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Harnessing adipose-derived stem cells to release
specialized secretome for the treatment of hepatitis B
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Abstract. Mesenchymal stem cells (MSCs) have the function
of repairing damaged tissue, which is known to be medi-
ated by the secretome, the collection of secretory materials
shed from MSCs. Adjusting the culture conditions of MSCs
can lead to a significant difference in the composition of
the secretome. It was hypothesized that pre-sensitization of
MSCs with specific disease-causing agents could harness
MSC:s to release the therapeutic materials specialized for the
disease. To validate this hypothesis, the present study aimed
to generate a ‘disease-specific secretome’ for hepatitis caused
by hepatitis B virus using hepatitis BX antigen (HBx) as a
disease-causing material. Secretary materials (HBx-IS) were
collected following the stimulation of adipose-derived stem
cells (ASCs) with 100-fold diluted culture media of AMLI12
hepatocytes that had been transfected with pcDNA-HBx for
24 h. An animal model of hepatitis B was generated by injecting
HBx into mice, and the mice were subsequently intravenously
administered a control secretome (CS) or HBx-IS. Compared
with the CS injection, the HBx-IS injection significantly
reduced the serum levels of interleukin-6 and tumor necrosis
factor-a (pro-inflammatory cytokines). Western blot analysis
and immunohistochemistry of the liver specimens revealed
that the HBx-IS injection led to a higher expression of liver
regeneration-related markers, including hepatocyte growth
factor and proliferating cell nuclear antigen, a lower expression
of pro-apoptotic markers, such as cleaved caspase 3 and Bim
in mouse livers, and a lower expression of pro-inflammatory
markers (F4/80 and CD68) compared to the CS injection.
HBx-IS exhibited higher liver regenerative, anti-inflammatory
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and anti-apoptotic properties, particularly in the mouse model
of hepatitis B compared to CS. This suggests that the secre-
tome obtained by stimulating ASCs with disease-causing
agents may have a more prominent therapeutic effect on the
specific disease than the naive secretome.

Introduction

Mesenchymal stem cells (MSCs) generally have anti-
inflammatory, tissue repairing and immunomodulatory
properties (1). The therapeutic effect of MSCs is known to
be mediated by their secretome (2-6). Secretome refers to
the secretary molecules, cytokines, chemokines and growth
factors that are released by MSCs and in broader terms,
includes extracellular vesicles (EVs), such as exosomes,
microvesicles and apoptotic bodies (3,5,7). Despite decades of
research on stem cells, the paucity of clinical application is due
to several limitations of stem cell research, including limited
in vivo cell survival, senescence-related genetic instability, and
potential of malignant transformation (8,9). In this respect,
utilizing the secretome instead of stem cells themselves is
expected to be one of the prominent strategies which may be
used to overcome the limitations of stem cell therapy (8,10,11).

Adjusting the culture conditions of MSCs can lead to
a significant difference in the composition of the secre-
tome (7,12). This means that a greater therapeutic potential
could be obtained from the secretome with adjusted culture
conditions than from the naive secretome. There are mainly
2 methods use for adjusting the culture conditions of MSCs:
The adjustment of the physico-chemical conditions and
genetic engineering. As a method of improving the thera-
peutic potentials of MSCs by adjusting the physico-chemical
conditions, the authors have previously attempted hypoxic
and lipopolysaccharide pre-conditioning (13-15). In addition,
several genes have been utilized to reinforce the therapeutic
potentials of the secretome, including Akt (16), gene for heat
shock protein 20 (17) and nuclear factor erythroid 2-related
factor 2 (18). Overall, these methods attempted thus far belong
to the non-specific stimulation of MSCs to generate the
secretome. Furthermore, the authors attempted to identify a
method which may be used to stimulate MSCs to generate a
disease-specifical secretome.
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In the present study, it was hypothesized that
pre-sensitization of MSCs with disease-causing agents could
harness MSCs to release the secretome containing therapeutic
materials specialized for the disease. Herein, the induced
secretome (isecretome) was defined as the secretome released
from MSCs that had been stimulated by disease-causing mate-
rials for the treatment of the specific disease. In a previous
study, it was demonstrated that the thioacetamide (TAA; a
hepatotoxin)-induced secretome was superior to the naive
secretome in restoring hepatic function, while minimizing
inflammatory processes in mice with thioacetamide-induced
hepatic failure (19). In the present study, the authors aimed
to construct the isecretome using hepatitis B virus (HBV)
to further generalize the hypothesis. If the HBx-induced
secretome (HBx-isecretrome) is shown to have a greater
therapeutic efficacy than the control secretome in the model of
hepatitis B, it could increase the possibility of generating the
disease-specific secretome.

Materials and methods

Chemicals, cells and cell culture. TAA was obtained from
Sigma-Aldrich; Merck KGaA. The AMLI12 mouse hepato-
cyte cell line was obtained from the American Type Culture
Collection (ATCC). AMLI12 cells were maintained in
Dulbecco's modified Eagle's medium/Ham's F-12; DMEM/F12
(Thermo Fisher Scientific, Inc.). The medium was supple-
mented with 10% FBS (fetal bovine serum; Gibco; Thermo
Fisher Scientific,Inc.), 1% antibiotics (Thermo Fisher Scientific,
Inc.), 1X ITS supplement (Insulin-Transferrin-Selenium-G
supplement; Invitrogen; Thermo Fisher Scientific, Inc.) and
40 ng/ml dexamethasone (Sigma-Aldrich; Merck KGaA)
at 37°C. Human adipose-derived stem cells (ASCs) were kindly
donated by Hurim BioCell Co. (Seoul). ASCs were cultured
in DMEM/lowGlucose (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with antibiotics (Penicillin-streptomycin;
Gibco; Thermo Fisher Scientific, Inc.) at 37°C.

Preparation of secretomes released from ASCs. ASCs that
reached 70-80% confluency were re-fed with serum-free
DMEM low-glucose medium (Thermo Fisher Scientific, Inc.)
at 37°C under 5% CO,. Thereafter, the ASCs were cultured
under 2 different conditions as follows: One subset was directly
transfected with 4 ug pcDNA-HBx for 24 h and the other subset
was indirectly treated with culture medium from AMLI2 cells
that had been transfected with 4 ug pcDNA-HBx for 24 h. In the
process of transfection, pcDNA3.1 (Thermo Fisher Scientific,
Inc.) we used as the plasmid backbone and Lipofectamine
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) was used as
a transfection reagent. In more detail, 24 h following the trans-
fection of pcDNA-HBx into the ASCs, the transfected ASCs
were incubated in serum-free DMEM low-glucose medium
at 37°C for 24 h. The 25-fold-concentrated medium obtained
from the culture medium of the transfected ASCs was termed
as the direct pcDNA-HBx secretome. Subsequently, 24 h
following the transfection of pcDNA-HBx into AMLI2 cells,
the transfected AMLI12 cells were incubated in serum-free
DMEM/F12 medium for 24 h. The 25-fold concentration of
the culture medium obtained from the transfected AMLI12
cells was then obtained. Subsequently, the ASCs were treated

with the 25-fold concentrated medium in serum-free DMEM
low-glucose medium at a ratio of 1:100 for 24 h. The culture
medium of these ASCs was termed as the indirect pcDNA-HBx
secretome. Finally, the control secretome (CS) refers to a
25-fold concentration of the conditioned medium that was
obtained following incubation of the ASCs for 24 h. The
concentration of the culture medium was accomplished using
ultrafiltration units (Amicon Ultra-PL 3; EMD Millipore) with
a 3-kDa cut-off.

Preparation of toxin-conditioned medium. The AMLI12 cells
was treated with 0.1 mM TAA for 24 h. Conditioned medium
from the TAA-treated AMLI12 cells were collected, and were
concentrated approximately 25-fold using ultra filtration
units with a 3-kDa molecular weight cutoff. After culturing
the ASCs that reached 70-80% confluency, the cells were
re-fed with serum-free DMEM low-glucose medium. The
ASCs was treated with conditioned medium (1:1,000) for
24 h. Toxin-conditioned medium from the CM-treated ASC
cells was collected, and was concentrated approximately
25-fold using ultra filtration units with a 3-kDa molecular
weight cut-off. The toxin-conditioned medium was termed as
the TAA-isecretome and stored at -80°C until its use in the
experiments.

Reverse transcription-quantitative PCR (RT-gPCR). Total
cell RNA was extracted using FavorPrep TRI-RNA reagent
(Favorgen) according to the manufacturer's instructions.
Reverse transcription was performed with 1 g RNA using
ReverTra Ace® gPCR RT Master mix (Toyobo Life Science)
according to the manufacturer's instructions. The primers used
for SYBR-Green quantitative PCR were as follows: Vascular
endothelial growth factor (VEGF) sense, 5-TGTACCTCC
ACCATGCCAAGT-3' and antisense, 5'-CGCTGGTAGACA
TCCATGAA-3'; hepatocyte growth factor (HGF) sense,
5"TGCTGTCCTGGATGATTTTG-3' and antisense, 5'-AGT
GTAGCCCCAGCCATAAA-3"; HBx sense, 5-CCTCTACCG
TCCCCTTCTTC-3' and antisense, 5'-GTCGGTCGTTGA
CATTGTTG-3'"; and GAPDH sense (forward), 5'-GCACCG
TCAAGGCTGAGAAC-3' and antisense (reverse), 5'-TGG
TGAAGACGCCAGTGGA-3'. The PCR parameters were
as follows: An initial denaturation step (at 95°C for 10 sec);
amplification and quantification step (40 cycles: At 95°C for
15 sec and then 60°C for 60 sec); and final elongation step
(1 cycle: At 95°C for 15 sec, 60°C for 60 sec and then 95°C
for 15 sec). The reaction was performed using a Step one plus
Real-Time PCR system (Life Technologies; Thermo Fisher
Scientific, Inc.). Following normalization to the GAPDH gene,
the expression levels for each target gene were calculated using
the 2244 method (20).

Western blot analysis. Mouse liver specimens were lysed using
the EzZRIPA Lysis kit (ATTO Corporation), and quantified using
Bradford reagent (Bio-Rad Laboratories, Inc.). Cells and liver
tissue lysates were separated by SDS-polyacrylamide gel on
10% gels and electrotransferred onto a nitrocellulose membrane
(Bio-Rad Laboratories, Inc.). The membrane was blocked
with 1X blocking solution (TransLab Biosciences) for 1 h at
room temperature. Proteins were visualized by western blot
analysis by incubation with the following primary antibodies
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(1:1,000 dilution) at 4°C overnight and then with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:2,000
dilution) for 1 h at 25°C. Primary antibodies against Bcl-2-like
protein 11 (Bim, cat no. 2933), HGF, myeloid cell leukemia 1
(Mcl-1, cat no. 5453), poly(ADP-ribose) polymerase (PARP,
cat no. #9542), proliferating cell nuclear antigen (PCNA, cat
no. 2586), phosphorylated signal transducer and activator of
transcription 3 (p-STAT3, cat no. 9131) and cleaved caspase 3
(c-caspase 3, cat no. 9664) were obtained from Cell Signaling
Technology, Inc. VEGF (cat no. ab46154) was obtained from
Abcam. B-actin (cat no. sc58673) was obtained from Santa
Cruz Biotechnology, Inc. HRP-conjugated secondary antibody
(cat no. ADI-SAB-100) was obtained from Enzo Life Sciences.
Specific immune complexes were detected using the Western
Blotting Plus Chemiluminescence Reagent (EMD Millipore).
Relative densities of individual markers were quantified using
Image Lab software V3.0 (Bio-Rad Laboratories, Inc.).

Animal experiments. BALB/c mice, weighing 25-30 g (n=52;
8 weeks old, male; Damool Science) were used in the present
study. The Ethics Committee at Daejeon St. Mary's Hospital,
the Catholic University of Korea, approved the animal experi-
ments for the research (IRB no. CMCDIJ-AP-2016-001). The
in vivo model of chronic hepatitis B was generated by an
intravenous injection of pcDNA-HBx (4 ug pcDNA-HBx and
in vivo-jetPEI® Transfection mix, once a week for 6 weeks) into
the mice, as previously described (21,22). Subsequently, the
experimental mice received 4 intravenous injections (twice a
week for 2 weeks through the tail vein) of secretome (100 pl for
each injection). Specifically, the control mice were injected with
normal saline (control group; n=>5), the control secretome (CS;
n=5), HBx-DS (n=5) and HBx-IS (n=5), and the mice with hepa-
titis B were injected with normal saline (control group; n=8),
CS (n=8), HBx-DS (n=8) and HBx-IS (n=8) (Fig. 1A). Herein,
CS refers to a 25-fold concentration of the conditioned medium
that was obtained following incubation of the ASCs at 37°C for
24 h. Subsequently, the mouse model of TA A-induced hepatic
failure was generated using TAA (each amount, 300 mg/kg)
for 2 consequent days administered intraperitoneally. From
the first day of the TAA administration, the mice received 2
intravenous injections (100 pl for each injection) of CS (n=5),
TA A-isecretome (n=5) and HBx-IS (n=5) for 2 consequent days,
via the tail vein. On the following day of the final injection, the
mice were euthanized and the liver specimens were examined.

Serological test and ELISA. Blood samples (0.2 ml per one
time) obtained from each mouse from the tail vein on the day of
euthanization, were centrifuged at 4°C for 10 min at 10,000 x g
and the sera were collected. The concentrations of markers of
liver injury, such as aspartate transaminase (AST) and alanine
transaminase (ALT) were measured using an IDEXX VetTest
Chemistry Analyzer (IDEXX Laboratories, Inc.). In addition,
the serum concentrations of mouse interleukin (IL)-6 and
tumor necrosis factor-a (TNF-a) were measured using a sand-
wich enzyme-linked immunosorbent (ELISA) assay (Abcam,
Inc.) according to the manufacturer's instructions.

Hematoxylin and eosin (H&E) staining, immunohistochem-
istry and immunofluorescence. For analysis, formalin-fixed
paraffin-embedded liver tissue sections (<3 mm in thickness)

were deparaffinized, rehydrated in an ethanol series and
subjected to epitope retrieval using standard procedures. H&E
staining was performed by staining the specimens with Harris's
hematoxylin (YD Dignostics) for 7 min, rinsing with tap water
for 1 min, and incubation with Eosin Y solution (Duksan)
for 150 sec at 25°C. The sections were then dehydrated with
80% and then wtih 100% EtOH, dipped in Xylene (Duksan)
for 3 min and mounted in a permount mounting medium (cat.
no. #SP15-100; Thermo Fisher Scientific, Inc.). The speci-
mens were examined under a panoramic distal slide scanner
system (3D HISTECH). Immunohistochemical analysis were
visualized by incubation with the following primary anti-
bodies at 4°C overnight and then with peroxidase-conjugated
secondary antibodies (cat nos. PK-6101 and PK-6102; Vector
Laboratories, Inc.) for 1 h at 25°C. Antibodies against VEGF
(1:200; Abcam, cat no. ab1316), B-cell leukemia-extra large
(Bcl-xL) (1:100; Abcam, ab98143) and y-glutamyl transpep-
tidase (y-GTP; Santa Cruz Biotechnology, Inc., 1:200; cat
no. sc100746) were used for immunochemical staining. The
samples were then examined under a panoramic distal slide
scanner system (3D HISTECH). immunofluorescence analysis
were visualized by incubation with the following primary anti-
bodies at 4°C overnight and then with fluorescent-secondary
antibodies (1:500; Invitrogen; Thermo Fisher Scientific, Inc.,
catno. A11005 and A11008) for 1 h at 25°C. Antibodies against
F4/80 (1:100; Santa Cruz Biotechnology, Inc., cat no. sc37709)
and CD68 (1:500; Abcam, cat no. #125212) were used for
immunofluorescence staining. The samples were then exam-
ined under a fluorescence imaging system (EVOS M5000:
Thermo Fisher Scientific, Inc.) to analyze the expression of
F4/80 and CDG68. Percentages of immunofluorescent areas
were measured using NIH Image J and expressed as relative
values to those in control mice.

Statistical analysis. All data were analyzed using SPSS 11.0
software (SPSS Inc.), and are presented as the means + stan-
dard deviation (SD). Statistical comparison among groups
was determined using the Kruskal-Wallis test followed by the
Mann-Whitney test with Bonferroni correction as the post hoc
analysis. A P-value <0.05 was considered to indicate a statisti-
cally significant difference.

Results

Effects of HBx-isecretome on the expression of HGF and
VEGF mRNA in the liver. The present study aimed to
determine whether the secretome obtained by stimulating
ASCs with specific disease-causing agents (pathogens)
was more effective in improving the specific disease than
the control secretome. In this experiment, the pathogen
and the specific disease were set to HBx and hepatitis B,
respectively. The present study used 2 methods to obtain
the HBx-isecretome. The first method involved the collec-
tion of the secretome released from HBx-overexpressing
ASCs that had been produced by transfecting ASCs with
pcDNA-HBx for 24 h. The second method involved the
collection of secretary materials following the stimulation
of ASCs with 100-fold diluted culture medium of AMLI12
cells that had been transfected with pcDNA-HBx for 24 h
(Fig. 1B). These were termed as the direct HBx-isecretome
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Figure 1. Overview of the study design. (A) Schedule of modeling and intervention. (B) Study design. The mouse model of hepatitis B was generated by injecting
pcDNA-HBx via the tail vein weekly for 6 weeks. Intervention was achieved by injecting CS, HBx-DS, and HBx-IS via tail vein four times (twice a week
for 2 weeks), respectively. HBXx, hepatitis B virus protein X; CS, control secretome; HBx-IS, indirect HBx-induced secretome; HBx-DS, direct HBx-induced
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(HBx-DS) and indirect HBx-isecretome (HBx-IS), respec-
tively. The successful transfection of HBx was identified
by confirming the upregulation of HBx through RT-qPCR.
Specifically, in vitro transfection was validated by demon-
strating the higher HBx-mRNA expression in the transfected
AMLI12 cells and ASCs, respectively (both P<0.05; Fig. 2A).
Subsequently, in vivo transfection was validated by demon-
strating the higher HBx-mRNA expression in the liver tissues
of the mice that had been injected with pcDNA-HBx via the
tail vein (P<0.05; Fig. 2B). An animal model of hepatitis B
was then generated by injecting HBx into mice, and the mice
were subsequently intravenously administered CS, HBx-DS
and HBx-IS. On the following day of the final injection, the
mice were euthanized and the specimens were investigated.
H&E staining of each treatment revealed that HBx-IS infu-
sion resulted in a higher restoration of the hepatic tissue than
HBx-DS infusion (Fig. 2C). RT-qPCR was performed to
compare the mRNA expression levels of HGF and VEGF in
the mouse liver specimens (Fig. 2D). The HBx-DS injection
did not increase the mRNA expression of HGF and VEGF
compared to the CS injection in the mice with hepatitis B.
However, the HBx-IS injection to the mice with hepatitis B
significantly increased the mRNA expression of HGF and
VEGF compared to the CS injection (P<0.05).

Effects of the HBx-isecretome on the serum levels of liver
enzymes and pro-inflammatory cytokines. Sera from mice
were collected at the day of euthanization and the serum
levels of liver enzymes and pro-inflammatory cytokines

were compared. The mice with hepatitis B exhibited elevated
levels of AST, which were significantly decreased following
the individual secretome treatments (CS, HBx-DS and
HBx-IS) (P<0.05; Fig. 3A). The serum levels of ALT were not
significantly increased in the mice with hepatitis B, and were
significantly decreased following the individual secretome
treatments (P<0.05). Subsequently, the serum levels of IL-6
and TNF-a were compared in each group (Fig. 3B). In the mice
with hepatitis B, the HBx-DS injection did not significantly
reduce the serum levels of IL-6 and TNF-a compared to the
CS injection. However, the HBx-IS injection significantly
decreased the serum levels of IL-6 and TNF-a compared to
the CS injection (P<0.05).

Effects of the HBx-isecretome on the expression of proteins
reflecting liver regeneration. Western blot analysis was
performed to determine the expression of liver regenera-
tion-related proteins in the liver specimens following each
treatment. The liver regeneration-related proteins, included
p-STAT3/t-STAT3, VEGF, HGF and PCNA. In the mice
with hepatitis B, HBx-DS did not significantly increase the
expression levels of these liver regeneration-related proteins
compared with the CS (Fig. 4A). By contrast, HBx-IS signifi-
cantly increased the expression levels of p-STAT3/t-STAT3
and PCNA compared with the CS (P<0.05; Fig. 4B).

Effects of the HBx-isecretome on the expression of
apoptosis-related proteins. Western blot analysis was
further performed to determine the expression levels of
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Figure 2. Validation of HBx transfection and the effects of the HBx-isecretome on the expression of mRNAs reflecting liver regeneration. (A) In vitro validation
of HBx transfection. Results of RT-qPCR showing the higher HBx-mRNA expression in the transfected AML12 cells and ASCs, respectively (both P<0.05).
(B) In vivo validation of HBx transfection. Results of RT-qPCR showing the higher HBx-mRNA expression in the liver tissues of the mice that had been
injected with pcDNA-HBx via the tail vein (P<0.05). (C) Representative histological comparison of each treatment. CS, HBx-DS and HBx-IS, respectively,
were intravenously administered to the mice with HBx-induced hepatitis. H&E staining showing that the HBx-IS infusion resulted in a greater restoration
of the hepatic tissue than the HBx-DS infusion. (D) Results of RT-qPCR showing the mRNA expression of HGF and VEGF following individual treatments.
HBx-DS injection did not increase the expression of HGF and VEGF mRNA compared to the CS injection in the mice with hepatitis B. However, the HBx-IS
injection to the mice with hepatitis B significantly increased the expression of HGF and VEGF mRNA compared to the CS injection. Values are presented
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apoptosis-related proteins in the liver specimens following each
treatment. Pro-apoptotic markers included PARP, c-caspase 3
and BIM, and the examined anti-apoptotic marker, was Mcl-1.
In the mice with hepatitis B, HBx-DS significantly increased
the expression of certain pro-apoptotic markers (c-caspase 3
and BIM) and significantly decreased the expression of Mcl-1
compared with the CS (P<0.05; Fig. 5A). By contrast, HBx-IS
significantly decreased the expression of all the pro-apoptotic
markers tested (P<0.05), and insignificantly increased Mcl-1
compared with the CS (Fig. 5B).

Immunohistochemistry of the liver following the administra-
tion of the HBx-isecretome. Immunostaining for VEGF (a
liver regeneration-related protein), Bcl-xL (an anti-apoptotic
protein) and y-GTP (a marker for hepatitis) was performed
using the liver specimens. The mouse model of hepatitis B
exhibited a decreased expression of VEGF and Bcl-xL in the
liver. However, the injection of CS and HBx-IS increased the
expression of VEGF and Bcl-xL in the liver (Fig. 6A and B).
When comparing the CS and HBx-IS, the expression of VEGF
and Bcl-xL was significantly higher in the HBx-IS group than
in the CS group (P<0.05). By contrast, the mouse model of
hepatitis B exhibited an increased expression of y-GTP in the

liver. However, the injection of CS and HBx-IS decreased the
expression of y-GTP in the liver (Fig. 6C). When comparing
CS and HBx-IS, the expression of y-GTP was significantly
lower in the HBx-IS group than in the CS group (P<0.05).
Taken together, these results suggest that HBx-IS has a higher
liver regenerative potential and a higher ability to inhibit cell
apoptosis and hepatitis than CS.

Immunofluorescence of the liver following the administration
of the HBx-isecretome. Immunostaining for pro-inflammatory
markers, such as F4/80 and CDG6S, in the liver specimens
was finally performed (Fig. 7A and B). The mouse model of
hepatitis B exhibited an increased expression of these markers
in the liver. However, the injection of CS and HBx-IS signifi-
cantly decreased the expression levels of these markers in the
liver (P<0.05). When comparing CS and HBx-IS, the expres-
sion of these markers was significantly lower in the HBx-IS
group compared to the CS group (P<0.05), suggesting that the
HBx-IS injection inhibited the inflammatory reactions in the
liver more effectively than the CS injection.

Validation of the disease-specificity of the HBx-isecretome.
To validate the disease-specific effectiveness of the
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Figure 4. Effects of the HBx-isecretome on the expression of proteins reflecting liver regeneration. (A) Top panel illustrates the effects of HBx-DS on the
expression of proteins reflecting liver regeneration. In the mice with hepatitis B, HBx-DS did not significantly increase the expression of these liver regen-
eration-related proteins compared with CS. Bottom panel illustrates relative densities of proteins reflecting liver regeneration in each group. (B) Top panel
illustrates the effects of HBx-IS on the expression of proteins reflecting liver regeneration. HBx-IS significantly increased the expression of p-STAT3/t-STAT3
and PCNA compared with CS. Bottom panel illustrates relative densities of proteins reflecting liver regeneration in each group. Values are presented as the
means + standard deviation of 3 independent experiments. “P<0.05. Relative densities of individual markers were quantified using Image Lab software and
were then normalized to those of -actin in each group. HBx, hepatitis B virus protein X; CS, control secretome; HBx-IS, indirect HBx-induced secretome;
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transcription 3; VEGF, vascular endothelial growth factor.

HBx-isecretome, the control secretome, TAA-isecretome
and HBx-isecretome, we intravenously infused into the mice
in the model of TA A-induced hepatic failure. At 2 days after
the first infusion, the mice were euthanized and the speci-
mens were examined. Western blot analysis revealed that the
TAA-isecretome infusion, rather than the HBx-isecretome
infusion, induced a higher expression of proliferation markers
(HGF, VEGF and PCNA) (all P<0.05; Fig. 8). Taken together,
whereas the HBx-isecretome exerted the optimal proliferative
and anti-inflammatory effects against HBx-induced hepatic

failure, its capacity for promoting the recovery of the liver
appeared to be much inferior to the TAA-isecretome in mice
with TAA-induced hepatic failure, suggestive of the potential
for disease-specific treatment.

Discussion
The secretome released by ASCs has the potential to induce

tissue regeneration and repair. The present study attempted
to identify a method which may be used to enhance the
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Figure 5. Effects of the HBx-isecretome on the expression of apoptosis-related proteins. (A) Top panel illustrates the effects of HBx-DS on the expression
of apoptosis-related proteins. In the mice with hepatitis B, HBx-DS significantly increased the expression of certain pro-apoptotic markers (c-caspase 3 and
BIM) and significantly decreased the expression of Mcl-1 compared with CS. Bottom panel illustrates relative densities of apoptosis-related proteins in each
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disease-specific therapeutic effect of the secretome.
Specifically, the therapeutic potential of the HBx-isecretome
in a mouse model of hepatitis B was determined. The
HBx-isecretome (HBx-IS) was obtained by collecting the
secretary materials following the stimulation of ASCs with
100-fold diluted culture medium of AMLI2 cells that had
been transfected with pcDNA-HBx for 24 h. Subsequently,
HBx-IS was intravenously administered to the mice with
hepatitis B. Compared with the CS injection, the HBx-IS
injection more significantly reduced tje serum levels of IL-6
and TNF-a (pro-inflammatory cytokines). The HBx-IS injec-
tion led to the higher expression of liver regeneration-related
proteins and to the lower expression of pro-inflammatory
and pro-apoptotic proteins in mouse livers than the CS
injection. Taken together, these results indicate that HBx-IS
exhibits greater liver regenerative, anti-inflammatory and
anti-apoptotic properties, particularly in the mouse model

of hepatitis B than the CS. This suggests that secretomes
obtained by stimulating ASCs with disease-causing agents
could have a more promiment therapeutic effect in specific
disease than naive secretomes.

In general, cells have the property of protecting themselves
when exposed to irritants or toxins. This property can be
expressed by the release of secretomes in response to external
stimuli (23-26). For example, when exposed to live toxins,
primary hepatocytes are known to release large amounts of
vital liver-specific proteins, including the enzymes carbamoyl
phosphate synthetase 1, S-adenosyl methionine synthetase 1
and catechol-O-methyltransferase (27). However, there is
a marked difference in the amount and composition of the
secretomes released from mature cells and MSCs against the
same stimuli. Since MSCs have a stronger responsiveness
and plasticity against external stimuli than mature cells, they
generally produce larger amounts of secretome with greater
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Figure 6. Immnohistochemical stains of the liver following administration of the HBx-isecretome. (A) Left panel illustrates VEGF immunohistochemistry
of the liver following the administration of each treatment. Injection of CS and HBx-IS both significantly increased the expression of VEGF in the liver. In
addition, the expression of VEGF was significantly higher in the HBx-IS group than in the CS group. Right panel presents the percentages of VEGF immu-
noreactive areas. (B) Left panel illustrates Bcl-xL immunohistochemistry of the liver following administration of each treatment. Injection of CS and HBx-IS
both significantly increased the expression of Bcl-xL in the liver. In addition, the expression of Bcl-xL was significantly higher in the HBx-IS group than in
the CS group. Right panel presents the percentages of Bcl-xL immunoreactive areas. (C) Left panel illustrates y-GTP immunohistochemistry of the liver
following administration of each treatment. Injection of CS and HBx-IS both significantly decreased the expression of y-GTP in the liver. When comparing
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therapeutic potential. Collectively, these findings indicate
that the stem cell secretome is more advantageous than the
mature cell secretome in therapeutic application. Furthermore,
obtaining a secretome with stimuli could enhance its amount
and potential.

Whereas non-specific stimulation has been utilized to
obtain the secretome from ASCs to date, the present study
first adopted the concept of disease-specific stimulation.
First, the term isecretome was created. Isecretome literally

refers to ‘induced secretome’, which indicates a secre-
tome induced by the specific disease-causing agents. The
concept of ‘pre-sensitization by disease-causing agents’
has already been demonstrated. For example, Prado et al
proposed a method of treating a disease using EVs obtained
by pre-sensitizing mature cells using disease-causing
agents (28). They pre-sensitized the mice by respiratory
exposure to Ole e 1 (an allergen), and then obtained EVs
from bronchoalveolar lavage fluid. Subsequently, the
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obtained EVs were administrated intranasally to the new
mice. It was demonstrated that the mice treated with the
EVs did not experience allergy to Ole e 1, reaching to a
tolerant status. This suggests that respiratory tract cells
produced protective materials in response to Ole e 1, which
prevented allergy by Ole e 1 in new mice. Unlike the
research of Prado er al in which mature respiratory cells
were utilized, the present study utilized ASCs with a higher
responsiveness and plasticity, thus, raising the possibility of
their application to a variety of therapeutics.

In the present study, the hypothesis put forth was that
the appropriate stimulation of MSCs with pathogenic agents
could lead to the production of a secretome specialized
for exerting protective effects against the pathogen. In a
previous study, the authors fist validated this hypothesis by
demonstrating the superiority of the TAA-isecretome in a
mouse model of TAA-induced hepatic failure (19). In that
study, the authors collected the secretory materials (named
as inducers) released from AMLI12 hepatocytes that had
been pre-treated with TAA and generated the TAA-induced
secretome (TAA-isecretome) after stimulating the ASCs
with the inducers. The TA A-isecretome was intravenously
administered to mice with TA A-induced hepatic failure and
those with partial hepatectomy. TA A-isecretome infusion
exhibited greater therapeutic potential in terms of i) restoring
disorganized hepatic tissue to normal tissue; ii) inhib-
iting pro-inflammatory cytokines (IL-6 and TNF-a); and
iii) reducing abnormally elevated liver enzymes (AST and

ALT) compared to the naive secretome infusion in mice with
TAA-induced hepatic failure. However, the TA A-isecretome
exhibited an inferior therapeutic potential for restoring
hepatic function in partially hepatectomized mice. Therefore,
it was concluded that the appropriate stimulation of MSCs
with pathogenic agents may lead to the production of a secre-
tome specialized for protecting against the pathogen.

In order to produce a disease-specific secretome, it is
essential to select appropriate pathogens that stimulate MSCs,
as well as the precise determination of the reaction condi-
tion. It should be highlighted that pathogenic stimuli should
not be too weak or too strong as they could lead to a lack of
a response or destruction of MSCs, respectively. In order to
determine the appropriate isecretome for the mouse model of
hepatitis B, the present study deliberately examined a variety
of conditions, and compressed the isecretome candidates into
HBx-DS and HBx-IS. Subsequently, it was found that HBx-IS
exerted more potent anti-inflammatory, liver regenerative,
and anti-apoptotic effects in the mouse model of hepatitis B
than HBx-DS in the present study. Thus, it was concluded that
HBs-IS could be a more acceptable candidate of isecretome
for hepatitis B than HBx-DS.

There are still many incurable diseases, most of which
are due to the inability of the mature cells of patients to
neutralize or inhibit pathogenic agents. However, it should be
emphasized that while the mature cells of patients are unable
to produce the protective materials against pathogenic agents,
MSC:s could be able to produce these, as MSCs have superior
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Figure 8. Validation of disease specificity of HBx-isecretome. The mice with TA A-induced hepatic failure were intravenously infused with the control secre-
tome, TA A-isecretome and HBx-isecretome, respectively. Western blot analysis of the livers revealed that TA A-isecretome infusion, rather than HBx-isecretome
infusion, induced a higher expression of proliferation markers (HGF, VEGF and PCNA) (all P<0.05). Values are presented as the means + standard deviation of
3 independent experiments. "P<0.05. Relative densities of individual markers were quantified using Image Lab software and were then normalized to those of
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responsiveness and plasticity than mature cells (29-31). The
isecretome produced by MSCs is the collections of protective
materials against pathogenic agents most of which mature
cells could not produce. It is expected that the application of
such an isecretome concept may pave the way for the treatment
of several incurable diseases.

HBx is the protein encoded by the HBx gene that is one of
four open reading frames comprising the HBV genome. HBx
plays a key role in HBV transcription and replication. This is
achieved by the regulation of viral promoters and enhancers
by HBx (32,33). Furthermore, HBx is involved in the develop-
ment of hepatocellular carcinoma, as well as in the regulation
of checkpoints in the cell cycle (34,35). In particular, HBx
plays a dual role in the regulation of the apoptotic process,
which indicates that HBx inhibits, as well as promotes cellular
apoptosis (36). Anti-apoptosis by HBx is achieved via acti-
vating NF-«kB, an activator of anti-apoptotic signals (37). On
the other hand, HBx exerts pro-apoptotic effects when NF-kB
is inhibited (37). Since HBx exerts various effects on cellular
apoptosis, it is particularly difficult to generate appropriate
an HBx-isecretome against hepatitis B. The authors aim to

perform the component analysis of HBx-IS and HBx-DS,
which is expected to clarify the therapeutic mechanism of the
HBx-isecretome.

In conclusion, the present study demonstrated a method
which may be used to enhance the disease-specific thera-
peutic effects of the secretome. Specifically, the therapeutic
potential of the HBx-isecretome (HBx-IS) in mice with hepa-
titis B was determined. Compared with the CS injection, the
HBx-IS injection more significantly reduced the serum levels
of pro-inflammatory cytokines. In addition, the HBx-IS injec-
tion led to a higher expression of liver regeneration-related
markers, a lower expression of pro-apoptotic markers in
mouse livers, and a lower expression of pro-inflammatory
markers in the liver compared to the CS injection. These
results collectively indicate that the HBx-IS exhibits greater
liver regenerative, anti-inflammatory, and anti-apoptotic
properties, particularly in mice with hepatitis B, than the
CS. This suggests that the secretome obtained by stimulating
ASCs with the disease-causing agents may exert a more
potent therapeutic effect in the specific disease than naive
secretomes. This approach is expected to pave the way to
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the development of novel various specific therapeutics
based on the high plasticity and responsiveness of MSCs to
disease-causing agents.
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