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1  |  INTRODUC TION

Liver fibrosis would gradually develop into liver cancer and liver 
failure which was caused by various factors.1,2 It is characterized 
by excessive deposition of extracellular matrix (ECM) proteins, the 
major source of which are activated hepatic stellate cells (HSCs).3 
In the normal liver, HSCs are quiescent.4 Once liver injury occurs, 
HSCs are activated. HSC activation results from the inflamma-
tory activity of liver immune cells, predominantly macrophages.5 

Activated HSCs (aHSCs) can secrete chemokines and chemokine 
receptors to recruit macrophages into injured liver to initiate in-
nate immune response, and recruited macrophages promote fi-
brosis by releasing cytokines and chemokine that activate HSCs 
and exacerbate inflammation.6 There is a positive feedback loop 
between inflammatory and fibrogenic cells, which in turn results in 
more severe fibrosis.1

Macrophages are dynamic and highly plastic cells which played 
important roles in liver inflammatory response: uncommitted 
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Abstract
Liver fibrogenesis is a dynamic cellular and tissue process which has the potential to 
progress into cirrhosis of even liver cancer and liver failure. The activation of hepatic 
stellate cells (HSCs) is the central event underlying liver fibrosis. Besides, hepatic mac-
rophages have been proposed as potential targets in combatting fibrosis. As for the 
relationship between HSCs and hepatic macrophages in liver fibrosis, it is generally 
considered that macrophages promoted liver fibrosis via activating HSCs. However, 
whether activated HSCs could in turn affect macrophage polarization has rarely been 
studied. In this study, mRNAs with significant differences were explored using exo-
somal RNA- sequencing of activated Lx- 2 cells and normal RNA- sequencing of DHFR 
loss- of- function Lx- 2 cell models. Cell functional experiments in both Lx- 2 cells and 
macrophages animal model experiments were performed. The results basically con-
firmed exosomes secreted from activated HSCs could promote M1 polarization of 
macrophages further. Exosome harbouring DHFR played an important role in this 
process. DHFR silence in HSCs could decrease Lx- 2 activation and M1 polarization of 
M0 macrophages and then alleviate the development of liver fibrosis both in vitro and 
vivo. Our work brought a new insight that exosomal DHFR derived from HSCs had a 
crucial role in crosstalk between HSCs activation and macrophage polarization, which 
may be a potential therapeutic target in liver fibrosis.
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macrophages (M0) depending on local microenvironment polar-
ize into classically activated macrophages (M1) or alternatively 
activated macrophages (M2) with specific functions.7 M1 macro-
phages mediate tissue damage and initiate inflammatory responses, 
while M2 macrophage is an essential player in the resolution of in-
flammation, so M1/M2 macrophage balance polarization governs 
the fate of an organ in inflammation or injury.8 Exosomes harbour 
various biomolecules, including lipid, proteins, DNAs, mRNAs and 
non- coding RNAs, which can be transferred to recipient cells and 
modulate their functions9,10 Exosomes are known as important 
mediators of cell- cell communication.11 In liver, various types of 
cell can either release or receive exosomes in cell- cell commu-
nication, including HSCs and macrophage. Exosomes involve 
in various aspects of liver physiology and pathology and in the 
progress of liver diseases, like HSCs activation and participating in 
liver fibrosis.12 Exosomes derived from qHSCs or aHSCs possess 
anti- fibrotic and pro- fibrotic properties respectively.13 Exosomes 
derived from natural killer cells can inhibit HSCs activation and 
liver fibrosis.14,15 Macrophage also could take up exosomes from 
other cells which leading to macrophages activation,16 polariza-
tion which directly influence macrophage function.17- 22 However, 
whether aHSCs- derived exosomes could affect macrophage po-
larization and further regulate the progression of liver fibrosis 
have not been fully studied.

Our research found aHSCs- derived exosomes promoted 
M1 macrophage polarization and inhibited M2a polarization. Then, 
exosome- RNA- sequencing (Exo- RNA- seq) was conducted and bio-
informatic analysis results showed that dihydrofolate reductase 
(DHFR) was one of the most significant up- regulated genes in exo-
somes derived from activated Lx- 2 cells when compared with quies-
cent Lx- 2 cells which suggested it could participate in liver fibrosis.23 
DHFR is a crucial target in anticancer drug development which plays 
key roles in the nucleic acid biosynthesis. Through TCGA online da-
tabase retrieval, DHFR was found to be significantly up- regulated 
in LIHC primary tissues and it was negatively correlated with the 
overall survival rate of LIHC patients. However, there is no relevant 
research on whether DHFR is involved in the regulation of fibro-
sis. Thus, DHFR- silenced Lx- 2 cell model was established to explore 
the biological function of DHFR in Lx- 2 activation and interaction 
with macrophages. DHFR silence in Lx- 2 cells not only reduced the 
DHFR in exosomes, but also decreased the activation and prolifer-
ation ability of TGF- β- induced Lx- 2 cells. On the other hand, when 
M0 macrophages absorbed exosomes secreted by DHFR- silenced 
Lx- 2, M1 macrophage polarization was decreased. In mice liver fi-
brosis model induced by CCl- 4, collagen fibre decreased obviously in 
DHFR knock- down mice. It demonstrated that DHFR functioned as 
an fibrogenic gene in vitro and in vivo in liver fibrosis. Subsequently, 
RNA- sequence (RNA- seq) was performed again in the DHFR- 
silenced Lx- 2 cells in which INPP5D was found to be one of a key 
downstream target gene of DHFR.

In brief, our results brought a new insight that aHSCs- derived 
exosomal DHFR has a crucial role in crosstalk between HSC activa-
tion and macrophage polarization, which may be a potential thera-
peutic target in liver fibrosis.

2  |  MATERIAL S AND METHODS

2.1  |  Ethics statement

Animal and human studies were approved by the ethics committee 
of Xiangya Second Hospital of Central South University (Project 
number: 2020161; 2020R113). All selected patients were treated 
based on the Liver Disease Treatment Guide.24 Additionally, the pa-
tients' consent and the approval were all obtained (Zhou et al., 2019). 
During the process of study, the ethical standards of the Committee 
on Human Experimentation and the Helsinki Declaration were 
strictly obeyed. Liver tissues from patients with liver fibrosis and cir-
rhosis were diagnosed by liver biopsy. Both tumour tissues and bile 
samples were collected from surgical operations.

Animal care in the research was conducted according to the 
Guide for the Care and Use of Laboratory Animals enacted by the 
US National Institutes of Health and was approved by the Animal 
Research Committee of Center of Central South University.

2.2  |  Lx- 2 cell activation and macrophage 
polarization

Lx- 2 cells were cultured in DMEM medium containing 2% foetal bo-
vine serum for 24 h. After starvation for 12 h, Lx- 2 cells were treated 
with 5 ng/ml TGF- β for another 48 h.

Peripheral blood mononuclear cells (PBMC) were isolated from 
healthy volunteers using a human PBMC isolation Kit (Solarbio) and 
cultured in DMEM supplemented with 10% FBS. Non- adherent 
cells were removed after 3 h,19 and the monocytes (adherent cells) 
were cultured in DMEM supplemented with macrophage colony- 
stimulating factor (M- CSF, 50 ng/ml, PeproTech) for 6 days. IFN- γ 
(50 ng/ml, Peprotech) and IL- 4 (50 ng/ml, Peprotech) were used 
for M0 to M1 and M2 polarization, respectively. Then, human M0, 
M1 and M2 macrophages were subjected to co- culture system.

2.3  |  Exosome isolation and identification

Lx- 2 cells were cultured in DMEM medium containing 10% FBS 
(exosome- depleted). Lx- 2- exosomes were extracted using SBI 
Exosome Isolation Reagent (ExoQuick- TC, Cat.no: EXOTC50A- 1) ac-
cording to the manufacturer's instructions. Exosomal markers, CD81 
and TSG101 were used to verify exosomes with Western blot. The ex-
osomes were photographed by electron microscope (Hitachi, HT7700).

2.4  |  Exosome uptake labelling

To confirm exosomes were absorbed by receptor macrophages, 
PKH67 mixer (Cat.no CGLDIL, Sigma, in Diluent C) was used to 
label exosomes from 1.5 × 106 cells according to the manufac-
turer's instructions. The stained cells were observed and photo-
graphed with a fluorescence confocal microscope (Zeiss LSM880).
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2.5  |  RNA- sequencing

As to Exo- RNA- seq, total RNAs were extracted from the exosomes 
of Lx- 2 culture supernatant. Besides, RNAs were extracted from 
exosomes from activated (Lx- 2- TGF- β) and quiescent Lx- 2 cells (Lx- 
2- C), and then the RNA- seq and relative bioinformatics analysis were 
performed in Kaitai Biotech and Science & Well biotech. The dif-
ferentially expressed genes (DEGs) between exosomes derived from 
Lx- 2- TGF- β and Lx- 2- C groups were selected by the difference mul-
tiples (|log2FoldChange| > 1) and significance (p < 0.05). The subse-
quent RNA- seq in DHFR- silenced Lx- 2 cells was also implemented 
according to the above methods.

2.6  |  qRT- PCR analysis

To detect mRNA relative expression, total RNAs were extracted from 
cells and tissue samples using RNAsimple Total RNA Kit (Tiangen); 
then, complementary DNA was synthesized using RevertAid First 
Strand cDNA Synthesis Kit(K1622) (ThermoFisher) and reverse 
transcription was followed by RT- PCR using the SuperReal PreMix 
Plus (SYBR Green) (Tiangen). Primers used in this study are shown 
in Table 1.

2.7  |  Western blot assay

For the sake of detecting the expression of fibroblast activation 
markers and inflammatory markers of macrophages, Western blot 
was carried out as previously described.25 Amount of the protein 
of interest was normalized to the densitometric units of β- actin. 
Antibodies used were shown in Supplementary Material.

2.8  |  Cell survival assay

In order to evaluate the viability of Lx- 2 cells after DHFR silence, the 
Cell Counting Kit- 8 (CCK- 8) assay was used to assess the cell survival 
ability until 96 h as previously described (Cat.no K1018; APExBio).26 
To evaluate the viability of M0 macrophages absorbed different ex-
osomes, CCK- 8 was performed again at 24 and 48 h respectively.

2.9  |  Immunofluorescence of M0 macrophages

M0 macrophages were incubated with primary antibodies for 
IL- 12 (1:100, abcam, ab133725), IRF5 (dilution 1:1000, abcam, 
ab181553) overnight at 4℃ before washing with PBS. Fluorescein- 
labelled secondary antibody was used at RT in the dark for 2 h (di-
lution 1:500). Slides were mounted in mounting media with DAPI 
for 1 h at RT. After washing with PBS, the slides were covered with 
DABCO and images were captured by fluorescence microscopy 
(AE31; Motic).

2.10  |  H&E staining and Masson Trichrome staining

6– 8- week aged male C57BL/6 mice were purchased from the 
Promab biotech Co. Ltd. Mice were randomly divided into 3 groups 
(n = 6), and all mice were maintained under standard conditions and 
diet. Experimental hepatic fibrosis was induced by CCl- 4 (10% in 
olive oil, 2 ml/kg, twice a week for 6 weeks). Paraformaldehyde- fixed 
liver tissue sections were stained with haematoxylin and eosin (H&E) 
and Masson's Trichrome staining to evaluate liver fibrosis. Collagen 
deposition was quantitatively analysed using the following formula: 
collagen area/total area × 100%.

Gene Primer- Forward Primer- Reverse

α- SMA ACCCTTCAGCTTTCAGCTTCC CACCATCACCCCCTGATGTCTG

Collagen- I- α1 GGACACAGAGGTTTCAGTGG CAGTAGCACCATCATTTCCACG

CTGF CTGGTCCAGACCACAGAGTG TGCCCTTCTTAATGTTCTCTTCCA

IL- 1β ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA

CCR7 TGAGGTCACGGACGATTACAT GTAGGCCCACGAAACAAATGAT

MRC1 TCCCTCAGAAAGTGATGTGCC AGCCGATCCACAATTCGTCA

TIMP3 ACCGAGGCTTCACCAAGATG CATCATAGACGCGACCTGTCA

TNF- α GTTGTAGCAAACCCTCAAGCTG GAGGTACAGGCCCTCTGATG

IL- 6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG

DHFR AACTCAAGGAACCTCCACAAG ACTGCCACCAACTATCCAGAC

Timp- 1 CCAGAACCGCAGTGAAGAGT TCTGGTAGTCCTCAGAGCCC

Col3α1 CCTTCTACACCTGCTCCT CTTCCTGACTCTCCATCCT

Col4α1 AACAACGTCTGCAACTTCGC CTTCACAAACCGCACACCTG

INPP5D CCAAGAAGATCACGTCCTGGT CGTGTGGATGGCGACTGTT

β- actin TTCCTTCCTGGGCATGGAGTC TCTTCATTGTGCTGGGTGCC

TA B L E  1  Primer sequence information 
used in this study
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2.11  |  Statistical analysis

All tests were set up in triplicate. Statistical analysis was performed 
and presented with Graphpad Prism 7.0 software (GraphPad 
Software). Differences between two independent groups were 
evaluated by Student's t tests. Differences for multiple comparisons 
were calculated using one- way ANOVA. p < 0.05 was considered 
significant differences. Data are presented as mean ± SD.

3  |  RESULTS

3.1  |  Exosomes derived from activated Lx- 
2 induced M1 macrophage polarization of 
M0 macrophage

To evaluate the effect of exosomes derived from aHSCs on mac-
rophage polarization, TGF- β- treated Lx- 2 was used as exosome 
donor cell model in vitro. After 48 h of TGF- β (5 ng/ml) treat-
ment, the cell morphology changed from irregular to long spindle 
(Figure 1A). Then, HSC activation markers were detected by QPCR 
and Western blot. The results showed that α- SMA, collagen- I and 
CTGF were all enhanced significantly in TGF- β- treated group when 
compared with control group in both mRNA levels and protein lev-
els (Figure 1B,C). Then, exosomes secreted by activated Lx- 2 were 
extracted and identified after the Lx- 2 was confirmed to be acti-
vated from morphology and molecular markers checking. Exosome 
markers were detected in cell lysates and exosomes. The result 
showed that the content of exosome marker proteins CD81 and 
TSG101 in exosomes was significantly higher than those in cell 
lysates. Calnexin, as a negative control, had no significant expres-
sion in exosome samples (Figure 1D). Exosome morphology was 
examined using TEM which were showed membrane- bounded, 
spherical shape vesicles with a size range of 50– 100 nm (Figure 1E) 
and was consistent with the typical morphology of exosomes re-
ported previously.

In order to investigate the effect of exosomes secreted by acti-
vated Lx- 2 on macrophage transpolarization after being absorbed 
and internalized by macrophages, firstly, PBMC cells from healthy 
volunteers were induced into M0 macrophage; then, were polarized 
to M1 and M2a macrophagy. The morphology of 3 types of mac-
rophages was confirmed under light microscopy (Figure 1F). Then, 
the exosomes secreted by activated Lx- 2 were co- cultured with 
three different macrophages. The result showed that after being 
absorbed by macrophages, exosomes labelled by PKH67 (green flu-
orescence) surround the nuclear region (Figure 1G). Subsequently, 
the expression of macrophage subtype markers was detected by 
QPCR. The results demonstrated that when exosomes derived 
from activated Lx- 2 were uptook by M0, M1 and M2a macrophage, 
the M1 markers (CCR7, IL- β, IL- 6 and TNF- α) were all significantly 
up- regulated (Figure 1H); on the contrary, the M2a marker (MRC1 
and TIMP3) decreased significantly in M0 macrophagy (Figure 1I). 
In addition, the expression of these markers in M1 and M2a 

macrophages was irregular and inconsistent. Therefore, Western 
blot was used to detect the markers of M1 and M2a subtypes in 
M0 macrophages absorbed exosomes secreted by Lx- 2. At the pro-
tein level, M1 subtype markers CCR7, IL- β, IL- 6 and TNF- α were all 
enhanced (Figure 1J) while the markers of M2a (MRC1 and TIMP3) 
decreased significantly (Figure 1K) in M0 macrophage- absorbed 
exosomes derived from activated Lx- 2 (Ex- TGF- β) when compared 
with which absorbed exosomes derived from inactivated Lx- 2 (Ex- 
NC). Based on the above results, it was speculated that exosomes 
derived from activated Lx- 2 induced M1 macrophage polarization 
of M0 macrophage.

3.2  |  DHFR was enriched in exosomes derived 
from activated Lx- 2 cells

Exo- RNA- seq was performed on exosomes derived from activated 
Lx- 2 cells and quiescent Lx- 2 cells. Although effective informa-
tion captured was not rich, 11 significant up- regulated genes and 
9 down- regulated genes were obtained (p < 0.05, Absolute value 
of Log Fc > 1.0) (Figure 2A). Through cluster analysis (Figure 2B), 
DHFR was found to be one of the most significant up- regulated 
genes in exosomes derived from activated Lx- 2 cells (Lx- 2- TGFb) 
vs. quiescent Lx- 2 cells (Lx- 2C). Because there is a progressive 
correlation from liver fibrosis, liver cirrhosis to liver cancer, DHFR 
attracted our attention. Through TCGA online database retrieval 
(http://ualcan.path.uab.edu/analy sis.html), DHFR was found to be 
significantly up- regulated in LIHC primary tissues (n = 371) than in 
normal liver tissues (n = 50). Furthermore, by analysing the overall 
survival rate of LIHC patients (n = 365) with differential expression 
of DHFR, it was found that the DHFR expression was negatively 
correlated with the overall survival rate of LIHC patients (p = 0.039) 
(Figure 2C,D). These results suggested that DHFR may play an im-
portant role in the process of LIHC. Therefore, 3 cases of liver fi-
brosis tissues, 4 cases of liver cirrhosis tissues and 5 cases of liver 
cancer tissues were collected from minimally invasive surgery and 
general surgery of the Xiangya second hospital of central south uni-
versity, and DHFR expression was detected using qPCR detection. 
The results showed that the expression level of DHFR increased 
gradually from liver fibrosis to liver cirrhosis and then to liver cancer 
at least in the limited collected samples (Figure 2E). Subsequently, 
DHFR expression was verified again; in collected bile samples, it 
was found that DHFR enhanced obviously in bile samples of liver 
fibrosis patients when compared with bile samples from normal vol-
unteers (Figure 2F).

3.3  |  DHFR silence in Lx- 2 alleviated 
activation of HSCs and M1 macrophage 
polarization of M0 macrophage

To investigate whether DHFR plays a role in the regulation of Lx- 2 
activation, DHFR was knocked- down in Lx- 2 by siRNA interference. 

http://ualcan.path.uab.edu/analysis.html
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Three different siRNA sequences were designed and synthesized 
and transiently transfected into Lx- 2. QPCR was used to verify the 
loss- of- function Lx- 2 cell model of DHFR. It was demonstrated that 
only siRNA- 1189 achieved effective interference which was selected 
for subsequent experiments (Figure 3A). Then, the survival ability 
of activated Lx- 2 was evaluated and it was found that when DHFR 
was silenced in Lx- 2, the cell viability reduced significantly from 48 h 
after TGF- β treatment when compared with siRNA- NC group cells 
(Figure 3B). At the same time, we also observed that not only the cell 
number decreased, but also the morphological changes of activated 
Lx- 2 were no longer obvious under the microscope (Figure 3C). 
Markers of hepatic stellate cell activation were detected in different 
Lx- 2 cell models using QPCR and Western blot (Figure 3D,E). When 
parental Lx- 2 cells (siRNA- NC- Con) were treated with TGF- β, α- 
SMA, collagen- I and CTGF were all up- regulated significantly when 
compared with the parental Lx- 2 cells without TGF- β treatment. But 

in DHFR loss- of- function Lx- 2 cells (siRNA- DHFR- Con), the expres-
sion alteration of α- SMA, collagen- I and CTGF was no longer sig-
nificant even with a certain degree of decline. In particular, there 
was significant down- regulation of α- SMA, collagen- I and CTGF 
expression in DHFR loss- of- function Lx- 2 cells (siRNA- DHFR- Con) 
when compared with parental Lx- 2 cells (siRNA- NC- Con) with TGF- β 
treatment. The results suggested that DHFR silence could alleviate 
activation of Lx- 2.

What effect did it have on the transpolarization of M0 macro-
phages absorbed the exosomes secreted by Lx- 2 cells with DHFR si-
lence? Exosomes derived from the parental Lx- 2 cells (Ex- siRNA- NC) 
and Lx- 2 cells with DHFR silence (Ex- siRNA- DHFR) were absorbed 
by M0 macrophages respectively. Then, the effect of different exo-
somes on the cell viability of M0 macrophages was determined by 
the CCK- 8 assay. Notably, it was observed that different exosome 
uptake did not affect.

F I G U R E  1  Exosomes derived from activated Lx- 2 induced M1 macrophage polarization of M0 macrophage. (A) The typical pictures of 
cell morphology of Lx- 2 treated with TGF- β, the magnification was 200 times. The expression of Lx- 2 activation markers was evaluated 
using qPCR (B) and Western blot (C). *p < 0.05, ***p < 0.0001 vs. Con group. (D) The exosome protein markers were detected using Western 
blot. (E) Representative TEM image of exosomes isolated from Lx- 2 cells, white arrows indicated exosomes, the scale bar was 200 nm, the 
small field in the lower left corner showed the morphology of a single exosome taken in addition, which was independent of the exosomes 
indicated by the white arrows. (F) The monocytes were treated with 50 ng/ml M- CSF for 6 days to generate M0 macrophages; then, 
50 ng/ml IFN- γ and 50 ng/ml IL- 4 were used for M0 to M1 and M2 polarization, respectively. The typical pictures of cell morphology of 
different macrophages were taken, and the magnification was 200 times. (G) PKH67 staining to verify exosome uptake using scanning 
electron microscope. (H) The expression of M1 macrophage markers was evaluated using QPCR and Western blot. *p < 0.05, **p < 0.01, 
***p < 0.0001 vs. Ex- con group. (I) The expression of M2a macrophage markers was evaluated using QPCR and Western blot, **p < 0.01, 
***p < 0.0001 vs. Ex- con group
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M0 macrophage viability in vitro (Figure 3G). Meanwhile, our 
immunostaining experiment with anti- IL- 12/anti- IRF5 and Western 
blot detection of other M1 macrophage markers suggested that 
when M0 macrophage uptook exosomes secreted from Lx- 2 cells 
with DHFR silence (Ex- siRNA- DHFR), the M1 macrophages polar-
ization was obviously suppressed when compared with the parental 
Lx- 2 cells (Ex- siRNA- NC) group (Figure 3F,H). The results suggested 
that DHFR silence in Lx- 2 could inhibit M1 macrophage polarization 
of M0 macrophage.

3.4  |  DHFR knock- down alleviated CCL- 4- induced 
hepatic fibrosis in mice

Due to the obvious advantages over bile duct ligation (BDL) 
method reported previously, CCL- 4 was selected to induce the 
experimental mice model in the further mechanism research. In 
our study, the DHFR- silenced lentivirus (Lv- siRNA- DHFR) was 

packaged and injected into C57BL/6 mice, and the efficacy of 
DHFR knock- down was tested at week 2. HE staining showed that 
the fibrosis phenotype of liver tissues of the group injected with 
DHFR- silenced lentivirus (Lv- siRNA- DHFR) was significantly allevi-
ated. The Masson trichrome results also presented that the degree 
of collagen deposition in Lv- siRNA- DHFR group was decreased 
obviously (Figure 4A). Collagen fibre- positive area was calculated 
and analysed with IPP6.0 software. The results showed that after 
CCL- 4 modelling, the collagen fibre- positive area in liver tissues of 
Lv- siRNA- NC group was significantly increased, while that of the 
group injected with DHFR- silenced lentivirus (Lv- siRNA- DHFR) 
was significantly decreased when compared with Lv- siRNA- NC 
group (Figure 4B). Correspondingly, collagen- related markers were 
detected by QPCR and Western blot. It was also showed that the 
expression of Timp- 1, Col3α1 and Col4α1 was all significantly in-
creased in CCL- 4 group with siRNA- NC lentivirus (Lv- siRNA- NC), 
while that of the group injected with DHFR- silenced lentivirus (Lv- 
siRNA- DHFR) was significantly down- regulated when compared 

F I G U R E  2  DHFR was enriched in exosomes derived from activated Lx- 2 cells. (A) Volcano plot of differential expression genes from 
exosomal RNA- Seq in exosomes derived from activated Lx- 2 cells (Lx- 2- TGFb) vs. quiescent Lx- 2 cells (Lx- 2C). (B) Cluster by groups to show 
significantly deregulated exosomal mRNAs upon exosomes derived from activated Lx- 2 cells (Lx- 2- TGFb) vs. quiescent Lx- 2 cells (Lx- 2C), 
(absolute value of Log2fc > 1.0 and p < 0.05). (C) Expression of DHFR in LIHC samples from TCGA database. **p < 0.01 vs. normal tissue 
group. (D) Effect of DHFR expression on LIHC patient survival probability from TCGA data. (E) The relative mRNA level of DHFR in liver 
fibrosis, liver cirrhosis and liver cancer tissue samples collected clinically. (F) The relative mRNA level of DHFR in bile samples collected 
during operation, **p < 0.01 vs. normal group
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F I G U R E  3  DHFR silence in Lx- 2 alleviated activation of HSCs and M1 macrophage polarization of M0 macrophage. (A) Selection and 
validation of DHFR effective siRNA sequences using QPCR, *p < 0.05, ***p < 0.001 vs. siRNA- NC group. (B) Cell viability of DHFR- silenced 
LX- 2 cells, *p < 0.05, ***p < 0.0001 vs. siRNA- NC cells. (C) The typical pictures of cell morphology of DHFR- silenced Lx- 2 treated with 
TGF- β, the magnification was 200 times. The relative mRNA (D) and protein expression (E) of DHFR and Lx- 2 activation markers were tested 
in DHFR- silenced Lx- 2 cells treated with TGF- β. *, #p < 0.05, **,##p < 0.01, ***, ###p < 0.0001 between the two appointed groups. (F) The 
protein expression of M1 macrophage markers was evaluated using Western blot in DHFR- silenced Lx- 2 cells treated with TGF- β. (G) Cell 
viability of M0 macrophage- absorbed exosomes from DHFR- silenced LX- 2 cells. (H) M1 polarization was detected by immunofluorescence 
of M0 macrophage- absorbed exosomes from DHFR- silenced LX- 2 cells, the magnification was 200 times
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with Lv- siRNA- NC group (Figure 4C,D). These results suggested 
that DHFR knock- down alleviated CCL- 4- induced hepatic fibrosis 
in mice to some extent.

3.5  |  INPP5D was one of the downstream negative 
regulators of DHFR in Lx- 2 cells

In order to clarify the downstream regulators of DHFR in Lx- 2 cells, 
RNA- seq was performed in activated Lx- 2 cells with or without 
DHFR silence and bioinformatics analysis was performed to analyse 
the differentially expressed RNAs between the two groups. Genes 
meeting the double criteria of p < 0.05 and absolute value of log 
FC > 1.0 were considered to have significant differences between 
groups (siRNA- DHFR + TGF- β vs. siRNA- NC + TGF- β). Based on the 
results of RNA- seq and bioinformatics analysis, volcano map and 
cluster map were drawn respectively (Figure 5A,B). The results dem-
onstrated that there were 27 mRNAs with significant differences 
among which 18 of which were significantly up- regulated and 9 were 
significantly decreased. Then, cluster analysis on the top genes with 
the most significant up- regulation and down- regulation was done 
respectively again, and the population of top up- regulated genes 
was focussed on Figure 5C.

Notably, INPP5D (also known as SHIP1, a potent negative reg-
ulator of the PI3K pathway which correlates inversely with histo-
logical stages of liver fibrosis) was up- regulated significantly (Log2 
fold change = 1.08, p = 0.0128) in activated Lx- 2 cells with DHFR 
silence when compared with that in activated Lx- 2 cells without 
DHFR silence (siRNA- DHFR + TGF- β vs. siRNA- NC + TGF- β). 
Subsequently, QPCR and Western blot were used to verify the 
results in cell models. The results showed that when DHFR was 
knocked- down in Lx- 2 cells, the relative expression of INPP5D was 
up- regulated significantly which was consistent with the RNA- seq 
result (Figure 5C,D).

3.6  |  INPP5D silence restored the effect remission 
induced by DHFR knock- down

It has been confirmed INPP5D was one of the downstream regulators 
of DHFR in Lx- 2 cells from molecular and protein level. It was reported 
that INPP5D is a TLR2/TLR4 inhibitor which restrains LPS (TLR4- 
ligand)- induced proinflammatory cytokine production.27 Based on 
these, the key signalling pathway factors were detected in LX- 2 
cells with DHFR knock- down. The Western blot assay demonstrated 
there was no significant difference in the expression of p- PI3K, but 

F I G U R E  4  DHFR knock- down alleviated CCL- 4- induced hepatic fibrosis in mice. Mouse liver samples dyed with HE or Masson's 
trichrome (A) and semi- quantitative measurement of Masson's staining, the magnification was 200×. (B), ***p < 0.001 between the indicated 
groups. Effects of CCL- 4 and DHFR silence on hepatic protein expression of TIMP- 1 and collagen 3α and 4α using (C) QPCR and (D) Western 
blotting, respectively. *p < 0.05, **p < 0.01, ***p < 0.0001 between indicated groups
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TLR4 and its adaptor protein MyD88 were significantly reduced in 
LX- 2 cells with DHFR knock- down (Lv- DHFRsi) when compared with 
control group (Lv- NCsi) (Figure 6A). These results demonstrated that 
DHFR may target INPP5D and exert its biological functions through 
TLR4/MyD88 pathway. Next, INPP5D was silenced in LX- 2 cells 
with DHFR knock- down to investigate the changes in cell prolifera-
tion and activation capacity. At the same time, TLR4 inhibitor group 
(Lv- DHFRsi- INPP5Dsi + TAK242) was also established.28 The CCk- 8 
result demonstrated that when INPP5D was silenced in LX- 2 cells 
with DHFR knock- down (Lv- DHFRsi- INPP5D siRNA), the prolifera-
tion ability of Lx- 2 was significantly restored when compared with 
DHFR knock- down cells without INPP5D silence (Lv- DHFRsi). After 
pretreatment with TAK242, the proliferation promotion caused by 

INPP5D silence was significantly alleviated again (Figure 6B). In ad-
dition, the activation potential was also examined. Being induced 
by TGF- β, activation markers were detected by Western blot. The 
results showed that the expression of α- SMA, collagen- I and CTGF 
was all reduced significantly in TGF- β- treated LX- 2 cells with DHFR 
knock- down (Lv- DHFRsi) when compared with control group (Lv- 
NCsi), which were all increased obviously when INPP5D was si-
lenced in LX- 2 cells with DHFR knock- down (Lv- DHFRsi- INPP5D 
siRNA). However, when TLR4 was inhibited, the expression of ac-
tivation markers decreased significantly again when compared with 
Lv- DHFRsi- INPP5D siRNA group (Figure 6C). These results sug-
gested that DHFR/INPP5D/TLR4 is one of the functional axes of 
DHFR in regulating Lx- 2 activation.

F I G U R E  5  INPP5D was one of the 
downstream negative regulators of 
DHFR in Lx- 2 cells. (A) Volcano plot of 
differential expression genes from RNA- 
Seq in activated Lx- 2 cells with (siRNA- 
DHFR) or without (siRNA- NC) DHFR 
knock- down. (B) Cluster by samples to 
show significantly deregulated mRNAs 
between activated Lx- 2 cells with 
(siRNA- DHFR) or without (siRNA- NC) 
DHFR knock- down, (absolute value of 
Log2fc > 1.0 and p < 0.05). (C) Cluster 
by samples to show top17 significantly 
up- regulated mRNAs in activated Lx- 2 
cells with siRNA- DHFR vs. siRNA- NC. 
INPP5D up- regulated in Lx- 2 cells 
with the decrease of DHFR was tested 
using QPCR (D) and Western blot (E), 
**p < 0.01,***p < 0.0001 between 
indicated groups
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INPP5D has been reported to affect the release of inflammatory 
cytokines of macrophages.29 To evaluate the effects of INPP5D on 
M0 macrophage transpolarization, relative mRNA levels of M1 and 
M2 macrophage markers were detected using qPCR in M0 mac-
rophages. The results showed that M1 markers (IL- 1β, IL- 6 and 
TNF- α) were all reduced significantly in M0 macrophage- absorbed 
exosomes from Lx- 2 with DHFR knock- down (Lv- DHFRsi) when 
compared with NC group (Lv- NCsi), but were increased obviously 
when INPP5D was silenced in Lx- 2 cells with DHFR knock- down 
(Lv- DHFRsi- INPP5Dsi). At the same time, M2 markers (MRC1 and 
TRIM3) showed opposite changes. When TAK242 was added during 
M0 macrophage polarization, the relative mRNA levels of M1 mark-
ers dropped obviously again, but there were no significant changes 
in M2 markers (Figure 6D). These results suggested that INPP5D is 
also a key downstream target in the polarization of M0 macrophages 
induced by DHFR and DHFR/INPP5D/TLR4 is one of the functional 

axes of DHFR in regulating M0- M1 transpolarization of macrophage. 
Finally, a comprehensive picture of the molecular mechanisms eluci-
dated in this study was drawn in Figure 6E.

4  |  DISCUSSION

Hepatic fibrosis is accompanied by the accumulation of increased 
numbers of myofibroblasts in the liver, and the major source of my-
ofibroblast is HCSs. Hepatic macrophages produce cytokines and 
chemokines that directly influence behaviour of HSCs such as HSCs 
activation, promotion of aHSCs- derived myofibroblast proliferation 
and survival.

Exosomes are critical in cell- to- cell communication during the pro-
gression of liver disease, and some exosomes were reported to partici-
pate in the pathogenesis of liver fibrosis by modulating HSC activation30 

F I G U R E  6  INPP5D silence restored the effect remission induced by DHFR knock- down. (A) Protein expression of Lx- 2 activation markers 
was tested in DHFR- silenced Lx- 2 cells with (Lv- DHFRsi- INPP5Dsi) without INPP5D silence (Lv- DHFRsi). (B) Cell viability of DHFR loss- 
of- function Lx- 2 cells with or without INPP5D silence. As to TLR4 inhibition group, 20 μM TAK242 was used to pretreat the cells for 4 h. * 
There was significant difference between siRNA- DHFR and groups; #There was significant difference between Lv- DHFRsi-  - INPP5Dsi and 
Lv- DHFRsi- INPP5Dsi + TAK242 groups; (C) Expression of Lx- 2 activation markers was tested using Western blot in DHFR- silenced Lx- 2 
cells with (Lv- DHFRsi- INPP5Dsi) without INPP5D silence (Lv- DHFRsi). (D) Relative mRNA levels of M1 and M2 macrophage markers were 
tested using QPCR in M0 macrophages absorbed exosomes from DHFR- silenced Lx- 2 with (Lv- DHFRsi- INPP5Dsi) or without (Lv- DHFRsi) 
INPP5D knock- down. *, there was significant difference, ns, there was no significant difference between indicated groups. (E) Schematic 
summary of the anti- fibrotic effect of DHFR in hepatic stellate cells and the crosstalk with M0 macrophages
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But the mechanism of exosomes derived from aHSCs involved in liver 
fibrosis is poorly understood.31 Our data showed that exosomes from 
aHSCs influence polarization of M0 macrophage through delivering 
exosomal DHFR which would lead to M1 polarization enhancement. 
However, M1 macrophages secreted proinflammatory cytokines and 
chemokines to activate and aggravate inflammatory response in liver 
injury.32 Our research indicated the interaction between aHSCs and 
M1 macrophage mediated through exosomes in the development of 
liver fibrosis. To explore the key factors in the exosomes derived from 
activated Lx- 2 which could participate in M1 macrophage polarization, 
exo- mRNA- seq was performed and DHFR came to our eyes as the 
most significant differential mRNA between groups which expression 
may be related to the progression of liver cancer through related in-
formation disclosed in TCGA. Hence, we supposed that DHFR exerts 
important function in liver fibrosis. However, few studies focus on the 
functional role of DHFR in liver fibrosis until now.

A study on methotrexate (MTX)- induced pulmonary fibrosis 
found that DHFR knock- down significantly attenuated MTX- induced 
epithelial- mesenchymal transition (EMT) in A549 cells.33 Another 
study found that chalcone compounds exerted anti- proliferation 
and anti- inflammatory effects on cells through double- targeting 
DHFR and thioredoxin reductase (TrxR).34 These results indicated 
DHFR plays an important role in the fibrosis process which was 
closely related to EMT and inflammation. In this study, DHFR was 
found significantly up- regulated in exosomes from activated Lx- 2 
cells suggested that DHFR could be positively related to liver fibro-
sis. DHFR silence led to decrease in cell viability of activated Lx- 2 
cells and M1 macrophage polarization, as well as liver fibrosis remis-
sion in CCL- 4- induced liver fibrosis mice. These results are also con-
sistent with the previous research conclusions to a certain extent.

To clarify the downstream genes targeting which DHFR exerts 
regulation on liver fibrosis, the mRNA- seq was performed and from 
which INPP5D was identified as a typical negative target genes of 
DHFR in activated Lx- 2 cells. INPP5D (also known as SHIP) could re-
strain proinflammatory cytokine production and correlate inversely 
with histological stages of liver fibrosis in vivo.27,35 Besides, previ-
ous researches indicated that INPP5D- deficient mice were prone to 
spontaneous inflammation and fibrosis in the lung and intestine, and 
participated in regulating macrophage polarization.36,37 Our rescue 
cell model by further knock- down of INPP5D in DHFR- silenced Lx- 2 
was established. The cell function experiments of the rescue model 
confirmed that INPP5D knock- down restored the effect remission 
induced by DHFR silence in both Lx- 2 activation and exosomal- 
mediated M1 polarization in M0 macrophages. These results were 
consistent with previous study that INPP5D expression had a signif-
icant inverse correlation with liver fibrosis.27

Considering the result that DHFR negatively regulated INPP5D 
in liver fibrogenesis, the potential mechanism of DHFR regulating 
INPP5D expression was not fully explored in this study. Although 
we tried to explore this potential mechanism both through bioin-
formatics analysis or literature retrieval, unfortunately, DHFR is 
neither a transcriptional regulator nor an epigenetic regulator be-
cause of which there is little relevant information. Only the following 

information is available for reference: DHFR silence resulted in inhi-
bition of folate metabolism then led to enhancement of activators 
of PI3K signalling.38 Meanwhile, INPP5D was found to be one of 
the subsequent co- activators after PI3K activation.39 In addition, 
the regulatory mechanism between DHFR and INPP5D would be 
involved more complex network, similar to competitive RNA and so 
on, which needs further scientific exploration.

The data from TCGA database about the DHFR in liver pri-
mary tumour samples and its expression on liver cancer patients' 
survival were analysed. The results indicated DHFR was obviously 
up- regulated in tumour group and its expression was negatively 
correlated with survival probability of liver cancer patients. DHFR 
expression was tested in liver fibrosis tissues, liver cirrhosis and liver 
cancer respectively for the first time. It was found DHFR was grad-
ually enhanced from liver fibrosis, liver cirrhosis to liver cancer in 
terms of the overall trend. These results provided a new understand-
ing for DHFR in the development from liver fibrosis to liver cancer, 
maybe DHFR will become a promising therapeutic target in liver fi-
brosis, as well as a predicted and prognosis biomarker of liver cancer.
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