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Abstract

Background Impaired liver regeneration in hepatitis B virus-related acute-on-chronic liver failure (HBV-ACLF) patients is
closely related to prognosis; however, the mechanisms are not yet defined. Liver-derived extracellular vesicles (EVs) may
be involved in the dysregulation of liver regeneration. Clarifying the underlying mechanisms will improve the treatments
for HBV-ACLF.

Methods EVs were isolated by ultracentrifugation from liver tissues of HBV-ACLF patients (ACLF_EVs) after liver trans-
plantation, and their function was investigated in acute liver injury (ALI) mice and AMLI12 cells. Differentially expressed
miRNAs (DE-miRNAs) were screened by deep miRNA sequencing. The lipid nanoparticle (LNP) system was applied as a
carrier for the targeted delivery of miRNA inhibitors to improve its effect on liver regeneration.

Results ACLF_EVs inhibited hepatocyte proliferation and liver regeneration, with a critical role of miR-218-5p. Mechanisti-
cally, ACLF_EVs fused directly with target hepatocytes and transferred miR-218-5p into hepatocytes, acting by suppressing
FGFR2 mRNA and inhibiting the activation of ERK1/2 signaling pathway. Reducing the level of miR-218-5p expression in
the liver of ACLF mice partially restored liver regeneration ability.

Conclusion The current data reveal the mechanism underlying impaired liver regeneration in HBV-ACLF that promotes the
discovery of new therapeutic approaches.
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Abbreviations

CCl, Carbon tetrachloride

ALT Alanine aminotransferase

AST Aspartate aminotransferase

LDH Lactate dehydrogenase

TBIL Total bilirubin

BUN Blood urea nitrogen

ACLF Acute-on-chronic liver failure

HC Healthy control

CI Chronic inflammation

EVs Extracellular vesicles

ACLF_EVs Liver-derived extracellular vesicles from
ACLF

HC_EVs Liver-derived extracellular vesicles from
healthy control

H&E staining Hematoxylin—eosin staining

PCNA Proliferating cell nuclear antigen
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LNP Lipid nanoparticle
NPCs Nonparenchymal cells
Introduction

Acute-on-chronic liver failure (ACLF) is a unique disease
characterized by acute deterioration of liver function, extra-
hepatic organ failure, and high short-term mortality [1]. It
usually occurs as a result of acute liver injury on the basis
of long-term chronic liver disease. In China, the most com-
mon chronic underlying liver diseases are chronic hepatitis
B (CHB) and hepatitis B virus-related liver cirrhosis (HBV-
LC), while alcoholic-related liver disease is predominant in
Europe and the USA [2]. The major acute injuries include
acute reactivation of hepatitis B virus (HBV), accumulation
of hepatotoxic drugs, and acute bacterial infection [3]. Since
the pathogenesis of ACLF is yet to be elucidated, liver trans-
plantation is still the only clinical cure for HBV-ACLF [4].
The occurrence and development of HBV-ACLF involves
several mechanisms. The current study on HBV-ACLF
mainly focuses on intrahepatic injury, immune dysregula-
tion, and systemic inflammatory response syndrome (SIRS).
As a key factor affecting the prognosis of HBV-ACLF,
impaired liver regeneration remains poorly studied [3].
The healthy liver has a high capacity for regeneration in
response to acute injury [5]. Several studies reported that
healthy liver is capable of repairing the injury part on its own
to restore the normal size and function under different kinds
of acute injuries, including drug-induced injury, hepatic
resection, and ischemia—reperfusion injury. Self-replication
of quiescent differentiated hepatocytes is the primary form
of regeneration in healthy liver [6]. This process is regulated
by multiple mechanisms, and signals are transmitted among
cells through various signaling mediators to regulate liver
regeneration. Normal regulatory signals for liver regenera-
tion contribute to recovery from the disease. However, stud-
ies on liver regeneration in ACLF demonstrated that due
to long-term chronic liver injury, self-replication of healthy
hepatocytes in the liver is inhibited, followed by the compen-
satory proliferation of liver progenitor cells [3]. In this state,
liver reserve function is severely lost, and when facing acute
damage, the residual liver function is unable to compensate,
leading to the onset of severe organ failure. Studies on ACLF
mice have shown that their livers have impaired regenera-
tive capacity due to STAT1/STAT3 imbalance, and treat-
ment with IL-22fc could stimulate liver regeneration and
alleviate symptoms [7]. Evidently, multiple abnormal liver
regeneration signals are present in vivo during the course
of ACLF that inhibit the self-replication of healthy hepato-
cytes, resulting in insufficient liver regeneration capacity.
Therefore, further study of abnormal mechanism of liver
regeneration in ACLF is necessary for disease management.

Extracellular vesicles (EVs), critical signaling media-
tors in vivo, are composed of phospholipid bilayers with
a diameter of 30—150 nm [8]. Almost all cells have the
ability to secrete EVs. The regulatory function of EVs
has been confirmed by many studies. However, current
studies mainly focus on EVs secreted by different types
of cells cultured in vitro. For example, Zhou et al. found
that ICC cell-derived EVs induce immunosuppressive
macrophages to promote tumor progression [9]. In addi-
tion, EVs are closely associated with liver regeneration
and those secreted by cultured primary hepatocytes have
the ability to promote cell proliferation [10]. Also, EVs
from mesenchymal stem cells [11], HepG2 cells [12], and
other cell lines contributed to liver regeneration. However,
due to differences in the cell growth microenvironment,
EVs secreted by cultured cells in vitro do not fully reflect
the disease condition. Therefore, the nascent concept of
EVs extracted from the tissue has recently attracted sig-
nificant attention from researchers. These EVs are secreted
in response to changes in the body’s microenvironment
and transported to neighboring cells within the organ or
to other distal organs via blood circulation. A recent study
reported that EVs extracted from adipose tissue could be
transported to the brain and promote cognitive impairment
in mice with insulin resistance [13]. This finding suggested
that EVs are crucial for signaling transmission between
different tissues in vivo. EVs in vivo transmit negative
regulatory signals leading to exacerbation of disease. In
addition, it was found that liver-derived EVs from healthy
mice and CCl,-induced liver-injured mice promote liver
regeneration, suggesting a role of EVs in regulating liver
regeneration [14]. In conclusion, in vivo EVs are inter-
cellular signaling materials with critical functions in the
maintenance of a healthy microenvironment and in the
development of disease. Therefore, we speculated a link
between liver-derived EVs and impaired liver regeneration
in HBV-ACLF patients.

The content of EVs mainly includes mRNAs, miRNAs,
and small molecule proteins, which are involved in intercel-
lular signaling through various pathways, such as cellular
autocrine and paracrine secretion [15]. miRNAs are crucial
components with regulatory functions within EVs. Several
studies have reported that miRNAs are closely related to
liver regeneration [16]. Ng et al. demonstrated that miR-21
promotes liver regeneration by improving the expression of
cyclinD1 [17]. Chang et al. showed that the loss of hepatic
miR-194 promotes liver regeneration in acetaminophen-
induced acute liver injury mice [18]. However, miRNA-
related studies within the field of HBV-ACLF research
were currently focused on identifying HBV-ACLF-specific
biomarkers within plasma [19, 20]. Currently, only a few
studies have focused on how miRNAs regulate liver regen-
eration in HBV-ACLF.
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In this study, we found that liver-derived EVs and their
cargo miRNAs from HBV-ACLF patients could inhibit liver
regeneration. Next, we showed that therapeutic treatments
targeting liver-derived EVs or their cargo miRNAs could
significantly promote liver regeneration in ACLF mice.

Materials and methods
Human study cohort

Liver tissue of HBV-ACLF patients was obtained from
postoperative discarded liver tissue after transplantation.
The diagnosis of HBV-ACLF was established based on the
guidelines of the Chinese Group on the Study of Severe
Hepatitis B-ACLF. Healthy liver tissue was obtained from
discarded donor liver tissue after living liver transplantation.
All these tissues were provided by the Department of Liver
Surgery, Renji Hospital, School of Medicine, Shanghai Jiao
Tong University, Shanghai, China. This study was approved
by the Ethics Committee of Renji Hospital, Shanghai Jiao
Tong University School of Medicine (KY2022-024-B).

Animals and murine models

6—8-week-old male C57Bl/6 mice were purchased from
Shanghai JieSiJie Animal Laboratory. All institutional and
national guidelines for the care and use of laboratory animals
were followed. Acute liver injury model was constructed by
intraperitoneal injection of 50% CCl, (2 pL/g) into mice.
The ACLF model was constructed according to the fol-
lowing steps. First, a mouse model of chronic liver fibrosis
was established by intraperitoneal injection of 10% CCl,
(2 pL/g) into mice twice a week for 8 weeks. Next, 20%
of CCl, (2 pL/g) was injected intraperitoneally to induce
acute injury. After 24 h, Klebsiella pneumoniae (K.p.) strain
43816 (ATCC, Manassas, VA, USA) was injected intraperi-
toneally to induce the ACLF model.

Isolation of EVs from the liver tissues

Liver-derived EVs were isolated as described previously
[21]. Briefly, liver tissues were collected after liver trans-
plantation immediately, sliced small pieces, and infiltrated
with serum-free Dulbecco’s modified Eagle medium. A
multi-tissue dissociation kit (Miltenyi, EA, GER) was added
according to the instruction and gently stirred at 37 °C for
30 min. This kit dissociated the liver tissue into a single-
cell suspension without damaging the intrahepatic cells, thus
avoiding the release of substances from the ruptured cells
that might affect the purity of the EVs. Then, we used a filter
with a pore size of 70 pm for the filtration step to remove the
largest elements. The cells were removed by centrifugation
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of the remaining liquid at 800 g, 4 °C for 10 min, followed
by centrifugation at 3000g for 20 min to remove cell debris
and two times at 12,000g for 1 h each to remove the subcel-
lular structures. The resulting supernatant was clarified by
ultracentrifugation at 120,000g for 2 h. The precipitating
EVs were resuspended in phosphate-buffered saline (PBS)
for subsequent experiments.

Transmission electron microscopy (TEM)

Liver-derived EVs solubilized in PBS were fixed on copper
grids (Electron Microscopy Sciences, Fort Washington, PA,
USA) and rested for 30 min before negative staining with 2%
uranyl acetate (Ted Pella, Redding, CA, USA). Data were
acquired using JEM 1011 microscope (JEOL, Tokyo, Japan).

Nanoparticle tracking analysis (NTA)

Particle concentration and diameter of liver-derived EVs
were determined using a Nanosight NS300 (Malvern &
Nanosight NS300, UK).

Western blotting

The proteins of liver tissues and cells were extracted using
RIPA Lysis Buffer (Beyotime, Shanghai, China), and the
concentration was detected using BCA Protein Assay Kit
(Beyotime, Shanghai, China). An equivalent of 10 pg of
protein was loaded onto 10% SDS-PAGE and transferred to
the nitrocellulose membrane (Beyotime, Shanghai, China).
The membranes were blocked using skimmed milk and incu-
bated with primary and secondary antibodies sequentially.
Finally, we detected the proteins using Omni-ECL™ Femto
Light Chemiluminescence Kit (Epizyme Biotech, Shanghai,
China). Anti-CD9, anti-CD81, anti-TSG101, anti-ERK1/2,
p-anti-ERK1-2, anti-CyclinD1, anti-Tubulin, and horserad-
ish peroxidase (HRP) goat anti-rabbit IgG antibodies were
purchased from Abclonal (Wuhan, China).

Quantitative polymerase chain reaction (qPCR)

Total RNA was extracted from cells and tissues using Fast-
Pure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme, Nan-
jing, China). The quality and quantity of total RNA were
detected by NanoDrop (Thermo, Wilmington, DE, USA).
cDNA was synthesized using HiScript II QRT SuperMix
for qPCR (Vazyme, Nanjing, China). qRT-PCR was per-
formed using ChamQ SYBR Color qPCR Master Mix
(Vazyme, Nanjing, China). The thermal cycling parameters
were as follows: initial denaturation at 95 °C (10 min), fol-
lowed by 40 cycles at 95 °C (15 s) and 60 °C (60 s), and the
C, values of the melting curves. C, values were obtained.
Subsequent data analysis was performed to determine the
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differences between groups at the transcriptome level. The
primer sequences involved in this experiment are listed in
Supplementary Table S1.

Cell counting kit (CCK)-8 assay

Cells were seeded in 96-well plates at a density of 3000
cells/well. After treatment with EVs or miRNA, the medium
was replaced with a fresh medium containing 10% CCK-8
reagent (Beyotime, Shanghai, China). After incubation, the
absorbance was measured at OD450 nm on a microplate
reader.

EdU cell proliferation assay

Cells were seeded in 48-well plates at a density of 5000
cells/well. After treatment with EVs or miRNA, Beyo-
Click™ EdU Cell Proliferation Kit reagent with Alexa
Fluor 488 (Beyotime, Shanghai, China) was added to the
medium. The intensity of green fluorescence was observed
under a fluorescent microscope to analyze the state of cell
proliferation.

Tracing of EVs

An equivalent volume of PKH26 Green Fluorescent Cell
Linker Mini Kit (Fluorescence Biotechnology, Beijing,
China) reagent was added to the EVs dissolved in PBS and
incubated at room temperature for 5 min. An equivalent vol-
ume of 1% bovine serum albumin (BSA, Beyotime, Shang-
hai, China) was added to terminate the staining, followed
by centrifugation at 120,000g 4 °C for 1 h. The precipitate
of PKH67-1abeled cells (Fluorescence Biotechnology, Bei-
jing, China) was treated with the stained EVs for 24 h. The
absorption of EVs was observed under a confocal laser scan-
ning microscope (Leica, GER).

Measurement of serum enzyme activity

The enzymatic activities of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), the level of lactate dehy-
drogenase (LDH), total bilirubin (TBIL) and blood urea
nitrogen (BUN) were measured by ELISA kits (Nanjing
Jiancheng Institute of Biological Engineering, Nanjing,
China) according to the manufacturer’s instructions.

Histological analysis and immunohistochemistry

Liver tissue was fixed in 10% formalin, embedded in par-
affin, and cut into 4-pm-thick sections. The sections were
stained with hematoxylin and eosin (HE) and scored for his-
topathological changes. Immunohistochemical analysis was
performed as described previously [22]. Briefly, the liver

sections were incubated with anti-PCNA or anti-Ki67 pri-
mary antibodies before incubation with the corresponding
secondary antibodies. The stained sections were visualized
using DAB Horseradish Peroxidase Color Development Kit
(Beyotime, Shanghai, China) at room temperature, and the
images were observed under an inverted microscope. The
quantitative results were evaluated using Image] (Media
Cybernetics, Silver Springs, MD, USA). All antibodies used
in this experiment were purchased from Abclonal (Wuhan,
China).

Dual-luciferase reporter assay

Wild-type (WT) or mutant (MUT) 3’-UTR of FGFR2 as
cloned and constructed into the pGL3-Luc luciferase vector
(Promega, USA). 293T cells were transfected with a lucif-
erase vector along with miR-218-5p mimic or miR-vehicle.
At 48 h post-transfection, the relative luciferase activity was
analyzed using a dual-luciferase reporter assay kit (Promega,
USA).

Isolation of primary mouse hepatocytes
and non-parenchymal cells (NPCs)

Prepare in advance 40 ml of EGTA solution (solution A) and
45 ml of GBSS supplemented with 37.5 mg of collagenase
1 (solution B). Add 3 ml solution B to 24 ml GBSS and
label as solution C. Store liquid A, liquid B and liquid C at
a constant temperature of 37 °C. Mice were anesthetized
and the abdominal cavity was opened to locate the portal
vein. The infusion tube was inserted into the portal vein and
secured. Aspirate 30 ml of solution A, cut open the inferior
vena cava, and instill fluid A along the portal vein within
3 min. The liver tissue was removed and put into solution
C, cut up and shaken at 100 rpm for 5 min. 70 pm filter was
used and centrifuged at 4 °C 500 rpm for 3 min to filter tis-
sue. The supernatant was discarded, GBSS was added and
centrifuged at 4 °C 500 rpm for 5 min. The precipitate was
collected and the isolated hepatocytes were obtained. The
supernatant was centrifuged at 4 °C 4000 rpm for 5 min.
Collect the precipitate, which is the NPCs.

Statistical analysis

Statistical analysis was performed using GraphPad
Prism software (version 8). All values are expressed as
mean =+ standard deviation (SD) (n >3 experiments). Sta-
tistical significance was determined using Student’s ¢ test
and one-way analysis of variance (ANOVA). n.s., no signifi-
cance, *p <0.05, **p <0.01, ***p <0.001.
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Results with impaired liver regeneration of HBV-ACLF, we col-
lected discarded liver tissues from HBV-ACLF patients
after liver transplantation. Healthy livers were collected
as controls. Liver-derived EVs of HBV-ACLF and healthy
controls (ACLF_EVs and HC_EVs) were extracted from

the liver tissue as described previously. Then, we analyzed

Liver-derived EVs from HBV-ACLF patients inhibited
liver regeneration

To determine whether liver-derived EVs were associated

@ Springer
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«Fig. 1 Liver-derived EVs from HBV-ACLF patient inhibited liver
regeneration in ALI mice. a Schematic diagram of the procedure.
C57BL/6 mice were treated with EVs or PBS solution via tail vein
injection for 6 h, followed by intraperitoneal injection of 50% CCl,
or olive oil to induce ALI: groups: 1, PBS and olive oil; 2, PBS
and CCly; 3, HC_EVs and CCly; 4, ACLF_EVs and CCl,. b Liver
function tests of ALT, AST, and LDH showed slowed liver self-
repair after ACLF_EVs treatment (n=5). ¢ H&E staining showed
increased area of liver necrosis after ACLF_EVs treatment (n=>5).
Scale bars, 200 pm. d Immunohistochemistry staining of PCNA and
Ki67 showed impaired liver regeneration after ACLF_EVs treatment
(n=5). Scale bars, 100 pm. Quantitative presentation of necrotic
area, PCNA™* or ki67* hepatocytes were shown. One-way ANOVA
was used for statistical evaluation (n.s., no significance; *p <0.05;
**p<0.01; ***p<0.001). Data were presented as the mean+SD.
CCl, carbon tetrachloride, ALT alanine aminotransferase, AST aspar-
tate aminotransferase, LDH lactate dehydrogenase, ACLF acute-on-
chronic liver failure, HC healthy control, EVs extracellular vesicles,
ACLF_EVs liver-derived extracellular vesicles from ACLF, HC_EVs
liver-derived extracellular vesicles from healthy control, H&E stain-
ing hematoxylin—eosin staining, PCNA proliferating cell nuclear anti-
gen

the physicochemical features of the ACLF_EVs and HC_
EVs. Under Transmission Electron Microscope (TEM),
both ACLF_EVs and HC_EVs showed clear cup sharp
(Fig. S1a), and nanoparticle tracking analysis (NTA) showed
that their diameter was about 130 nm (Fig. S1b). Western
blot showed that both ACLF_EVs and HC_EVs were posi-
tive for classical EVs markers, such as CD9, CD81, and
TSG101 (Fig. S1c). This indicated that there were no differ-
ences between ACLF_EVs and HC_EVs in terms of mark-
ers, morphology, and diameter.

Lee et al. [14] used a classical 50% CCl,-induced acute
liver injury (ALI) mouse model for liver regeneration studies
to demonstrate that liver-derived EVs could promote liver
regeneration. Therefore, to explore whether ACLF_EVs
had functions that affected liver regeneration, we injected
ACLF_EVs (ACLF_EVs group) and HC_EVs (HC_EVs
group) into ALI mice through the tail vein to observe the
pathological changes of the liver (Fig. 1a). About 100 pg
EVs were injected 6 h before intraperitoneal injection of
CCl,, while PBS (PBS group) was used as the blank con-
trol. The mice were sacrificed after 48 h. The markers of
liver injury were detected in the plasma. Compared to the
PBS group, ALT, AST, and LDH were upregulated in the
ACLF_EVs group (p <0.05) but were significantly down-
regulated in the HC_EVs group (Fig. 1b, p <0.001). In
addition, HE staining of liver tissue showed similar results
(Fig. 1c). The intraperitoneal injection of CCl, could induce
severe liver necrosis, while in the ACLF_EVs group, the
area of liver necrosis was further enlarged. On the con-
trary, HC_EVs exerted a protective effect on liver injury,
reducing the area of liver necrosis. This finding proved that
ACLF_EVs could aggravate the degree of liver injury in ALI
mice. During ALI, hepatocytes rapidly enter the cell cycle
and proliferate to repair liver injury. Therefore, PCNA and

ki67 staining were used to detect the proliferation of hepato-
cytes. As shown in Fig. 1d, the number of PCNA-positive
hepatocytes was significantly decreased in the ACLF_EVs
group but increased in the PBS and HC_EVs group. Ki67
staining showed similar results. In conclusion, the current
results showed that ACLF_EVs were negatively correlated
with liver injury repair by inhibiting liver regeneration.

Liver-derived EVs from HBV-ACLF patients
suppressed the proliferation of hepatocytes in vitro

As the main parenchymal cells of liver tissue, hepatocytes
play a critical role in the process of liver regeneration. There-
fore, we attempted to determine the effect of ACLF_EVs on
hepatocytes in vitro using AMLI12 cells, a normal mouse
hepatocyte line. Some studies have shown that EVs primar-
ily rely on fusion with membranes of target cells to deliver
substances to effectuate regulatory functions. Therefore, we
investigated whether ACLF_EVs can bind to AML12 cells.
Hence, PKH26 dye (a fluorescent red linker compound) was
used to label ACLF_EVs and HC_EVs, and PKH67 dye (a
fluorescent green linker compound) was used to label the
membranes of AML12 cells in vitro. Both ACLF_EVs and
HC_EVs were co-cultured with AML12 cells at a concen-
tration of 25 pg/mL for 24 h. Laser confocal microscopy
showed that the cell membrane of AML12 cells excited both
red and green fluorescence signals, indicating that EVs were
successfully absorbed into the cells (Fig. 2a). Then, ACLF_
EVs and HC_EVs were co-cultured with AML12 cells at
different concentration gradients to explore their effects on
the proliferation of AML12 cells. CCK-8 assay showed that
the proliferation of AML12 cells was significantly down-
regulated in an ACLF_EVs concentration-dependent manner
compared to PBS treatment (Fig. 2b). Conversely, the pro-
liferation ability of AML12 cell was significantly improved
within increasing concentrations of HC_EVs (Fig. 2b). In
addition, similar results were observed with EdU staining
assay of AMLI12 cells (Fig. 2c). The ACLF_EVs treatment
resulted in a significant decrease in EdU incorporation and
significant downregulation of the green fluorescence ratio in
AML12 cells, while the opposite result was obtained after
HC_EVs treatment. In summary, in vitro studies revealed
that liver-derived EVs regulated hepatocyte proliferation.
ACLF_EVs could deliver negative proliferative signals to
inhibit hepatocyte proliferation, suggesting their role in the
regeneration inhibition of HBV-ACLF.

miRNA in liver-derived EVs from HBV-ACLF patients
dominated the inhibition of liver regeneration

miRNAs are highly conserved among different species and

are abundant in EVs, playing a pivotal role in the regula-
tion of recipient cells. Based on their important regulatory
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Fig.2 Liver-derived EVs from HBV-ACLF patient inhibited hepato-
cyte proliferation. a HC_EVs and ACLF_EVs were stained with
PKH26 (red) and incubated with AMLI2 cells pre-stained with
PKH67 (green) for 24 h, and EVs uptake was observed under Con-
focal laser scanning microscope. Scale bars, 25 pm. b CCK-8 assay
showed inhibition of hepatocyte proliferation after treatment with
ACLF_EVs. ¢ EdU cell proliferation assay showed impaired prolif-
eration of hepatocytes after treatment with ACLF_EVs. Scale bars,

status, the miRNAs in ACLF_EVs and HC_EVs were
profiled using deep RNA sequencing to identify the can-
didates responsible for liver regeneration. A total of 106
differentially expressed miRNAs (DE-miRNAs) were iden-
tified between ACLF_EVs and HC_EVs. Among them, 58
miRNAs were upregulated and 48 were downregulated in
ACLF_EVs compared to HC_EVs (Fig. 3a). The target
genes of these DE-miRNAs were predicted by miRanda
and RNAhybrid. Gene Ontology (GO) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) enrichment analysis
on these target genes were applied to investigate the func-
tion of these miRNAs. GO enrichment analysis suggested
that the target genes of DE-miRNAs were closely related
to regeneration-related signaling modules, such as cell—cell
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signaling, cell morphogenesis, and regulation of multicel-
lular organismal development (Fig. S2a). KEGG enrichment
analysis revealed that the target genes of DE-miRNAs were
enriched in proliferation-related signaling pathways, such
as MAPK and Rapl1 signaling pathway (Fig. 3a). Therefore,
we suggested that DE-miRNAs were critical in ACLF_EVs
that regulated liver regeneration.

ACLF often occurred acutely in the setting of liver cir-
rhosis (LC). In this stage, persistent chronic injury impaired
the ability of healthy hepatocytes to self-replicate, resulting
in a severe decrease in the liver reserve function, which pre-
vents compensatory liver regeneration in the face of acute
injury. This implied a similar state of inhibition of regenera-
tion in the diseased liver during the LC phase. Therefore,
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we extracted EVs from the liver tissue of LC patients
(LC_EVs) and co-cultured with AML12 cells in vitro. EAU
staining assay revealed that similar to ACLF_EVs, LC_EVs
could also inhibit hepatocyte proliferation (Fig. S3a). The
expression of miRNAs in LC_EVs was profiled using deep
RNA sequencing, wherein 37 DE-miRNAs were identified
between LC_EVs and HC_EVs. Among them, 23 miRNAs
were upregulated and 14 were downregulated in LC_EVs
compared to HC_EVs (Fig. 3b). GO enrichment analysis
revealed that the target genes of DE-miRNAs were closely
related to the regulation of cell differentiation, multicellular
organismal development, cell development, and other mod-
ules (Fig. S2b). KEGG enrichment analysis suggested that
the target genes of DE-miRNAs were mainly enriched in
MAPK, WNT and HIPPO signaling pathway, which were
closely associated with regeneration (Fig. 3b). Since miR-
NAs degraded mRNAs and thus, inhibited protein transla-
tion and synthesis mainly through partial complementary
binding to the 3’ non-coding regions [3’ untranslated regions
(UTRs)] of target mRNAs, we focused on DE-miRNAs
upregulated in ACLF_EVs and LC_EVs. Next, we searched
for DE-miRNAs that were upregulated in both ACLF_EVs
and LC_EVs. Finally, 15 miRNAs were screened (Fig. 3¢);
among these, 3 miRNAs (miR-146b-3p, miR218-5p and
miR-200c-3p) were significantly upregulated (p <0.05 and
Log,FC>2). The expression of these three miRNAs in
ACLF_EVs and HC_EVs was demonstrated by gPCR. Com-
pared to HC_EVs, all these three miRNAs increased signifi-
cantly in ACLF_EVs (p <0.001) (Fig. 3d). In addition, we
compared the sequences of these miRNAs between humans
and mice (Fig. 3e) and found that the sequence of has-miR-
146b-3p and mmu-miR-146b-3p did not match exactly,
suggesting that miR-146b-3p was not conserved between
different species, while miR-218-5p and miR-200c-3p were
highly conserved across species. Thus, we suggested that
miR-218-5p, the most significant DE-miRNA, might be the
major factor in ACLF_EVs that inhibited liver regeneration.

miR-218-5p exerted an inhibitory effect in liver
regeneration mediated by liver-derived EVs
from HBV-ACLF patients

To investigate whether miR-218-5p could regulate hepat-
ocyte proliferation, we transfected AML12 cells in vitro
with miR-218-5p-mimic to observe its function on liver
regeneration. The CCK-8 assay revealed that the prolifera-
tion of AML12 cells transfected with miR-218-5p-mimic
(miR_mimic group) was significantly inhibited compared to
cells transfected with miR-218-5p-vehicle (miR_veh group)
(Fig. 4a). Similarly, EAU staining assay revealed a significant
reduction in green fluorescence in the miR_mimic group
(Fig. 4b). These results confirmed that miR-218-5p could
inhibit the proliferation of hepatocytes. In order to further

@ Springer

determine the function of miR-218-5p, we injected miR-
218-5p-agomir (miR_ago, a powerful miRNA mimic) into
ALI mice by tail vein injection to investigate its effect on
liver regeneration. Moreover, immunohistochemical stain-
ing of mouse liver for PCNA and Ki67 revealed that miR-
218-5p inhibited liver regeneration in mice (Fig. 4c). Next,
we aimed to investigate whether miR-218-5p was crucial
for ACLF_EVs inhibition of hepatocyte proliferation. Thus,
ACLF_EVs were co-cultured with AML12 cells, while
using miR-218-5p-inhibitor (miR_inh, an inhibitory nucleic
acid fragment of miR-218-5p) to transfect AML12 cells, in
order to observe whether competitive inhibition of miR-
218-5p, which is highly expressed within ACLF_EVs, could
antagonize the inhibitory effect of ACLF_EVs on hepatocyte
proliferation. CCK-8 assay revealed that ACLF_EVs sig-
nificantly inhibited the proliferation of AML12 cells, while
miR-218-5p-inhibitor transfection reversed this phenome-
non, which could not be restored after miR-veh transfection
(Fig. 4d). Similar results were observed for EdU staining
assay (Fig. 4e). In addition, we also injected ACLF_EVs and
miR-218-5p-antagomir (miR_ant, a powerful miRNA inhibi-
tor) together into ALI mice. Immunohistochemical staining
for PCNA and Ki67 suggested that competitive inhibition
of miR-218-5p, highly expressed within ACLF_EVs, effec-
tively reversed the inhibitory effect of ACLF_EVs on liver
regeneration (Fig. 4f). Therefore, we suggested that miR-
218-5p is a key factor in ACLF_EVs that exerts regenerative
inhibitory ability.

miR-218-5p inactivated the ERK1/2 signaling
pathway by targeting FGFR2

Next, we attempted to identify how miR-218-5p regulated
hepatocyte proliferation. Typically, miRNA regulates cell
function by repressing the target mRNA. Therefore, it was
crucial to identify the target mRNA of miR-218-5p that
inhibited hepatocyte proliferation. We used TargetScan tool
to predict the target genes of hsa-miR-218-5p, and a total of
1102 potential target genes were detected. In addition, we
performed single-cell RNA sequencing of liver tissues from
HBV-ACLF patients and healthy humans to observe the
actual changes in the expression of mRNA. The subpopula-
tion of hepatocytes was sorted from the data of single-cell
RNA sequencing of liver tissues, and the differential changes
in mRNAs were compared between HBV-ACLF and healthy
humans. Subsequently, 469 differentially expressed mRNAs
(DE-mRNAs, p<0.05 and Log,FC > 0.5/Log,FC < — 0.5)
were screened, of which 198 DE-mRNAs were down-
regulated and 271 were upregulated. Since the function of
miRNAs was to repress target mRNAs, we focused on the
downregulated part of DE-mRNAs. In order to predict the
function of miRNAs accurately, the species with conserved
miRNAs must be considered while screening target mRNAs.
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Therefore, we assessed the target mRNAs of mmu-miR-
218-5p, and a total of 963 potential target mRNAs were pre-
dicted. Next, a cross-screening of the three mRNA datasets
was performed. A total of three DE-mRNAs were screened,
which were significantly downregulated in the hepatocytes
of ACLF patients and were potential target mRNAs for hsa/
mmu-miR-218-5p (Fig. 5a). Among them, FGFR2 showed
the most significant differential change and was closely asso-
ciated with hepatocyte proliferation and liver regeneration
(Fig. 5b) [23]. Therefore, we suggested that FGFR2 might
be a potential target mRNA of miR-218-5p. Then, RNAhy-
brid software was utilized to predict the potential correlation
between miR-218-5p and FGFR2. miR-218-5p was found
to have a complementary pairing sequence at the 3'UTR of
FGFR2 (Fig. 5¢), and luciferase reporter assay confirmed the
interaction between miR-218-5p and the 3'UTR of FGFR2
(Fig. 5d). The immunofluorescence assay was employed to
observe the expression level of FGFR2 in the liver tissues
of ACLF patients (Fig. 5¢). Compared to NC, the expres-
sion level of FGFR2 in the hepatocytes was significantly
downregulated in HBV-ACLF patients. In addition, we ana-
lyzed the level of FGFR2 in AML12 cells after transfecting
with miR_mimic and found that FGFR2 level was signifi-
cantly downregulated (Fig. 5f). Moreover, the downregu-
lation of FGFR2 was reversed by transfection of miR_inh
into AML12 cells co-cultured with ACLF_EVs (Fig. 5g).
KEGG database suggested that ERK1/2 signaling pathway
was the main downstream signaling pathway of FGFR2
and closely related to liver regeneration [24]. Also, KEGG
enrichment analysis of miRNAs in ACLF_EVs suggested
the importance of the MAPK signaling pathway. Therefore,
we subsequently detected the changes in the ERK1/2 path-
way. The results suggested that ERK1/2 activation was sig-
nificantly downregulated in AML12 cells transfected with
miR_mimic, and the expression of its downstream cyclinD1
was repressed (Fig. 5f). Furthermore, the activation of
ERK1/2 and cyclinD1 levels was significantly decreased
in AML12 cells after ACLF_EVs treatment, which was
improved by transfection with miR_inh (Fig. 5g). Thus, our
results suggested that miR-218-5p, highly expressed within
ACLF_EVs, functioned as an inhibitor of liver regeneration
by downregulating the expression of FGFR2 in the hepato-
cytes to suppress the activation of the ERK1/2 pathway.

Inhibition of miR-218-5p effectively enhanced liver
regeneration

The current results revealed the importance of miR-
218-5p; hence, we sought to investigate whether ACLF
mice had similar alterations as ACLF patients. Next,
we constructed an ACLF mouse model according to the
method reported previously and examined the expression
levels of miR-218-5p in the EVs of liver tissue from ACLF
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mice. The results showed that the expression of miR-
218-5p was significantly increased (Fig. 6a, p <0.001).
Immunofluorescence assay of liver tissues also demon-
strated a significant downregulation of FGFR2 level in the
hepatocytes of ACLF mice (Fig. 6b).

Based on the inhibitory function of miR-218-5p on
liver regeneration, we determined whether the inhibition
of miR-218-5p in vivo could exert a therapeutic effect.
miR-218-5p-antagomir, a specifically chemically modified
miR-218-5p antagonist, inhibited the function of miR-
218-5p by strongly competing with mature miR-218-5p
in vivo to prevent complementary binding of miRNA
with its target gene mRNA. It was administered through
the tail vein, from where it is transported to the whole
body through blood circulation. However, miRNAs were
susceptible to degradation during transportation and could
not target specific tissues and cells, markedly affecting their
therapeutic effects. Yang et al. found that lipid nanoparticle
(LNP) targets hepatocytes in fibrosis mice through
interaction with apolipoprotein E and was subsequently
internalized into hepatocytes through endocytosis [25].
Gokita et al. demonstrated the ability of LNP to deliver
miRNA [26]. Therefore, to enhance its stability in vivo
and its targeting ability to hepatocytes, we used LNP as a
delivery system for miR-218-5p-antagomir. Subsequently,
LNP-miR-218-5p-antagomir (LNP_ant group), LNP-miR-
vehicle (LNP_veh group), miR-218-5p-antagomir (miR_
ant group), miR-vehicle (miR_veh group), and PBS (PBS
group) were administered to treat ACLF mice (Fig. 6¢).
Mice were sacrificed 48 h after acute CCl, injection. Firstly,
we measured AST, ALT, TBIL and BUN in ACLF mice. The
results showed that ALT, AST, and TBIL levels of Group
miR_ant were reduced to some extent, and LNP delivery
helped to enhance the therapeutic effect of miR_ant. No
significant change in BUN was observed (Fig. S4a). To
investigate liver regeneration in ACLF mice, we performed
PCNA and Ki67 staining on mouse liver tissues (Fig. 6d).
The results revealed that PNCA and Ki67 levels in the liver
tissues of the miR_ant and LNP_ant group were significantly
improved, suggesting that the inhibition of miR-218-5p
enhanced the regeneration ability of the liver. Then, to verify
the potential mechanism of restoration of liver regenerative
capacity in ACLF mice, we conducted immunofluorescence
staining on mouse liver tissues and found that in the miR _
ant and LNP_ant group, FGFR2 levels in the liver tissues
were significantly increased and co-localized mainly
with hepatocytes (Fig. 7a). In addition, we examined the
activation of ERK1/2 pathway in the liver tissues. The results
showed that the p-ERK1/2 level and the downstream protein
cyclinD1 were significantly upregulated in the miR_ant and
LNP_ant group, suggesting that miR-218-5p inhibition in
mice improves liver regeneration by increasing the activation
of ERK1/2 signaling pathway (Fig. 7b).
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Fig.6 Inhibition of miR-218-5p in the liver of ACLF mice could
improve liver regeneration. a Identification of decreased expression lev-
els of FGFR2 in ACLF mice by qPCR (n=5). b Immunofluorescence
staining showed decreased expression of FGFR2 in hepatocytes of
ACLF mice. Scale bars, 100 pm. Quantitative presentation of FGFR2*
hepatocytes were shown (n=5). ¢ Schematic diagram of the procedure.
C57BL/6 mice treated with 10% CCl, for 8 weeks (twice weekly) were
injected intraperitoneally with double dose of 10% CCl, and then 24 h
later with k.p. to induce ACLF. During the 8-week CCl, injection phase,
mice were treated with PBS or miRNA-antagomir through tail vein start-
ing at the sixth week (twice weekly): groups: 1, NC; 2, PBS and ACLF;
3, miR_veh and ACLF; 4, LNP_veh and ACLF; 5, miR_ant and ACLF;

Discussion

HBV-ACLF was induced by an acute hit on the liver based
on long-term chronic liver disease. It was characterized by
rapid progression, high mortality, and poor prognosis [1].
Several clinical studies suggested that impaired liver regen-
eration is a major factor contributing to the poor prognosis
of HBV-ACLF. Healthy liver had a sufficient regenerative
potential to repair itself through self-replication of hepato-
cytes after a certain degree of the strike. However, the liver
suffering from chronic damage over a prolonged period has
a severe loss of reserve function. As a result, when faced
with an acute strike, its inability to perform rapid and effec-
tive liver regeneration leads to poor prognosis [3], indicating
that restoring the reserve function of the liver and promoting
liver regeneration is crucial for the treatment of HBV-ACLF.
Xiang et al. constructed a mouse model that could effec-
tively mimic the disease characteristics of clinical ACLF
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6, LNP_ant and ACLF. d Immunohistochemistry staining of PCNA and
Ki67 showed that impaired liver regeneration could partially restored
when treated with miR-218-5p-antagomir and the effect enhanced
when delivering by LNP (n=5). Scale bars, 100 pm. Quantitative pres-
entation of PCNA™ and ki67% hepatocytes were shown (n=>5). One-
way ANOVA was used for statistical evaluation (n.s., no significance;
*##%p <0.001). Data were presented as the mean+SD. ACLF acute-on-
chronic liver failure, FGFR2 Fibroblast Growth Factor Receptor 2, ALB
albumin, DAPI 4',6-diamidino-2-phenylindole, LNP lipid nanopatrticle,
miR_veh miR-vehicle, miR_ant miR-antagomir, LNP_veh LNP-vehicle,
LNP_ant LNP-antagomir, PCNA proliferating cell nuclear antigen

patients by CCl4 and Klebsiella pneumoniae injections [7].
The model suggested that long-term chronic liver injury
and bacterial infection caused impaired liver regeneration
in ACLF mice. The administration of IL-22Fc improved
liver regeneration and prolonged the survival of ACLF mice.
In addition, Engelmann et al. found that the combination
of G-CSF and TLR4 inhibitors was effective in reducing
inflammation and stimulating liver regeneration in ACLF
mice [27]. In conclusion, finding appropriate treatments to
promote liver regeneration in patients with HBV-ACLF had
significant clinical translational value.

In this study, we focused on liver-derived EVs (criti-
cal cellular communication substances) and sought their
potential association with impaired liver regeneration in
HBV-ACLF patients. Also, liver-derived EVs were focused
upon rather than EVs secreted by cell lines or primary cells.
Previous studies have reported the ability of EVs secreted
by primary hepatocytes or hepatocyte lines, such as HepG2
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Fig.7 Inhibition of miR-218-5p in the liver of ACLF mice could
restore the expression of FGFR2. a Immunofluorescence staining
showed that decreased expression of FGFR2 could partially restored
when treated with miR-218-5p-antagomir and the effect enhanced
when delivering by LNP (n=35). Scale bars, 100 pm. Quantitative
presentation of FGFR2* hepatocytes were shown (n=5). b Western
blotting showed that decreased expression of p-ERK1/2 and cyclinD1
in ACLF mice could reverse when treated with miR-218-5p-antag-

cells, cultured in vitro to regulate hepatocyte proliferation.
However, EVs secreted by these cells did not reflect the true
microenvironmental conditions of liver tissue, especially
diseased liver tissue. Even EVs from primary hepatocytes
could not adequately describe the true state of the liver
microenvironment. Slight changes in the in vitro culture con-
ditions might result in the corresponding changes in the EVs
contents and their functions. Therefore, liver-derived EVs
became an excellent tool for studying the pathophysiological
changes in liver tissue. Surprisingly, liver-derived EVs from
healthy and ALI mice could promote hepatocyte prolifera-
tion, which confirmed their ability to reflect the changes in
the liver microenvironment promptly and accurately. There-
fore, we extracted ACLF_EVs from the discarded diseased
liver tissue of HBV-ACLF patients and injected them into
ALI mice and found that ACLF_EVs inhibit liver regenera-
tion, thereby delaying the repair of liver self-injury. This
phenomenon was consistent with the impaired liver regen-
eration of ACLF, which usually occurred acutely based on
liver cirrhosis. Long-term chronic liver injury was a major
important cause of its impaired liver regeneration. There-
fore, we extracted LC_EVs from discarded diseased liver
tissue of HBV-LC patients, which revealed that similar to
ACLF_EVs, LC_EVs also had the capacity to suppress
liver regeneration. These outcomes demonstrated that liver-
derived EVs had the power to reflect disease characteristics
accurately and were significant disease markers, as well as
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potential directions for the development of new therapeutic
approaches in the future.miRNAs are critical modulators of
organisms involved in various pathophysiological processes.
The abundance of miRNAs within EVs mediated their
functions. The current study found that upregulated miR-
218-5p within ACLF_EVs was a major factor in inhibiting
liver regeneration. Previous studies suggested an essential
association of miR-218-5p with tumor development [28].
Yu et al. found that miR-218-5p regulates the progression
of hepatocellular carcinoma by reducing cancer prolifera-
tion, migration, and invasion and increasing the apoptosis of
cancer cells [29]. However, the association of miR-218-5p
with impaired liver regeneration in HBV-ACLF patients had
not been reported. Herein, we revealed that miR-218-5p
was highly expressed in ACLF_EVs and functioned as an
inhibitor of hepatocyte proliferation and liver regenera-
tion by suppressing the expression of FGFR2, inactivating
the ERK1/2 pathway, and reducing the level of cyclinD1
in hepatocytes. Also, we analyzed the reason for elevation
of miR-218-5p. First, we analyzed the miRNA sequencing
data of HC_EVs, LC_EVs and ACLF_EVs (Supplemen-
tary Table S2). We found that the expression level of miR-
218-5p within LC_EVs and ACLF_EVs were significantly
improved and statistically significant compared to HC_EVs
(LC_EVs/HC_EVs log,FC=1.96 p<0.01 ACLF_EVs/HC_
EVslog,FC=2.54 p <0.001). However, the expression level
of miR-218-5p within ACLF_EVs was somewhat elevated
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compared to LC_EVs, but not statistically different (ACLF_
EVs/LC_EVs log,FC=0.70 p=0.23). Next, we compared
the expression levels of miR-218-5p in liver-derived EVs
of HC mice, ALI mice, and 8-week chronic inflammatory
stage ACLF mice. The results showed that the expression
of miR-218-5p was mildly increased in ALI mice compared
with HC mice (Fig. S5a), but there was no statistical differ-
ence, while it was significantly increased in ACLF mice at
the chronic inflammation (CI) stage (Fig. S5a). In summary,
we suggested that the increased miR-218-5p expression level
in liver-derived EVs was mainly triggered by chronic inflam-
mation. Thus, we promoted liver regeneration in ACLF mice
by administering miR-218-5p-antagomir during chronic
inflammation to reverse the high expression of miR-218-5p.

Blood-transported miRNAs were prone to degradation
and could not be effectively enriched in specific organs, thus
limiting their application. Therefore, selecting an appropri-
ate delivery vehicle could enhance the therapeutic effect.
LNP directed cell entry by interacting with lipoprotein E and
were subsequently internalized into hepatocytes by endocy-
tosis. Previous studies have shown that even fibrotic livers
have a strong ability to internalize LNP [25]. Moreover, the
ability of LNP to target hepatocytes in the liver could effec-
tively deliver competitive inhibitors of miRNA into target
hepatocytes, amplifying the therapeutic effect [26]. In this
study, LNP as a delivery vehicle for miR-218-5p-antagomir
was more effective in promoting liver regeneration in ACLF
mice. Therefore, utilizing LNP as a vehicle to deliver nucleic
acid molecules was a therapeutic pattern with a strong clini-
cal translational potential.

Nevertheless, the present study had some limitations. The
liver is a complex organ composed of several cell types.
Almost all cells had the ability to secrete EVs. ACLF_EVs
constitute a complex secreted by multiple cells, and the exact
cells from which ACLF_EVs originate could not be identi-
fied. If the main cellular sources of ACLF_EVs and miRNA
could be identified, we might have the opportunity to inter-
vene against such target cells to regulate impaired liver
regeneration. To rationalize this issue, we firstly analyzed
the expression level of miR-218-5p in human liver tissues
from ACLF and HC. The result revealed that the expression
level of miR-218-5p was increased in ACLF liver tissues
(Fig. S6a). Also, similar result was found in mouse liver tis-
sues (Fig. S6a). It is well known that liver tissue is mainly
composed of parenchymal and non-parenchymal cells, with
hepatocytes occupying the vast majority of liver tissue.
During the course of ACLF, hepatocytes are often struck
by chronic inflammation and thus undergo pathological
changes. Therefore, we hypothesized that the high expres-
sion of miR-218-5p in liver-derived EVs might be derived
from damaged hepatocytes. Then, we dissociated mouse
liver tissues into primary hepatocytes and other non-sub-
stantial cells and detected the intracellular expression level
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of miR-218-5p. The results suggested that the expression of
miR-218-5p was significantly higher in primary hepatocytes
of ACLF mice compared with HC (Fig. S6b), while no sig-
nificant difference was seen in the expression of miR-218-5p
in non-substantial cells (Fig. S6b). Therefore, we speculated
that ACLF_EVs and miRNAs might mainly originate from
hepatocytes. In addition, liver regeneration was correlated
with various pathophysiological processes in vivo. In the
present study, we suggested that ACLF_EVs inhibited liver
regeneration by suppressing hepatocyte proliferation. How-
ever, whether ACLF_EVs affected liver regeneration by
modulating immunity or through other pathways needs to be
explored further. Finally, EVs have a complex composition.
To validate the mechanism of impaired liver regeneration
by ACLF_EVs, additional in-depth studies on vesicle com-
ponents analysis, including multi-omics studies to identify
vesicle proteins, mRNA, and IncRNA are imperative.

In conclusion, the current study revealed that ACLF_
EVs had the ability to inhibit liver regeneration, and the
upregulated miR-218-5p within them was an essential fac-
tor. Decreasing the expression of miR-218-5p by targeted
delivery of miR-218-5p-antagomir could improve liver
regeneration in ACLF mice. This suggested that ACLF_
EVs and their intrinsic miRNAs might be significant causes
of impaired liver regeneration in HBV-ACLF. Studies on
ACLF_EVs and their complex components could help to
further investigate the causes of impaired liver regeneration
in HBV-ACLF and the development of novel therapeutic
approaches.
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