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Liver fibrosis is the deposition of extracellular matrix (ECM) in the liver caused by persistent
chronic injury, which can lead to more serious diseases such as cirrhosis or cancer. Blocking
the effect of transforming growth factor g1 (TGF-g1), one of the most important cytokines
in liver fibrosis, may be one of the effective ways to inhibit liver fibrosis. As a kind of natural
nano-scale vesicles, small extracellular vesicles (sEvs) have displayed excellent delivery
vehicle properties. Herein, we prepared hepatic stellate cell (HSC)-derived sEvs loading left-
right determination factor 1 (leftyl) mRNA (sEvLs) and we wanted to verify whether they
can inhibit fibrosis by blocking the TGF-g1 signaling pathway. The results showed that
sEvLs had effective cell uptake and reduced activation of HSCs. Rats that were injected with
CCl, by intraperitoneal injection for 6 weeks exhibited obvious symptoms of liver fibrosis
and were treated with systemically administered sEvLs and free sEvs for 4 weeks. Rats
injected with olive oil alone served as sham controls. Administration of sEvLs significantly
reduced the area of fibrosis compared with free sEvs. We demonstrated that sEvLs inhibited
HSCs activation and ECM production, and promote ECM degradation by downregulating a-
smooth muscle actin (¢-SMA), collagen I, tissue inhibitor of metalloproteinase (TIMP) -1
and upregulating matrix metalloprotease (MMP) -1. In summary, as an endogenous delivery
vehicle, sEvs could deliver mRNA to attenuate hepatic fibrosis by blocking the TGF-8/Smad
signaling pathway.
© 2022 Shenyang Pharmaceutical University. Published 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

transformed from chronic liver diseases such as viral
hepatitis, alcoholic steatohepatitis (ASH), and non-alcoholic
steatohepatitis (NASH) [3,4] and will gradually progress

Liver fibrosis is a pathological feature of wound healing
following persistent liver injury, which shows the liver
exhibits fibrous scarring with excessive deposition of
extracellular matrix (ECM) [1,2]. Liver fibrosis is mostly
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to cirrhosis and liver cancer without prompt treatment..
Therefore, timely prevention of liver fibrosis can improve
the severe situation of chronic liver disease with high
incidence. The ECM is  mainly secreted by myofibroblasts,
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which are activated and differentiated from hepatic stellate
cells (HSCs) [5,6]. Following liver injury, quiescent HSCs
residing in the hepatic sinusoid space of Disse are activated,
transdifferentiate into myofibroblasts and secrete a-smooth
muscle actin (¢-SMA) and other ECM proteins such as collagen
and fibronectin [7-9]. During initial injury, they are involved
in tissue repair, while they over-repair the injury and out of
balance during chronic injury, ultimately resulting in fibrotic
collagen deposition.

Transforming growth factor g (TGF-B) 1is a member of the
TGF-B superfamily and is the most widely studied isoform
in liver fibrosis, which is considered to be one of the major
pro-fibrotic cytokines in the activation of HSCs [10]. TGF-81
is either autocrine from activated HSCs or paracrine from
other cells to further stimulate the activation of HSCs in
the injured liver, depending on canonical and non-canonical
pathways [11]. The inactive TGF-B1 becomes active after
it binds to latency-associated protein (LAP) and is cleaved
by specific proteases [12]. Active TGF-B1 binds to TGF type
II receptors(TGF-BRII) on the cell membrane surface to
promote the tetramerization and phosphorylation of the
tetrameric receptor complex composed of TGF-8 receptors
I (TGF-BRI) and TGF-BRII, followed by phosphorylation of
Smad2/Smad3 triggers a signaling cascade which initiates
a classical Smad-dependent signaling pathway [13-15].
Furthermore, TGF-81 activates non-canonical pathways, such
as mitogen-activated protein kinase (MAPK), mammalian
target of rapamycin (mTOR), PI3K/Akt, JAK1/STAT3, etc., and
also promotes HSCs activation [16]. Downstream proteins of
the TGF-B1 signaling pathway, including «-SMA, collagen,
and tissue inhibitor of matrix metalloproteinase (TIMP), were
significantly increased, while matrix metalloproteinase (MMP)
expression was inhibited, leading to excessive deposition of
ECM and fibrosis [12,17]. Subsequently, studies have found
that left-right determination factor (lefty) 1, as a member of
the TGF superfamily, inhibits Smad2/3 phosphorylation and
collagen synthesis driven by TGF-g1 and it is expected to act
as inhibitors of TGF-g family members [18,19]. Leftyl and
lefty2 had been observed in mice and studied in vertebrate
left-right asymmetry, regulating left-right patterning by
antagonizing nodal activity during embryonic development
earlier [20-22]. When studies shifted the perspective to
the relationship between homeostasis of ECM and TGF-
B1, they found that abnormal overexpression of TGF-g1
leads to tissue fibrosis, while lefty negatively regulates
the transcription and expression of collagen, reducing
ECM deposition [19,23]. Lefty may lead to TGF-B signaling
pathway repression by disrupting Smad2/3 phosphorylation,
heterodimerization, Smad4 phosphorylation or formation
of R-Smad/Smad4 complexes [24]. And the role of leftyl in
antagonizing TGF-g1 has been demonstrated in a variety
of diseases, including fibrotic nephropathy [19], myocardial
infarction-induced cardiac fibrosis [25]. These findings
suggested that leftyl significantly inhibited the activation of
the TGF-p1/Smad pathway, reduced epithelial-mesenchymal
transition (EMT) and ECM synthesis in model mice, and
alleviated the symptoms of fibrosis.

Leftyl may mediate the blockade of TGF-g1 signaling
pathway to inhibit the activation of HSCs. However, HSCs
exist in the gap between hepatic sinusoidal endothelial cells

(HSECs) and hepatocytes, where excessive ECM deposition
hinders the delivery of anti-fibrotic drugs [26]. Finding an
effective delivery vehicle is extremely important for the
treatment of liver fibrosis. Small extracellular vesicles(sEVs)
are nanovesicles secreted by cells, including exosomes,
microvesicles and apoptotic bodies, which are important
mediators of intercellular delivering
proteins, nucleic acids and lipids [27-29]. As a natural
nanoscale extracellular vesicle, sEVs have unique delivery
advantages, such as a natural homing ability to source cells
and intercellular transfer function for biomolecules [30,31].
Similar structure to cell membranes allows them to have
more dominant cellular uptake [32]. Compared with other
non-biological drug delivery vehicles, sEVs have excellent
biocompatibility, limited immunogenicity and low toxicity
[33-35].

There have been many studies on the development of
sEVs as a new type of drug system, but there are few studies
on the treatment of liver fibrosis. Here, we prepared SEVs
containing leftyl mRNA (sEvLs) and drug-free SEVs (sEvs)
from HSC-T6. These sEvLs are used as therapeutic agents
in anti-fibrosis studies in vitro and in vivo. We hypothesized
that such sEvLs that deliver mRNA can be more conducive
to the uptake of activated HSCs and much more accumulate
in HSCs, instead of being blocked by ECM. The results in vitro
and in vivo confirmed our hypothesis. Currently, the treatment
of liver fibrosis lacks systematic treatment methods. Small
extracellular vesicles, as a potential drug delivery platform,
can better break through the ECM and deliver nucleic acid
drugs to activated HSCs for functional delivery. It provides
an alternative therapeutic direction for the treatment of liver
fibrosis and makes a certain contribution to the prevention of
liver cirrhosis and even cancer.

communication

2. Materials and methods
2.1. Materials

DMEM and penicillin-streptomycin-glutamine (100x) were
purchased from Gibco (Waltham, MA, USA). Fetal bovine
serum (FBS) was purchased from Procell Life Science &
Technology Co.,Ltd (Wuhan, China). Exosome-depleted
FBS was purchased from Cellmax Cell Technology Co.,
Ltd. (Beijing, China). Leftyl recombinant plasmid (Gene
ID: 498299), negative plasmid and GAPDH primers, U6
primers, «-SMA primers, leftyl primers were purchased
from Genepharma Technology Co., Ltd (Shanghai, China).
PKH26 was got from Sigma (St. Louis, MO, USA). TransExo™
serum/plasma exosome total RNA extraction kit and
PrimeScript RT master mix were got from TransGen Biotech
Co., Ltd (Beijing, China). Plasmocin™ prophylactic, dextran-
AlexaFluor555, transferrin-AlexaFluor 555, cholera toxin
subunit B-AlexaFluor 555 and DiR were purchased from
Invivogen (San Diego, CA, USA). Hoechst33342 and lysotracker
green were purchased from Beyotime Biotechnology Co.,
Ltd. (Shanghai, China). Anti-CD9(ab92726), CD81(ab109201),
TSG101 (ab125011), a-SMA(ab7817), collagen I(ab270993) and
HRP coupling goat anti-rabbit IgG (ab205718), goat anti-rabbit
IgG H&L (Alexa Fluor 488) (ab150077) were purchased from
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Abcam (Cambridge, UK). Anti-alix (T57215) was purchased
from Abmart Medical Technology Co., Ltd. (Shanghai, China).
Anti-CD63(AF5117), calnexin (AF5362) were purchased from
Affinity Biosciences, Inc. (Cincinnati, OH, USA).

2.2. Cell culture

HSC-T6 cells from Cobioer Biotechnology Co., Ltd. (Nanjing,
China) were cultured in DMEM with 10% FBS, 1% penicillin-
streptomycin and 0.1% plasmocin™ prophylactic at 37°C, 5%
CO, incubator (Sanyo Co., Ltd., Japan).

2.3.  Electroporation

HSC-T6 cells at a density of 1x10° cells/ml were mixed
up with 5pg leftyl or negative plasmids (Genepharma Co.,
Ltd., Suzhou, China), separately. The mixture was loaded in
a 0.4cm electroporation cup (Bio-Rad, USA) and operated in
the electroporation system (Gene Pulser Xcell, Bio-Rad, USA)
at 220V, 10ms, 5 pulses, and 0.1 s intervals.

2.4.  Extraction and characterization of sEvs

sEvLs and sEvs were prepared by differential centrifugation
from a medium in which cells were electroporated with leftyl
plasmid or negative plasmid. Specifically, perform a step-by-
step centrifugation procedure at 4 °C. After culturing HSCs
for 24 h, the cell culture medium was centrifuged at 300 g for
10 min to remove cells, 2000 g for 10 min to remove cell debris
and apoptotic bodies, and 10 000 g for 20 min to remove large
microvesicles. Medium supernatant was then filtered through
a sterile 0.22 pm filter to remove vesicles larger than 220 nm.
Finally, the pellet was collected by ultracentrifugation twice
at 100 000 g for 70 min each. sEvs were assessed by protein
quality measured by the BCA protein detection kit (Thermo
Fisher Scientific, Waltham, MA, USA).

The morphology of sEvLs and sEvs was observed by a
transmission electron microscope (TEM). Diluted sEvLs and
sEvs (10 pl) were dropped on the copper grids (300 mesh)
covered with a carbon support film and kept for 2min to
remove the excess droplets. 2% uranyl acetate dihydrate was
used for staining. sEvLs and sEvs were observed in the JEM-
2100F 200kV (Japan Electronics Corporation, Japan).

The particle size and concentration of sEvLs and SEvs
were detected by gNano Gold (Izon, New Zealand). Follow
the instructions step by step to detect the particle size and
concentration of sEvLs and sEvs suspended in measurement
electrolyte with NP150 nanopore. Calibration sample was
CPC100 (particle size is 100 nm and concentration is 1.4 E + 13
particles/ml).

Malvern ZS90(Malvern Panalytical Ltd, UK) was used to
detect the zeta potential of sEvLs and sEvs.

The enriched proteins in sEvLs and sEvs were compared
with the intracellular proteins to verify the sEvs. Cellular
or sEvs’ protein (10pg) was analyzed by western blot. Anti-
CD9, CD81, TSG101, Alix, calnexin were diluted 1000-fold and
incubated with the protein on the PVDF membrane overnight
at 4 °C. HRP coupling goat anti-rabbit IgG (1: 2000) was used
to bind to the primary antibody for 4h. Finally, proteins
of different molecular weights were visualized by enhanced

chemiluminescence solution combined with HRP, and the
bands were photographed under the cooling CCD camera of
the imaging system.

To analyze mRNA levels, the TransExo™ serum/plasma
exosome total RNA extraction kit was wused to
extract RNA from sEvLs and sEvs. RNA from HSC-
T6 also extracted. The primers for rat leftyl are as

follows: forward, TGGATCCTAGAACCCCCAGG; reverse,
CCCAGAAATGGCCACCTGAT. The rat GAPDH primers
are as follows: forward, ATGTTCCAGTATGACTCTA;
reverse, CACCCCATTTGATGTTAG. U6 primers are as
follows: forward, ATGTTCCAGTATGACTCTA; reverse,

ATGTTCCAGTATGACTCTA. Real-time fluorescent quantitative
PCR was performed to determine the content of leftyl mRNA
in sEvs or cells relative to U6 or GAPDH. RT-qPCR was carried
out in CFX96TM Real-Time System (Bio-Rad, USA) and the
amplification parameters were 94.0°C for 5s, 55.0°C for 15s,
72.0°C for 30s, 40 cycles. Set the melting curve to determine
the amplification efficiency. All RT-qPCR reactions were
repeated three times, and the 2-24Ct method was used to
calculate the mRNA expression relative to GAPDH.

2.5. sEvs staining

Disperse PKH26 or DiR (1 pl, 1 mM) and sEvs or sEvLs (10 pg) in
500 pl Diluent C respectively, then mix dye and sEvs or sEvLs to
incubate for 15 min at room temperature. Extra dye is removed
by centrifugation at 100 000 g for 70 min. Dye-labeled sEvs or
sEvLs were redispersed in PBS and stored at 4°C in the dark
for a short time.

2.6. Cell uptake

HSC-T6 was pre-treated with recombinant TGF-41 (10 nM) for
24h to activate. PKH26 labeled sEvLs (10ug per well) were
incubated with activated HSC-T6 (1 x 10° cell per well) for 1h,
2h, and 4h. After removing the medium, the cells washed
with pre-chilled PBS were collected. Finally, the cells fixed with
4% paraformaldehyde were analyzed for their fluorescence
intensity using Cytoflex(Beckman, USA). Only the activated
cells were used as control. Each experimental group was
repeated 3 times, and finally, the average fluorescence
intensity of the cells was used as the sEvLs uptake for data
statistics.

2.7. Internalization

The cells were seeded on cell slides at a density of 2 x 10°/ml
and cultured for 24 h. The cells were treated with sEvLs labeled
with PKH26 for 0.5h, 1h, 2h. After removing the medium
and washing, lysotracker green (0.2pM) and HSC-T6 were
incubated at 37 °C for 30 min. After washing twice with PBS,
cells were treated with anti-fluorescence quenching solution
containing Hoechst 33,342 nuclear dye. Finally, observe the
co-localization of cells and sEvLs under a laser confocal
microscope (LSM710, Carl Zeiss, Germany).

HSC-T6 inoculated on the slide was treated with
transferrin (0.1 mg/ml), dextran (1mg/ml) and cholera toxin
subunit B (0.005 mg/ml) labeled with Alexa Fluor 555 at 37 °C
for 1h. After the medium was removed, DiR-labeled sEvLs



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 630-640 633

(10pg per well) were added for 2h. Finally, the fixed cells
were treated with an anti-fluorescence quenching solution
containing Hoechst 33,342 nuclear dye. Observe the path of
being taken up of sEvLs and sEvs under a laser confocal
microscope. In order to further prove the mechanism
of endocytosis, three internalization inhibitors acted on
activated HSC-T6 before the uptake of PKH26-labeled sEvLs.
Sucrose (0.4M) was used to inhibit clathrin, cytochalasin
(5pM) was used to inhibit the giant pinocytosis pathway of
sugar transport, and nystatin (50 pM) was used to inhibit lipid
rafts. Flow cytometry was used to detect the HSC-T6 uptake
of sEvLs under different inhibition to illustrate the pathway
of sEvs into the cell.

2.8. Cellular immunofluorescence

The cells activated by TGF-81 (10nM) were treated with sEvLs
and sEvs for 48h, and then the medium was removed. Cells
were fixed with 4% paraformaldehyde then and permeabilized
with 0.3% TritonX-100 (in PBS) for 20 min at room temperature.
The different groups were treated with «-SMA antibody (1:200)
to incubate overnight at 4 °C, and then washed 5 times with
PBS, each for 5min. After incubating the cells with AF488-
labeled secondary antibody (1:500) for 2 h, they were washed 5
times with PBS for 5 min each time. The cells were treated with
anti-fluorescence quenching solutions containing Hoechst
33,342 nuclear dye, and finally, the expression of «-SMA in
the cells was observed under a laser confocal microscope
and quantification with Image J. Inactivated HSC-T6 was a
negative control.

2.9.  Down-regulation of ECM proteins

Activated or not active HSC-T6 cells were treated with sEvLs
and sEvs for 48h, and then they were cleaved to extract the
protein and semi-quantitative by western blot. The changes
of lefty1, collagen I, TIMP-1 and MMP-1 had been detected in
all. The contents were semiquantitative with Image J.

2.10. Liver fibrosis rats

Wistar rats, male, were bred adaptively for 1 week under SPF
feeding conditions to ensure free drinking and eating. All
animal experiments have been approved by the Experimental
Animal Welfare Ethics Committee of Jilin University.
(SY202009015). Rats were intraperitoneally injected twice
a week with a mixture of CCly and olive oil (1:1, V/V, 1 ml/kg)
for 4 to 6 weeks. At the same time, sham operation rats were
injected with olive oil (1ml/kg) as a control. Observe and
record the rat’s vital signs, diet, activity, and coat gloss every
week, and measure the rat’s body weight every three days.
From the 4th week to the 6th week, 3 rats from the model
group and sham group were sacrificed to take out the liver
tissues. After making paraffin sections, the degree of fibrosis
of the rat liver was evaluated by H&E and Masson staining.

2.11. Organization distribution

The successfully modeled hepatic fibrosis rats were randomly
divided into 2 groups, 3 rats in each group, and sEvLs

(300 ng/ml/kg) labeled with PKH26 dye were injected into the
tail veins. The rats were sacrificed 4h later and the heart,
liver, spleen, lung, and kidney were taken out for imaging to
detect the distribution of sEvLs in different tissues. In order
to further compare the distribution of sEvLs in liver tissues,
frozen sections of the liver were labeled with anti-«-SMA
and AF488-labeled secondary antibodies for activated HSCs
and DAPI for nucleiar. The fluorescence distribution of liver
sections was photographed under a confocal microscope.

2.12.  Anti-fibrosis in vivo

After modeling successfully, the rats in the model or sham
operation group with similar body weight and good growth
state were randomly divided into 4 groups with 6 rats in
each group. Rats in the sham-operated group were injected
with saline. The rats in the model group were intravenously
injected with saline, sEvs and sEvLs (150 pg/ml/kg), twice a
week, and the body weight of the rats was recorded (data
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Fig. 1 - Characterization of sEvs and sEvLs. (A, B)
Morphologies of sEvs and sEvLs obtained by 200 kV TEM on
a scale of 200 nm. (C, D) Particle size of sEvs and sEvLs
detected by Qnano gold in electrolysis buffer (E) Western
blot detection of the proteins of HSC-T6 (Ctrl), HSC-T6
transfected with lefty1 (CLs), sEvs and sEvLs: CD81, CD9,
TSG101, Alix and calnexin. (F) RT-qPCR detection of relative
levels of leftyl mRNA in cells and vesicles to characterize
the loading rate of leftyl mRNA in Ctrl, CLs, sEvs and sEvLs.
Data were presented as means and error bars, and t-tests
were used to compare significance between two groups. ns:
P>0.5;***:P<0.001.
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Fig. 2 - Internalization of sEvLs by activated HSC-T6. Mean fluorescence intensity (A) and fluorescence shift curves (B) of
activated HSC-T6 after uptake of sEvLs for 1h, 2h, and 4 h. (C) Image captured by a 63x oil lens with a confocal laser after 2h
incubation of sEvLs and HSC-T6. Blue is nuclei labeled with Hoechst33342, green is acidic endosomes with Lysotracker
Green (0.2 nM), red is PKH26 (1 pM) labeled sEvLs (10 pg/ml). Scale is 10 pm. (D) Colocalization of HSC-T6 and sEvLs after
incubation for 0.5h, 1h, and 2 h, respectively, on a scale of 50 pm. (E) Co-localization of sEvLs labeled with DiR (1 pM) and
HSC-T6 after fluorescent labeling of different endocytic pathways. Labeled with dextran-Alexa Fluor 555 (1 mg/ml),
transferrin-Alexa Fluor 555 (0.1 mg/ml), and cholera toxin subunit B -Alexa Fluor 555 (5 pg/ml) are shown in green in the
figure. Scale is 20 pm. (F) Comparison of mean fluorescence intensity of cells ingesting PKH26-labeled sEvLs following
nystatin (50 pM) (sEvLs+N), cytochalasin B (5 pM) (sEvLs+C), and sucrose (0.4 M) (sEvLs+S) inhibitors. Data were presented as
means and error bars, and one-way ANOVA were used to compare significance between groups.***:P>0.001; ****:P<0.0001.
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Fig. 3 - Inhibition of the activated HSCs and down-regulation ECM by sEvLs. The effect of sEvLs (10 pg/ml) on the
transcription of lefty1 (A) and «-SMA (B) in HSC-T6 was compared with inactivated and activated HST-T6 (10 nM TGF-51
treated HSC-T6 for 24 h). Each group had 3 repeats, using 2" (-A ACt) value is used to calculate the transcription level of lefty1
relative to the GAPDH. (C, D) Image] for semi-quantification of mean fluorescence intensity in the green channel of «-SMA
after 48 h of HSC-T6 activated by 10 nM TGF-p1 treated with sEvLs (10 pg/ml). Scale is 20 pm. (E) After TGF-1 (10 nM)
activated HSC-T6, the protein electrophoresis bands of lefty1, collagen I, TIMP-1, MMP-1 and GAPDH in different treatment
groups. Data were presented as means and error bars, and one-way ANOVA was used to compare significance between two

groups. ns:P>0.05; *:P<0.05; **:P<0.01; ***:P<0.001.

not shown). Three days after the last administration, the
rats were anesthetized and blood and organs were taken for
testing. H&E, Masson, Sirus red were performed on the liver
tissue to compare the liver histopathology and collagen fiber
content between different groups. The level of hydroxyproline
in the liver tissue is used to evaluate collagen content.
Elisa kit detected the concentrations of TGF-g1 in liver
tissue. The liver tissue preserved in the fixative is used for
immunohistochemistry to detect the expression of «-SMA.
2.13. Safety evaluation

Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in the tissue of rats are tested to
assess liver damage. Heart, spleen, lung, and kidney tissues
were made into paraffin sections and stained with H&E to
assess tissue damage.

2.14. Statistics

The experimental data was carried out in at least 3 replicates
and presented as a column chart in the form of mean +
standard deviation (mean + SD). Comparison of experimental
data between groups was carried out with Student’s t-
test or one-way ANOVA for significance analysis through
"GraphPad.Prism.8.0.1.244".

3. Results and discussion

3.1. Characterization of sEvs and sEvLs

sEvs and sEvLs were harvested from the culture medium
of HSC-T6 electroporated with leftyl plasmid and blank
plasmid. We identified characteristics of sEvs and sEvLs,
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Fig. 4 - Evaluation of the fibrosis rat model induced by CCl,
and distribution of sEvLs in vivo. (A) Model establishment
timeline. (B) At 6th week after intraperitoneal injection of
50% CCLy4 in rats, liver tissues were harvested and made
into paraffin sections for H&E and Masson staining. The
model group was compared with the sham operation group
injected with olive oil. (C) Masson staining fibrosis positive
area calculated by Image J is quantified. (D) PKH26 labeled
sEvLs (300 pg/ml/kg) were injected into sham and model
rats via the tail vein and observed the fluorescence
distribution in different tissues 4 h after injection.
Co-localization of sEvLs and «-SMA in liver tissue sections
(blue is DAPI, labeled nucleus; green is a fluorescent
secondary antibody labeled with Alexa Fluor 488, red is
sEvLs labeled with PKH26). Data were presented as means
and error bars, and t-tests were used to compared
significance of two groups. **:P<0.01;****:P<0.0001.

that included morphological observation, particle size, zeta
potential, concentration and special membrane protein.
These results were shown in Fig. 1 and Fig. S1. Fig. 1A and
1B showed the morphologies of sEvs and sEvLs respectively,
which were vesicles with a depression in the middle after
dehydration, and the size of the vesicles seemed to be no
more than 200nm visibly. Fig. 1C showed the particle size
and concentration of sEvs, with an average particle size of
129+ 14.6nm and a concentration of 1.06 E+9 particles/ml.
The average particle size of sEvLs was 113+19.6nm and
the concentration was 9.91 E + 9 particles/ml (Fig. 1D), which
was similar to the particle size and concentration of sEvs.
It was found that there was a certain relationship between
membrane protein concentration and particle concentration.
When the membrane protein concentration was 1 mg/ml, the
particle concentration was determined to be 10! particles/ml,

which provided a reference for the dosage of SEVs in
subsequent cell and animal experiments. Results of zeta
potential showed that both sEvs and sEvLs had negative
potentials, respectively —6.14mV and —13.4mV (Fig. S1). For
enriched proteins in vesicles, such as CD81, CD9 of the
tetraspanin family [36], ESCRT complex component proteins
TSG101, Alix [37] were all detected in sEvs and sEvLs, while
the endoplasmic reticulum protein calnexin was found only
in cell lysates (Fig. 1E). Pre-loading of therapeutic nucleic acids
in sEVs was based on the fact that mRNAs were detected
in exosomes, it is suggested that mRNA could be actively
packaged into sEVs which in turn transfected donor cells with
coding DNA to indirectly load nucleic acid and obtain drug-
loaded sEVs. The relative content of leftyl mRNA in cells and
vesicles showed that the leftyl mRNA in sEvLs was 2-fold
higher than that in sEvs, likely due to loading of the plasmid-
encoded leftyl mRNA, which successfully confirmed the pre-
loading of therapeutic nucleic acids in sEvLs (Fig. 1F). The
loading efficiency of this method depends on the transfection
efficiency of the plasmid and the sorting mechanism of mRNA
into sEVs, so that is not controllable.

3.2.  Internalization of SEvLs

To demonstrate that the modified sEvLs can be taken up
by activated HSCs, we co-incubated TGF-B1-treated HSCs
with PKH26-labeled sEvLs for 1, 2 and 4h, respectively. The
fluorescence intensity in cells was detected by flow cytometry
to indicate the uptake ability of cells to sEvLs. The results
were shown in Fig. 2A and 2B. With the prolongation of co-
incubation time, the mean fluorescence intensity in HSC-T6
increased significantly. Confocal laser microscopy also was
used to observe uptake changes in sEvLs entering cells from
a small amount of cellular internalization at 0.5h to more
co-localization of sEvLs and acidic endosomes at 2h. (Fig. 2C
and 2D).

After dextran - Alexafluor555 (1mg/ml), transferrin
- AlexaFluor555 (0.1mg/ml), cholera toxin subunit B -
AlexaFluor555 Conjugate (5 pg/ml) marked macropinocytosis,
clathrin and lipid raft-mediated endocytosis separately,
or inhibiting these pathways by cytochalasin B (5 upM),
sucrose (0.4 M), nystatin (50 pm), we explored internalization
mechanism of DiR-labeled or PKH26-labeled sEvLs by HSC-
T6. The results showed that sEvLs may enter HSC-T6 more
through cholera toxin subunit B and dextran-tagged lipid
rafts and macropinocytosis pathways than clathrin(Fig. 2E
and 2F). The results observed by confocal were consistent
with the results of flow cytometry, compared with HSC-T6
without any endocytosis inhibitor. HSC-T6 after sucrose
treatment uptake more sEvLs, while the uptake of nystatin
and cytochalasin B treatment was extremely significantly
reduced, especially nystatin (Fig. 2E). Cells had been shown to
take up sEVs through multiple endocytic pathways, including
clathrin-dependent endocytosis, caveolin-mediated uptake,
macropinocytosis, phagocytosis, and lipid raft-mediated
internalization [38]. Due to the heterogeneity of extracellular
vesicles and differences in source cells, our results showed
that sEvLs derived from HSC-T6 may be taken up by activated
HSCs mainly through macropinocytosis and lipid raft-
mediated endocytic pathways.
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3.3.  Inhibition of the activated HSCs and
down-regulation ECM

a-SMA, as a marker for activation of HSCs [39], was used
to verify the effect of sEvLs on HSC-T6. After HSC-T6
was treated with different concentrations of TGF-B1 in
experiments, according to the transcription of «-SMA mRNA
as an indicator of HSC-T6 activation, 10 nM TGF-g1 treatment
for 24h was selected to simulate the activation of HSC-T6

(Fig. S2). Meanwhile, activated HSC-T6 showed lower leftyl
transcription, while sEvLs intake significantly increased its
transcription (Fig. 3A). The results showed that «-SMA mRNA
was decreased in HSC-T6 after sEvLs treatment (Fig. 3B).
Expression of «-SMA in HSC-T6 following only TGF-B1 or
simultaneous treatment with TGF-81 and sEvs and sEvLs was
assessed by cellular immunofluorescence (Fig. 3C and 3D).
After binding of the Alexafluor488-labeled secondary antibody
to «-SMA, we calculated the mean fluorescence intensity in
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the green channel using Image]. The results showed that the
MFI in cells treated with sEvLs was significantly lower than
in cells treated with TGF-pg1 alone (Fig. 3C), as evident from
the confocal photographs (Fig. 3D). This suggested that sEvLs
might be able to inhibit the expression of «-SMA in activated
HSC-T6 and implied that sEvLs loaded with leftyl mRNA could
inhibit TGF-B1-induced HSC activation.

To further explore the anti-fibrosis, we tested the levels
of leftyl, collagen I, TIMP-1 and MMP-1 after treatment of
sEvLs and sEvs in activated HSC-T6 (Fig. 3E and Fig. S3). After
treatment of HSC-T6 with sEvLs, leftyl and MMP-1 were
up-regulated while both collagen I and TIMP-1 were down-
regulated compared to HSC-T6 treated with TGF-g1 alone.
Fig.53 showed the semi-quantitative of leftyl, collagen I,
TIMP-1, MMP-1 relative to GAPDH in different treatment
groups. Although it was shown that the up-regulation of
leftyl and MMP-1 was not obvious, may be due to the
asynchronous expression of leftyl and MMP-1 with collagen I
and TIMP-1 expression in activated HSC-T6. Collagen I is one
of the components of the ECM and MMP-1 and TIMP-1 are
related to the synthesis and degradation of ECM. The changes
in their expression levels indicated that sEvLs may affect the
expression of MMP-1, TIMP-1 and collagen I in activated HSC-
T6, which is a good news in favor of altering extracellular
matrix deposition. This suggested that sEvLs loaded with
leftyl mRNA inhibited TGF-g1-induced HSCs activation and
ECM production, and also may promote the degradation of
ECM. These results will be further validated in rats.

3.4.  Organization distribution

Liver fibrosis was induced in rats by intraperitoneal injection
of CCly for 6 weeks after adaptive feeding. After 4, 5 and 6

weeks of intraperitoneal injection, H&E and Masson staining
were performed on liver tissue to observe inflammatory
infiltration and collagen fiber production to evaluate the
degree of fibrosis, as shown in Fig. 4B, 4C and Fig. S4.
Infiltration of inflammatory cells and generation of collagen
fibers (blue) increased over time (Fig. 4B). At the 6th week,
the area of collagen fibers reached 9.78%, and most of the
portal areas were fibrotic, with a fibrous septum, which was
in stage 2 fibrosis according to the Ishak [40]. Fluorescence
accumulation in major organs was observed after systemic
administration of PKH26-labeled sEvLs in sham-operated and
fibrotic rats, showing that most of the sEvLs accumulated
in the liver tissue of fibrotic rats, whereas in sham-operated
accumulation was less (Fig. 4D). A small part was distributed
in the kidney, which may be the cause of kidney metabolism.
To further confirm the location of sEvLs in the liver, anti-
«-SMA and Alexafluor 488 coupled secondary antibodies
were used to detect the co-localization of sEvLs and HSCs.
The results showed that sEvLs not only accumulated in the
liver but were also taken up by activated HSCs. It implied
that sEvLs had the potential to penetrate the ECM, which
would overcome a major obstacle in the treatment of liver
fibrosis.

3.5.  Inhibition of HSCs activation and ECM production
in vivo

We further examined whether sEvLs delivering leftyl mRNA
could suppress liver fibrosis in vivo. The results of Masson
staining and Sirius red staining showed that the area of
collagen fibers was greatly reduced after sEvLs treatment and
that the positive area was reduced to 1.83% (Fig. SA and 5B).
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Likewise, hydroxyproline, a unique amino acid that was one of
the main components of collagen, was lower in the liver tissue
of sEvLs-treated rats than in the model group (Fig. 5C). These
results indicated that sEvLs treatment significantly improved
the symptoms of hepatic fibrosis in rats. A significant
decrease in tissue concentrations of TGF-81 was also detected
(Fig. 5D). Further discussing the changes in protein levels,
we found that compared with the model, the sEvLs-treated
group up-regulated leftyl protein and MMP-1, and down-
regulated TIMP-1, which inhibits MMP-1 (Fig. 5E). Their mutual
regulation is related to ECM deposition, and this change favors
ECM degradation. The IHC results showed that the major
protein «-SMA in activated HSCs was also down-regulated
(Fig. 5F), implying that the sEvLs treatment group also seemed
to inhibit HSCs activation in vivo. These results indicated
that the sEvLs treatment group alleviated the symptoms of
fibrosis, possibly by inhibiting the activation of HSCs mediated
by TGF-g1 and promoting the degradation of ECM.

3.6.  Safety assessment

The histopathological section results of the main organs
of liver fibrosis rats showed that the heart, spleen, lung,
and kidney had no obvious tissue damage after systemic
administration of sEvLs (Fig. 6A). The levels of ALT and AST
in the liver of rats showed a decrease after treatment with
sEvLs (Fig. 6B and 6C). It proved that the treatment of sEvLs
enhanced liver function without causing damage to other
tissues, further revealing the safety of the administration of
sEvLs, which may be related to their natural origin, without
apparent immunogenicity and toxicity.

4, Conclusion

In conclusion, we generated sEVs encapsulating leftyl mRNA
and demonstrated that they contribute to inhibiting TGF-
Bl-mediated HSC activation and reduce ECM deposition.
After systemic administration to rats with CCly-induced liver
fibrosis, sEvLs were able to penetrate the ECM to accumulate
in fibrotic liver tissue and be taken up by activated HSCs. They
also show positive anti-fibrotic therapeutic effects. These
results suggest that sEVs-based therapies may have great
potential as novel anti-fibrotic agents.
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