNA was detected by gPCR. (D—F) MANF-sufficient macrophages transfusion decreased serum AST and ALT levels (D),



MANF brakes TLR4 signaling by blocking SI00A8/A9 formation

4243

Information Fig. S2A—S2E). Only serum AST level was increased
in MKO mice but not in HKO mice compared to WT mice
(Fig. S2D). However, after CCl, treatment, all these tested pa-
rameters, along with collagen-I and -III levels, were dramatically
increased in MKO and HKO mice, especially in MKO mice
compared to WT mice (Fig. 2A—F), suggesting that MANF
deficiency in hepatocytes and myeloid cells exacerbated hepatic
fibrosis. We also found that the protein and mRNA levels of
HMGBI, a damage-associated molecular pattern involved in he-
patic fibrosis by stimulating HSCs migration®, were elevated in
HKO and MKO mice than that in WT mice after treatment with
CCly (Fig. 2G—I and Fig. S2F). The percentage of nuclear
HMGB/1-positive cells was extremely decreased in MKO mice
than that in WT and HKO mice (Fig. S2G). These results suggest
that MANF derived from hepatocytes or hepatic macrophages may
exert a protective effect in response to CCl, challenge, and MANF
may play a more important role in hepatic macrophages.

3.3.  Mbyeloid cell-specific MANF knockout promotes CCl,-
induced HSCs activation

Next, we investigated the effect of MANF on HSCs activation.
Due to the absence of MANF in HSCs, we assumed that MANF
might exert its effect on HSCs via paracrine secretion. Therefore,
we used HKO and MKO mice to observe the effects of MANF
deficiency on HSCs activation by detecting the levels of relevant
factors, including «-SMA, which is an important biomarker for
HSCs activation, which plays a crucial role in the development of
liver fibrosis®®. TGF-81 is considered as a pro-hepatic fibrosis
factor since it activates HSCs>"*%, We found that MANF knockout
caused no significant changes in the levels of a-SMA, TGF-(1,
MMP2, MMPY, TIMP1, and TIMP2 neither in hepatocytes nor in
myeloid cells of the liver tissues (Fig. S4A and S4B). However,
under the challenge of CCly, the levels of a-SMA, TGF-f1,
TIMP1, and TIMP2 were increased, whereas the levels of MMP2
and MMP9 were decreased in the fibrotic liver tissues of HKO and
MKO compared to that in WT mice, and the changes of these
parameters in MKO mice were more significant than in HKO mice
(Fig. 3A—C, Fig. S3A and S3B). Meanwhile, the serum TGF-(G1
level was increased in the fibrotic liver tissues of HKO and MKO
mice compared with that in WT mice (Fig. 3D). We also found
increased levels of serum Hyaluronan, a valuable biomarker of
liver fibrosis>’, in HKO and MKO mice (Fig. 3E). These results
indicate MANF deficiency in hepatocytes and hepatic mono-
macrophages can promote HSCs activation at significantly
different levels in liver fibrosis. The effect of MANF deficiency on
HSCs activation in MKO mice is clearly stronger than that in
HKO mice, suggesting that MANF derived from hepatic mono-
macrophages may play a more important role in HSCs activation
than hepatocytes-derived MANF.

3.4.  Mpyeloid MANF knockout promotes Ly6C"¢" macrophages
recruitment in liver

The above data revealed that macrophage-derived MANF plays a
more important role than hepatocyte-derived MANF in HSCs

activation and liver fibrosis. Considering the crucial role of
Ly6C™e" macrophages in hepatic fibrosis®’, we investigated the
proportional change of hepatic macrophage subpopulations during
the hepatic fibrosis process. The results showed that the pro-
portions of hepatic CD11b"€"F4/80'" macrophages and
Ly6CMe"F4/80'°" macrophages in MKO mice with liver fibrosis
were 58.3% and 81.6%, respectively, which were markedly
increased compared with WT mice (30.7%, 36.8%) and HKO
mice (32.4%, 34.9%) (Fig. 4A, right panel; Fig. 4C). Interestingly,
the proportions of hepatic CD11b"&"F4/80'°% and Ly6CMe"F4/
80" macrophages in MKO mice untreated with CCl, were also
higher than that in WT and HKO mice (Fig. 4A, left panel;
Fig. 4B), indicating endogenous MANF of myeloid cells may
restrict the differentiation of mono-macrophages into pro-
inflammatory macrophage subtype.

A higher level of CCL2 and lower level of CX3CL1 were
found in the fibrotic liver tissues of MKO mice than that of WT
and HKO mice, while there was no difference between WT and
HKO mice (Fig. 4D and E). Additionally, without CCl, chal-
lenge, CCL2 level was also increased in MKO mice compared
to WT and HKO mice (Supporting Information Fig. S5A and
S5B). Furthermore, higher serum levels of TNF-«, IL-13, and
CCL2 were found in MKO mice with hepatic fibrosis compared
to HKO mice (Fig. 4F—H). These findings suggest that myeloid
MANF knockout enhances Ly6C™&" pro-inflammatory macro-
phages differentiation and promotes their recruitment in the
liver.

3.5.  MANF-sufficient macrophages transfusion ameliorates
CCly-induced liver fibrosis in MKO mice

To further confirm the effect of MANF on macrophages differ-
entiation and liver fibrosis, we isolated the peritoneal macro-
phages from WT and MKO mice and then transfused them via the
tail vein to WT and MKO mice with liver fibrosis following a 4-
week CCly injection (Fig. 5A). After an additional 4-week CCly
injection, the mice were sacrificed, the liver tissues and serum
samples were collected for further detection. We found that
transfusion of MANF-sufficient macrophages (from WT mice)
ameliorated the CCly-induced hepatic injury and fibrosis in MKO
mice (Fig. 5SB—E), while transfusion of MANF-deficient macro-
phages (from MKO mice) aggravated hepatic injury and fibrosis
in WT mice (Fig. S6A—S6C). Further flow cytometry analysis
showed that transfusion of MANF-sufficient macrophages (from
WT mice) dramatically reduced the population of liver
Ly6C"e"F4/80'°% macrophages in MKO mice (Fig. 5F);
conversely, transfusion of MANF-deficient macrophages (from
MKO mice) elevated the population of liver Ly6C"€"F4/80"%
macrophages in WT mice (Fig. S6D). Consistently, the expres-
sions of pro-inflammatory cytokines in hepatic tissues, including
Tnf-a, 1I-18, and Ccl2, were downregulated after MANF-
sufficient macrophages transfusion to MKO mice (Fig. 5G—I),
while upregulated after MANF-deficient macrophages transfusion
to WT mice (Fig. SOE—S6G). These results further support the
above notion in that macrophage-derived MANF plays an
important role in hepatic proinflammatory macrophage recruit-
ment and fibrosis.

hepatic Collagen-I and -IIl mRNA levels detected by gPCR (E), and hepatic proportion of CD11bM&"F4/80"°“Ly6C™e" mono-macrophages
detected by flow cytometry (F) in MKO mice. (G—I) MANF-sufficient macrophages transfusion decreased hepatic mRNA expressions of Tnf-
a (G), 1I-18 (H), and Ccl2 (1) detected by qPCR in MKO mice. Data are expressed as mean + SEM, n = 4; *P < 0.05, **P < 0.01, ***P < 0.001.
WT, wild type; MKO, MANF knockout in myeloid cells; CCly, carbon tetrachloride.
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Figure 6 MANTF interacts with SI00AS8 to impede S100A8/A9-TLR4 signaling. (A) Interaction of MANF and S100A8 was detected by Co-IP.
(B) Colocalization of MANF (red) and S100A8 (green) was detected by immunofluorescent staining. DAPI (blue) was used to stain nuclei. (C, D)
MANTF overexpression inhibited intracellular (C) and extracellular (D) interaction of SI00A9 and S100A8 detected by Co-IP with anti-S100A8.
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MANEF deficiency in myeloid cells activates SIO0A8/A9-TLR4 signal pathway in mice with liver fibrosis. (A) MANF deficiency in

myeloid cells upregulated hepatic SI00A8, S100A9, TLR4 and p-p65 levels detected by using immunohistochemistry assay. (B) The quantitative
data in panel A. (C) SI00A8, S100A9, TLR4, p-p65 and p65 were detected by Western blot. (D) The quantitative data in panel C. (E) S700a8,
$100a9, and Tir4 mRNA levels were detected by qPCR. (F) MANF deficiency in myeloid cells increased serum S100A8 and S100A9 levels.
Serum S100A8 and S100A9 levels were detected by ELISA. Data are expressed as mean + SEM, n = 10; **P < 0.01, ***P < 0.001. WT, wild

type; HKO, MANF knockout in hepatocytes; MKO, MANF knockout in myeloid cells; CCly, carbon tetrachloride.

(E, F) MANEF deficiency in macrophages increased colocalization of SI00A9 and TLR4 in peritoneal macrophages (E) and hepatic macrophages
(F) by detecting TLR4 (green) and S100A9 (red), n = 5. DAPI (blue) was used to stain nuclei. WT, wild type; MKO, MANF knockout in myeloid
cells; LPS, lipopolysaccharide.
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Figure 8 Recombinant human MANF attenuates CCly-induced hepatic fibrosis. (A) Strategy for thMANF administration. (B) MANF inhibited
liver fibrosis. HE, Sirius red, and Masson staining were performed, and the positive area were calculated. a-SMA was detected by immuno-
histochemistry assay. (C) MANF decreased hepatic a-Sma mRNA level detected by qPCR. (D) MANF decreased serum AST and ALT levels. (E)
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3.6. MANEF interacts with S100AS8 to inhibit SI00AS8/A9
heterodimer formation

Next, interacting proteins of MANF were identified by liquid
chromatography-tandem mass spectrometry (LC—MS) following
immunoprecipitation (IP) in HepG2 hepatoma cells. Interestingly,
S100A8, as a heterodimer with ST00A9 (S100A8/A9) involving
in inflammation via binding to TLR4’'*? was among the
candidate proteins (Supporting Information Fig. S7). The inter-
action between MANF and S100A8 was confirmed by Co-IP and
immunofluorescent staining in RAW264.7 cells (Fig. 6A and B).
More interestingly, MANF overexpression enhanced the inter-
action of MANF and S100A8, while the level of S100A9
interacting with S100A8 was decreased either in cells or in the
medium (Fig. 6C and D), indicating both intracellular and
secreted MANF can competitively bind S100A8 with S100A9 to
inhibit the formation of S100A8/A9 heterodimer. Furthermore,
the colocalization of S1I00A9 and TLR4 in the peritoneal and
hepatic macrophages isolated from MKO mice was increased
after LPS stimulation, compared with that from WT mice
(Fig. 6E and F). Additionally, the colocalization of SI00A8 and
S100A9, as well as S100A9 and TLR4 were increased in the
hepatic macrophages isolated from MKO mice with hepatic
fibrosis than that from WT mice (Supporting Information
Fig. S8A and S8B), suggesting MANF deficiency enhances the
interaction of S1I00A9 and TLR4 in macrophages. These results
indicate that MANF competitively binds S1I00A8 with S100A9 to
disturb S100A8/A9 heterodimer formation in hepatic macro-
phages, which could further impede S100A8/A9-TLR4-NF-«xB
signaling.

Consistently, SI00A8, S100A9, and TLR4 levels in fibrotic
liver tissue were upregulated by CCl, induction, and MANF
deficiency in myeloid cells further increased the levels of SI00AS,
S100A9, and TLR4 (Fig. 7A—E). The serum S100A8 and S100A9
levels were also elevated in MKO mice compared to WT mice
with CCl, treatment (Fig. 7F). Meanwhile, NF-kB p65 phos-
phorylation was increased in MKO mice compared to WT mice
with or without hepatic fibrosis (Fig. 7A—D and Supporting In-
formation Fig. S9). There was no difference in hepatic levels of
S100A8, S100A9 and TLR4 between WT and MKO without CCly
treatment (Fig. S9).

3.7. Recombinant human MANF inhibits CCly-induced hepatic
fibrosis

To further confirm the protective effect of MANF against hepatic
fibrosis, we firstly administrated hMANF to the WT mice by tail
vein injection twice a week for 2 weeks after CCl, challenge
(Fig. 8A). We found that rhMANF at the doses of 15, 30, and
60 g per mouse remarkably attenuated CCly-induced liver injury
and fibrosis in WT mice. The recovery from liver injury was
assessed by histological repair using HE staining (Fig. 8B) and the
decrease in serum AST and ALT levels (Fig. 8D). The effect of
rhMANF on amelioration of liver fibrosis was reflected by the

reduced collagen area of Sirius red, Masson staining, and «-SMA
protein level (Fig. 8B), as well as the decreased mRNA levels of
a-Sma, collagen-I and -III (Fig. 8C and E). Recombinant human
MANEF at the doses of 30 and 60 png was more effective than that
at the dose of 15 ng. Similarly, thMANF administration signifi-
cantly relieved hepatic fibrosis in HKO mice (Fig. 8F—I). Unex-
pectedly, we found thMANF had less effect on hepatic fibrosis in
MKO mice with more severe liver fibrosis (Fig. 8F—I). Therefore,
the ameliorating effect of rhMANF in CCl,-induced liver fibrosis
occurs mainly in WT and HKO mice.

3.8.  Recombinant human MANF inhibits HSCs activation

To further confirm the effect of MANF on HSCs activation,
rhMANF was used to treat primarily cultured HSCs isolated
from WT mice. TNF-« (20 ng/mL) was used to activate the
primary HSCs for 6 h following treatment with thMANF (0, 5,
10, and 20 pg/mL) for 2 h. We found that thMANF was able to
enter HSCs (Fig. 9C), and three concentrations of rhMANF
inhibited TNF-a-induced upregulation of a-SMA, TIMP1 and 2
(Fig. 9A and B and Supporting Information Fig. S10A). In
addition, immunofluorescent staining assay also demonstrated
that hMANF reduced the number and fluorescence intensity of
a-SMA-positive HSCs (Fig. 9C and Fig. S10B). Recombinant
human MANF at the doses of 10 and 20 pg showed the greater
effect to inhibit primary HSCs activation than that thMANF at
the dose of 5 pg. So, the primary HSCs isolated from WT and
MKO mice with hepatic fibrosis were treated with thMANF
(10 pg/mL) in vitro to further verify the effect of MANF on
HSCs activation. Results showed that the activation of HSCs was
also inhibited after rhMANF treatment in vifro (Supporting In-
formation Fig. S11A—SI11E). These findings suggest that
rhMANF restrains HSCs activation, which may attenuate hepatic
fibrosis.

3.9.  Hepatic macrophages-secreted MANF inhibits HSCs
activation

Next, we further investigated whether MANF secreted from he-
patic macrophages could induce HSCs activation in vitro. The
hepatic macrophages isolated from WT and MKO mice were
primarily cultured. After cell adhesion, LPS (0.5 pg/mL) was
added to the medium for 6 h, after which the medium was
collected to treat the primary HSCs (Fig. 9D). Our data reveal that
the medium collected from the cultured macrophages of MKO
mice induced primary HSCs to produce higher levels of a-SMA,
TIMP1 and 2 than that from the macrophages of WT mice
(Fig. 9E—H and Fig. S10C). Consistently, LPS stimulation
induced the macrophages of MKO mice to produce more TNF-«,
IL-18, and CCL2 into the medium than WT mice (Fig. 91—L). The
major difference between the mediums from the primarily
cultured macrophages of WT and MKO mice was the levels of
MANF in the mediums, due to the lack of MANF in hepatic
macrophages of MKO mice (Fig. 9M). These results suggest that

MANF inhibited hepatic Collagen-I and -III mRNA levels detected by qPCR. (F) MANF inhibited CCly-induced hepatic fibrosis in HKO mice.
WT and MKO mice were used as the controls. HE, Sirius red, and Masson staining were performed and positive area were calculated. a-SMA was
detected by immunohistochemistry. (G) MANF inhibited CCl,-induced a-Sma mRNA expression detected by qPCR in HKO mice. (H) MANF
inhibited CCly-induced serum AST and ALT increase in HKO mice. (I) MANF inhibited CCly-induced hepatic Collagen-I and -III mRNA
expression in HKO mice. Data are expressed as mean + SEM, n = 10; *P < 0.05, **P < 0.01, ***P < 0.001. WT, wild type; HKO, MANF
knockout in hepatocytes; MKO, MANF knockout in myeloid cells; CCly, carbon tetrachloride.
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MANTF inhibits primary HSCs activation in vitro. (A, B) Recombinant human MANF inhibited TNF-«-induced protein (A) and
mRNA (B) levels of a-SMA, TIMP1, and TIMP2 in primary HSCs detected by Western blot and qPCR, respectively. (C) Recombinant human
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Figure 10  Schematic model for the regulation of MANF in hepatic fibrosis. In WT mice, hepatic inflammation upregulates MANF expression
and secretion, and S100A8 preferentially interacts with intracellular and extracellular MANF to form S100A8/MANF complex, which disturbs the
formation of SI00A8/A9 heterodimer, subsequently blocks SI00A8/A9—TLR4—NF-«B signal pathway. As a result, the monocytes are induced to
differentiate Ly6C'™™ macrophages that can inhibit HSCs activation and hepatic fibrosis. Additionally, hMANF can directly restrain HSCs
activation and hepatic fibrosis. However, in MKO mice, hepatic inflammation activates S100A8/A9—TLR4—NF-«kB signal, which drives
monocytes to differentiate towards Ly6C"&" macrophages. In this way, HSCs are activated by the inflammatory cytokines produced by Ly6CMe"
macrophages, which leads to hepatic fibrosis.

hepatic macrophages-secreted MANF exerts a suppressive role in
HSCs activation.

facilitates to restrain hepatic inflammation and fibrosis. In our
study, we found an interesting result showing that MANF defi-
ciency in myeloid cells exerts a greater effect on hepatic inflam-
mation and fibrosis than that in hepatocytes. It is well known,
hepatocytes are the predominant cell type in liver, accounting for
about 80% of hepatic cells®>. Our data also exhibited that MANF
was mainly expressed in hepatocytes and hepatic macrophages,
but not in HSCs and hepatic granulocytes under hepatic fibrosis.
Therefore, the majority of hepatic MANF is supposed to come

4. Discussion
4.1.  Protective effects of MANF on hepatic fibrosis

A previous study reported that hepatic MANF level decreases with
aging, and MANF supplementation can alleviate liver aging,

including prevention of hepatic steatosis'’. Based on this obser-
vation, MANF was speculated to ameliorate hepatic inflammation
and fibrosis'’. Here, we reveal for the first time that MANF

from hepatocytes based on its size and population. An important
question then arises as to why a small amount of MANF derived
from hepatic macrophages plays a more important role in liver

MANTF reduced TNF-a-induced a-SMA expression in HSCs. His-MANF (green) and «-SMA (red) were detected by immunofluorescent assay.
DAPI (blue) was used to stain nuclei. (D) Strategy for primary HSCs treatment. The medium collected from hepatic macrophages was used to
treat primary HSCs isolated from WT mice. (E) The medium collected from hepatic macrophages of MKO mice increased a-SMA level (red) in
HSCs. DAPI (blue) was used to stain nuclei. (F) The quantitative data in panel E. (G, H) The medium collected from MANF-deficient mac-
rophages increased a-SMA, TIMP1, and TIMP2 protein (G) and mRNA (H) levels of the primary HSCs detected by Western blot and qPCR,
respectively. (I) MANF deficiency in hepatic macrophages increased TNF-«, IL-18, and CCL2 secretion in the medium detected by ELISA. (J—L)
MANEF deficiency in hepatic macrophages increased mRNA levels of Tnf-«a (J), 1I-18 (K) and Ccl2 (L) detected by qPCR. (M) Medium MANF
was detected by ELISA. Data are expressed as mean = SEM, n = 5; *P < 0.05, **P < 0.01, ***P < 0.001. hMANF, recombinant human
MANF; WT, wild type; MKO, MANF knockout in myeloid cells; LPS, lipopolysaccharide; M@, macrophage.
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fibrosis. This may be due to the role of macrophages in the
regulation of liver inflammation and the effect of MANF on it, in
other words, MANF may play an important role in controlling
macrophages’ function that is not dependent on the amount of
intracellular MANF. 1t is also possible that MANF derived from
hepatocytes and hepatic macrophages may exert their liver pro-
tection effects in different manners. The detailed mechanism
needs further research in the future.

Administration of ThMANF alleviated CCly-induced hepatic
fibrosis in WT and HKO mice, but less effect in MKO mice,
possibly due to the different degrees of hepatic fibrosis among
WT, HKO, and MKO mice. The most severe hepatic fibrosis was
found in MKO mice that could not be recovered by rhMANF.
Therefore, we suggest that thMANF has a remarkable therapeutic
effect on early hepatic fibrosis, but has limited effect on severe
hepatic fibrosis in the later phase.

4.2.  Paracrine regulation of MANF in HSCs

In this study, we found that MANF was not expressed in HSCs,
suggesting that MANF might exert its effect on HSCs via para-
crine secretion. To clarify this hypothesis, we collected the me-
dium from the primarily cultured hepatic macrophages of MKO
mice to treat the primarily cultured HSCs. The results showed that
MANF-lacking medium promoted HSCs activation, suggesting
MANF secreted from macrophages can regulate HSCs via para-
crine mechanism. The medium from the primary macrophages
contains other cytokines except for MANF. We also found MANF
can inhibit proinflammatory macrophages activation and reduce
cytokines production. Therefore, HSCs activation by the medium
of the primary macrophages of MKO mice may be attribute to
MANEF deficiency as well as increased cytokine levels. Exogenous
rhMANF can inhibit the activation of primarily cultured HSCs
activation in vitro, supporting the notion that MANF regulates
HSCs activation via paracrine mechanism.

4.3.  Suppressive effect of MANF in hepatic macrophage
differentiation

The liver is an important immune organ containing Kupffer cells,
dendritic cells (DCs), and other types of immune cells’*. Among
the factors affecting HSCs activation and ECM metabolism, he-
patic immune microenvironment and innate immunity have been
implicated as key regulators™. Hepatic macrophage differentia-
tion and heterogeneity have been demonstrated to contribute
greatly to liver inflammation, damage repair, and hepatic
fibrosis®® %, The plasma membrane glycoprotein Ly6C has been
widely used to distinguish macrophage subtypes in mice. Ly6C™e"
monocytes belong to pro-inflammatory monocytes that can be
recruited to inflamed tissues’”, and the circulatory Ly6C'"
monocytes can be infiltrated into tissues for macrophage supple-
mentation’’. CD11b™"Ly6C"E" mono-macrophages activate
HSCs for pro-fibrogenesis; conversely, CD11bME"Ly6C'*Y mono-
macrophages accelerate fiber degradation and tissue recovery in
liver. Early Ly6C™&" pro-inflammatory and fibrogenic macro-
phages differentiate into later Ly6C'®" anti-fibrosis macro-
phages®. However, what factors dominate the phenotypes of
hepatic macrophages differentiation are still unclear. MANF has
been found to be upregulated in inflammatory diseases and sug-
gested to act as a negative regulator of inflammation via inter-
acting with NF-«kB p65 and subsequently inhibiting NF-xB target
genes transcription'®'?. MANF has also been reported to be a

regulator of macrophage pro-inflammatory/anti-inflammatory
differentiation in retinal tissue repair’'. Our data revealed that
MANF deficiency in hepatocytes and hepatic macrophages pro-
moted the inflammatory phenotype transformation of macro-
phages and HSCs activation, and macrophage-derived MANF is
clearly more potent than hepatocyte-derived MANF in inhibiting
HSCs activation, suggesting that MANF may play an important
role in hepatic macrophages-mediated HSCs activation.

4.4.  Negative regulation of MANF in S100A8/A9-TLR4
signaling

S100A8 and S100A9, the calcium-binding proteins belonging to
S100 protein family, have been implicated in modulating the
immune response mainly in the form of heterodimers***.
S100A8 and S100A9 have been proven to be constitutively
expressed in neutrophils, myeloid-derived dendritic cells, and
monocytes. Furthermore, SIO0A8/A9 participates in innate im-
munity via binding to TLR4’'**, Therefore, SI00A8 and S100A9
are potential regulators for mono-macrophage differentiation in
the liver. Here, we found that SI00A8/A9 expression is greatly
increased in response to hepatic inflammation, and S100A8/A9
was involved in macrophage differentiation by interacting with
mono-macrophage-derived MANF. S100A8/A9 functions as a
ligand of TLR4 and activates multiple TLR4-related inflammatory
signaling pathways®'***. It has also been reported that S100A9 is
an effective factor in suppressing pro-inflammatory macrophage
polarization®. As a novel S100A8 interacting protein, MANF
could compete with S100A9 for S100A8 binding to restrain
S100A8/A9 heterodimer formation. MANF deficiency in mono-
macrophages increased S100A9 membrane localization along
with TLR4, indicating that the interaction of MANF and S100A8
might negatively affect SI00A8/A9—TLR4—NF-«B intracellular
signaling to restrict Ly6C™&" pro-inflammatory macrophage dif-
ferentiation and activation.

Taken together, this study explores the influence of MANF,
especially myeloid-derived MANF, on inflammation and fibro-
genesis in the liver. With the predefined role of MANF in NF-xB
inhibition, here, we propose a “dual channel” model of MANF
activity on NF-«kB signaling suppression to regulate hepatic
macrophage differentiation. In upstream signaling, MANF re-
strains TLR4 activation by binding to S100A8 and inhibiting
S100A8/A9 heterodimer formation (Fig. 10); while in downstream,
MANTF blocks NF-«B target gene transcription via interacting with
NF-«B p65 DNA binding domain. Our findings are beneficial for
seeking a potent anti-inflammatory and anti-fibrosis factor for the
treatment of hepatic fibrosis, as well as for further understanding
the precise mechanism of how MANF regulates macrophage
differentiation.

5. Conclusions

We demonstrated that mesencephalic astrocyte-derived neuro-
trophic factor (MANF), including hepatic cells-derived MANF
and recombinant human MANF (thMANF) protects against
mouse liver fibrosis by inhibiting pro-inflammatory Ly6CMeh
macrophages infiltration and differentiation, which exerts a direct
effect on HSCs. Mechanistically, MANF competitively interacts
with S100A8 to inhibit SI00A8/A9 heterodimer formation, sub-
sequently attenuating S100A8/A9—TLR4—NF-«B signaling acti-
vation in hepatic pro-inflammatory macrophages.
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