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Background/Aims: Therapies involving bone-marrow-derived mesenchymal stem cells (BM-MSCs) have considerable
potential in the management of hepatic disease. BM-MSCs have been investigated in regenerative medicine due to
their ability to secrete various growth factors and cytokines that regress hepatic fibrosis and enhance hepatocyte
functionality. The aim of this study was to determine the antifibrosis effect of BM-MSCs on activated hepatic stellate cells
(HSCs) and the mechanism underlying how BM-MSCs modulate the function of activated HSCs.

Methods: We used HSCs in both direct and indirect co-culture systems with BM-MSCs to evaluate the antifibrosis
effect of BM-MSCs. The cell viability and apoptosis were evaluated by a direct co-culture system of activated HSCs with
BM-MSCs. The activations of both HSCs alone and HSCs with BM-MSCs in the direct co-culture system were observed
by immunocytochemistry for alpha-smooth muscle actin (a-SMA). The levels of growth factors and cytokines were
evaluated by an indirect co-culture system of activated HSCs with BM-MSCs.

Results: The BM-MSCs in the direct co-culture system significantly decreased the production of a-SMA and the viability
of activated HSCs, whereas they induced the apoptosis of activated HSCs. The BM-MSCs in the indirect co-culture
system decreased the production of transforming growth factor-1 and interleukin (IL)-6, whereas they increased the
production of hepatocyte growth factor and IL-10. These results confirmed that the juxtacrine and paracrine effects of
BM-MSCs can inhibit the proliferative, fibrogenic function of activated HSCs and have the potential to reverse the fibrotic
process by inhibiting the production of a-SMA and inducing the apoptosis of HSCs.

Conclusions: These results have demonstrated that BM-MSCs may exert an antifibrosis effect by modulating the
function of activated HSCs. (Clin Mol Hepatol 2015;21:141-149)
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INTRODUCTION

Hepatic fibrosis, the precursor to cirrhosis, is the excessive de-
position of extracellular matrix (ECM) and degradation mediated

primarily by activated hepatic stellate cells (HSCs)."™ Activated
HSCs are generated in the ECM of the principal cells during the
process of hepatic fibrosis.

In normal liver, HSCs are non-parenchymal, quiescent cells that
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have physiological functions as vitamin A storage, production of
ECM in the space of Disse and a role in the regulation of the si-
nusoidal microcirculatory flow.” However, during liver fibrogene-
sis, HSCs activate or transdifferentiate into myofibroblast-like
cells, acquiring contractile and fibrogenic properties, secreting
cytokines and expressing alpha-smooth muscle actin (a-SMA).®

The transforming growth factor-B1 (TGF-B1) is recognized as
one of the main profibrogenic mediators® and plays a key role in
the HSC activation and subsequent hepatic fibrosis. As activated
HSCs are the principal cells to produce collagen in fibrotic liver,
they contribute to the development of hepatic fibrosis through
juxtacrine and paracrine signals of TGF-B stimulated collagen
production.

Cell therapies have shown promising benefits for hepatic fibro-
sis in experimental and clinical studies.”" Recently, stem cell
treatment has been suggested as an effective therapy for hepatic
disease and mesenchymal stem cells (MSCs) are excellent candi-
dates for cell therapy. Among the stem cells, MSCs in particular
have practical advantages in regenerative medicine due to their
high capability for self-renewal, their potential for multipotent
differentiation, and their low immunogenicity.

Bone marrow-derived mesenchymal stem cells (BM-MSCs) are
known to naturally support hematopoiesis by secreting a number
of trophic molecules, including soluble extracellular matrix glyco-
proteins, cytokines, and growth factors."" Previous studies have
demonstrated that BM-MSCs therapy can ameliorates hepatic fi-
brosis and reverses fulminant hepatic failure and can effectively
alleviate end-stage liver disease and improve symptoms and liver
function, indicating the effectiveness and safety of BM-MSCs in
clinical implantation.”'®"

For therapeutic applications, it will be important to understand
the potency and possible repair mechanisms of BM-MSCs to help
us understand the nature of hepatic fibrosis. However, apart from
the paracrine mechanism by which the anti-fibrosis effect of BM-
MSCs inhibit activated HSCs, the effects of juxtacrine and para-
crine signaling between the two cell types are not clearly under-
stood. The purpose of this study was to explore how the BM-
MSCs could modulate activated HSCs via in affecting hepatic
fibrosis via direct and indirect co-culture system. In this study, we
demonstrate that the anti-fibrosis effect of BM-MSCs on activat-
ed HSCs and the underlying mechanism by which BM-MSCs
modulate the function of activated HSCs.
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MATERIALS AND METHODS

Preparation of human bone marrow-derived
mesenchymal stem cells

Human BM-MSCs were obtained from healthy persons who vol-
untarily donated their bone marrow stem cells. Approximately 10-
20 mL of BM was aspirated from the posterior iliac crests of hu-
mans under local anesthesia. BM mononuclear cells were isolated
through density-gradient centrifugation (Histopaque-1077, Sigma-
Aldrich, St. Louis, MO, USA). Mononuclear cells (2-3x10° cells/
cm’) were plated in a 75-cm’ flask (Falcon, Franklin Lakes, NJ,
USA) with Dulbecco’s modified Eagle's medium (DMEM; Gibco,
Grand Island, NY, USA) containing 10% fetal bovine serum (FBS;
Gibco) and 1% penicillin/streptomycin (Gibco) and then cultured
at 37°C in a 5% CO, atmosphere. When the cultures approached
80% confluence, the cells were harvested by treatment with a
trypsin/EDTA solution (Gibco) and replated at a density of 4-5x10°
cells/cm’ in 175-cm’ flasks. The human procedures and protocols
were approved by the Institutional Review Board (IRB) at Yonsei
University Wonju Severance Hospital (CR109021), and conducted
according to the principles of the Declaration of Helsinki. All par-
ticipants provided written informed consent prior to participation
in the study.

Immunophenotypes and differentiation assays of
BM-MSCs

The immunophenotypes of the BM-MSCs (CD14, CD34, CD45,
(D73, and CD105) were analyzed prior to experimental use, and
their differentiation potentials were determined (osteogenesis
and adipogenesis; Fig. 1). For the immunophenotype analysis,
BM-MSCs were stained with antibodies conjugated with fluores-
cein isothiocyanate (FITC) or phycoerythrin (PE): CD14-FITC,
CD34-FITC, CD45-FITC, CD73-PE, and CD105-PE (BD Biosciences,
San Jose, CA, USA). Briefly, 5x10° cells were resuspended in 0.2
mL of phosphate-buffered saline (PBS) and incubated with FITC-
or PE-conjugated antibodies for 20 min at room temperature.
FITC- or PE-conjugated mouse IgGs were used as the control iso-
type at the same concentration as the specific primary antibod-
ies. The fluorescence intensity of the cells was evaluated through
flow cytometry (Epics XL; Beckman Coulter, Miami, FL, USA). Os-
teogenic differentiation was determined by first plating the cells
at 2x10° cells/cm’in six-well plates and then incubating them in
the following osteogenic medium for 2-3 weeks: DMEM (Gibco,

http://www.e-cmh.org



Yoon Ok Jang, et al.
Bone marrow-derived mesenchymal stem cells for hepatic fibrosis

mCD14
[isotype G2a

60

40

Count

0.89%]

20

[ICD73
[“JIsotype G1

Count

B CD34
[JIsotype G1

[ D45
[ Isotype G1

Count

mCo105
[ClIsotype G1

Fluorescence intensity

(A) The expressions of cell-surface antigens (CD14, CD34, CD45, CD73, and

CD105) were evaluated by flow cytometry. (B) BM-MSCs stained positively for endogenous alkaline phosphatase activity, indicating osteogenic differ-
entiation within an osteogenic medium (OM; I), or stained negatively in control medium (CM; Il) (x40). BM-MSCs stained positively for lipid droplets, in-
dicating adipogenic differentiation within adipogenic medium (AM; Ill), or stained negatively in CM (IV) (x200).

Grand Island, NY, USA) supplemented with 10% FBS, 10 mM
B-glycerophosphate, 107 M dexamethasone, and 0.2 mM ascor-
bic acid (Sigma-Aldrich).”® The osteogenic differentiation was
quantified from the release of p-nitrophenol from p-nitrophenyl
phosphate by the enzyme alkaline phosphatase.”’ For adipogenic
differentiation, BM-MSCs were plated at 2x10* cells/cm® in six-
well plates and cultured for 1 week; then, differentiation was
induced with adipogenic medium (10% FBS, 1 pM dexametha-
sone, 0.5 mM 3-isobutyl-1-methylxanthine, 10 pg/mL insulin, and
100 uM indomethacin in high-glucose DMEM) for an additional 3
weeks. The differentiated cells were fixed in 4% paraformalde-
hyde for 10 min and stained with fresh Qil Red-O solution (Sig-
ma-Aldrich) to display lipid droplets (Fig. 1B). The criteria regard-
ing the use of MSCs included viability greater than 80%; the
absence of microbial contamination (bacteria, fungus, virus, or
mycoplasma) when tested 3-4 days before experimentation;
(D73 and CD105 expression in more than 90% of the cells; and
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the absence of CD14, CD34, and CD45 in less than 3% of the
cells, as assessed by flow cytometry.

HSCs culture

We used immortalized human HSCs that were established by
retroviral expression of human telomerase reverse transcriptase
(hTERT) for the majority of in vitro experiments. Characterization
by immunofluorescence for a-SMA revealed a purity of >96%.
HSCs were plated in a 75 cm” flask (Falcon) with DMEM (Gibco)
containing 10% FBS (Gibco) and 1% penicillin/streptomycin (Gib-
o), and cultured at 37°C in a 5% CO, atmosphere.

Co-culture system

For co-culture system of HSCs and BM-MSCs, cells were seeded
ata 1:1 ratio in each well of a 12 or 96 well plate (Costar, Corning
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Inc., Corning, NY, USA). An indirect co-culture system of HSCs
and BM-MSCs was assembled using Transwell membranes (12
mm diameter, 0.4 pum pore size, Costar, Corning Inc., Corning,
NY, USA). HSCs were placed in the lower chamber with BM-MSCs
placed on the membrane insert. Indirect co-culture system were
maintained in DMEM for 48 hrs.

Cytokine levels analysis

An indirect co-culture system of activated HSCs with BM-MSCs
were maintained in DMEM containing 10% FBS at a density of 1:1
for 48 hrs. Supernatants were collected after 48 hrs of indirect
co-culture system. Quantification of human TGF-B1, interleukin
(IL)-6, IL-10, and hepatocyte growth factor (HGF) from culture su-
pernatant was determined using enzyme-linked immunosorbent
assay kit (R&D Systems, Minneapolis, MN, USA), following the
manufacturer’s instructions. The absorbance of each well was
measured at 490 nm wavelength using a microplate reader ELX
800 (Bio-Tek Instruments, Inc., Winooski, VT, USA).

Viability analysis

Cell viability assays performed using a CellTiter 96° AQueous
One Solution Reagent ELISA kit (Promega, Madison, WI, USA).
The CellTiter 96 Aqueous One Solution contains MTS [3-(4,5-di-
methylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium, inner salt] compound and an electron
coupling reagent phenazine ethosulfate (PES). The MTS com-
pound is bioreduced by mitochondrial enzymes of cells into a col-
ored formazan product that is soluble in cell culture medium.
Briefly, for direct co-culture system of HSCs and BM-MSCs, cells
were seeded at a 1:1 ratio in each well of a 96 well plate (Corn-
ing). Co-cultures were maintained in DMEM for 4 days. Assays
are performed by adding a small amount of the CellTiter 96°
AQueous One Solution Reagent direct to culture wells, incubating
for 2 hrs and then recording the absorbance at 490 nm wave-
length using a microplate reader ELX 800 (Bio-Tek Instruments).

Apoptosis analysis

Quantification of cell apoptosis was measured using a Cell
Death Detection ELISA kit (Roche Applied Science, Indianapolis,
IN, USA). Cell Death Detection ELISA kit was used to quantify
histone-complexed DNA fragments (nucleosomes) in cytoplasm
of the apoptotic cells after induction of apoptosis. Briefly, for di-
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rect co-culture system of HSCs and BM-MSCs, cells were seeded
ata 1:1 ratio in each well of a 12 well plate (Corning). After direct
co-culture system of HSCs and BM-MSCs for 4 days, cells were
lysed with cell lysis buffer. Monoclonal antibodies against single-
strand DNA and histones (H1, H2a, H2b, H3, and H4) specifically
detected and bound mononucleosomes and oligonucleosomes
derived from cells undergoing apoptosis. Biotinylated antihistone
antibodies then fixed the antibody-nucleosome complexes to the
streptavidin-coated microtiter plate. The anti-DNA antibodies
were conjugated with a peroxidase that reacted with the sub-
strate ABTS (2,2V-azino-di[3-ethylbenzthiazolinsulfonate]) to
form a colored product. The remaining steps were carried out ac-
cording to the instructions supplied by the manufacturer. The ab-
sorbance of each well was measured at 405 nm wavelength us-
ing a microplate reader ELX 800 (Bio-Tek Instruments).

Immunocytochemistry

Cells were cultured on 4-well chamber slide (BD Falcon, Bed-
ford, MA, USA) and treated with or without TGF-B1 (R&D Sys-
tems, Abingdon, UK). After 24hrs of TGF-B1 (1 ng/mL) treatment,
cells were washed three times with PBS and fixed with 4% para-
formaldehyde in PBS for 15 min and followed by incubation with
Protein Block for 15 min at room temperature. The cells were in-
cubated with anti-a-SMA monoclonal antibody (Abcam, Cam-
bridge, MA, USA) overnight at 4°C. The cells were washed with
PBS and incubated with Alexa Fluor® 488 (Invitrogen, Carlsbad,
CA, USA) secondary antibody for 1 hr at room temperature in
dark room. After washing, the slides were mounted with Vecta-
shield (Vector Labs, Burlingame, CA, USA) mounting media con-
taining 4',6-diamino-2-phenylindole (DAPI) for detection of all
nuclei. Fluorescence images were observed with a laser scanning
confocal microscope (TCS SPE, Leica Microsystems GmbH, Wetz-
lar, Germany).

Statistical analysis

Values are expressed as means + standard deviation. Analysis
was conducted using nonparametric analysis with the Mann-
Whitney U tests. All analyses were performed using SPSS soft-
ware version 18.0 (SPSS Inc., Chicago, IL, USA). For all tests, P-
values of <0.01 were considered statistically significant.
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Figure 2 Expression of a-SMA in the direct co-culture system of activated HSCs with BM-MSCs as measured by immunocytochemistry.
The expression of a-SMA showed that (A, B) activated HSCs and (C, D) activated HSCs with BM-MSCs by fluorescent immunocytochemis-
try. The expression of a-SMA in cells treated (A, C) with or (B, D) without TGF-B1. Nuclei were stained with DAPI. Merged immunofluores-
cence images of a-SMA (green) and DAPI (blue). (Scale bar, 75 um). a-SMA, alpha-smooth muscle actin; HSCs, hepatic stellate cells; BM-
MSCs, bone marrow-derived mesenchymal stem cells; TGF-B1, transforming growth factor-beta 1; DAP|, 6-diamino-2-phenylindole.
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Figure 3. Cytokine levels of TGF-B1, HGF, IL-6, and IL-10. Indirect co-culture system of activated HSCs with BM-MSCs decreased the production of (A)
TGF-B1 and (B) IL-6. Whereas, co-culture system of activated HSCs with BM-MSCs increased the production of (C) HGF and (D) IL-10. Values are present-
ed as mean = SD. 'P<0.01. HSCs, hepatic stellate cells; MSCs, mesenchymal stem cells; BM-MSCs, bone marrow-derived mesenchymal stem cells.

RESULTS

Immunophenotypes and differentiation potentials
of the BM-MSCs

The immunophenotypes for CD14, CD34, CD45, CD73, and
CD105 cells were determined and osteogenic or adipogenic differ-
entiation was induced on experimental the day (Fig. 1). In cell
populations, CD73 or CD105 (which are positive markers of BM-
MSCs) were expressed in more than 99% of the cells. However,
CD14, CD34, or CD45 (which are known to be negative markers
of BM-MSCs) were expressed in less than 1% of the cells (Fig.
1A). BM-MSCs could be differentiated into osteocytes and adipo-
cytes (Fig. 1B).

Inhibition of the activation of HSCs by BM-MSCs

The expression of a-SMA, a specific marker for activated HSCs
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was observed by fluorescent immunocytochemistry. We observed
that the activation of HSCs resulted in the expression of a-SMA,
which more increased by TGF-B1 treatment (Fig. 2A and 2B). The
expression of a-SMA in direct co-culture system of activated HSCs
with BM-MSCs were significantly decreased compared to the
HSCs (Fig. 2).

The cytokine levels of TGF-B1, HGF, IL-6, and IL-10

To determine whether BM-MSC paracrine factors could modu-
late activated HSCs via indirect co-culture system. Measurement
of TGF-B1, HGF, IL-6, and IL-10 from supernatant of co-cultured
medium were done by ELISA. An indirect co-culture system of ac-
tivated HSCs with BM-MSCs decreased the production of TGF-B1
by 75% and IL-6 by 16%, respectively (P<0.01, Fig. 3). Whereas,
co-culture system of activated HSCs with BM-MSCs increased the
production of HGF by 3.0-fold and IL-10 by 3.2-fold, respectively
(P<0.01, Fig. 3).

http://www.e-cmh.org
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Figure 4. Inhibition of viability and induction of apoptosis in activated HSCs by BM-MSCs. (A) The HSCs viability was decreased and (B) apoptosis was
increased with direct co-culture system of activated HSCs with BM-MSCs. Values are presented as mean + SD. P<0.01. HSCs, hepatic stellate cells;
MSCs, mesenchymal stem cells; BM-MSCs, bone marrow-derived mesenchymal stem cells.

Inhibition of viability and induction apoptosis in
activated HSCs by BM-MSCs

At a 1:1 co-culture ratio, to determine whether BM-MSCs have
the capacity to inhibit activated HSCs viability, we quantified the
CellTiter 96® AQueous One Solution Reagent ELISA kit. And to
determine whether BM-MSCs also have the capacity to reduce
activated HSCs numbers by inducing their apoptosis, we quanti-
fied the Cell Death Detection ELISA kit. HSCs viability was de-
creased by 34% and apoptosis was increased by 3.7-fold with di-
rect co-culture system of activated HSCs with BM-MSCs,
respectively (P<0.01). We confirmed that BM-MSCs induced
apoptosis of HSCs and also significantly inhibited viability of HSCs
(Fig. 4).

DISCUSSION

BM-MSCs can produce a series of growth factors, cytokines and
signal molecules that can potentially suppress inflammatory re-
sponses, reduce hepatocyte apoptosis, regress hepatic fibrosis
and stimulate the proliferation of endogenous hepatocytes.”” BM-
MSCs have the ability to prevent the progress of hepatic fibrosis,
enhance hepatocyte functionality, and repair damaged liver.

a-SMA is not only a marker for portal myofibroblasts, but also
for activated HSCs which is recognized as a key player in hepatic
fibrosis and cirrhosis.” In this study showed that the expression of
a-SMA in direct co-culture system of activated HSCs with BM-
MSCs were significantly decreased compared to the activated
HSCs (Fig. 2). Through immunofluorescence staining revealing
a-SMA expression, these results were confirmed that HSCs activa-
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tion was inhibited when these cells were co-cultured with BM-
MSCs. These results were demonstrated that BM-MSCs have the
potential to reverse the fibrotic process by inhibiting a-SMA pro-
duction.

In vivo activation of HSCs is divided into a fibrogenic and hyper-
plastic response™ that is mediated by many autocrine and para-
crine signals. HSCs not only secrete cytokines but also respond to
them, emphasizing the importance of tightly regulated local con-
trol of cytokine action within the pericellular milieu. Previous
studies have shown that BM-MSCs modulate the functions of the
activity of HSCs with specific cytokines and growth factors such
as TGF-B1, IL-6, IL-10, and HGF.

TGF-B1 is a primary mediator particularly in liver fibrogenesis.”
HSCs secrete latent TGF-B1 in response to injury, which, after its
activation, exerts potent fibrogenic effects in both autocrine and
paracrine patterns. In the liver, IL-6 induces hepatic acute phase
protein synthesis in vivo and IL-6 is an important proinflammatory
cytokine that have been associated with hepatic fibrosis.”” IL-10 is
protecting hepatocytes, inhibiting the synthesis of pro-inflamma-
tory cytokines, promoting ECM degradation and modulating he-
patic fibrogenesis.”**” HGF was identified as a mitogen for mature
hepatocytes,” and is considered to be important for the develop-
ment and regeneration of liver.>' HGF suppressed proliferation
and stimulated apoptotic cell death in liver myofibroblasts.*

Consistent with their result, our data found that indirect co-cul-
ture system of activated HSCs with BM-MSCs decreased the pro-
duction of TGF-B1 and IL-6, whereas increased the production of
HGF and IL-10. These results were correlated with prior study that
BM-MSCs can exert a protective role through paracrine signaling
to HSCs.” These data support that BM-MSCs have effect in re-
versing hepatic fibrosis with decreasing production of TGF-B1,
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IL-6 and increasing production of HGF, IL-10. Furthermore, we can
hypothesize that BM-MSCs may modulate the proliferation, viabil-
ity and apoptosis of HSCs through paracrine signaling by cyto-
kines and growth factors secreted by BM-MSCs. In present study,
BM-MSCs induced apoptosis of HSCs and also significantly inhib-
ited viability of HSCs in direct co-culture system. This data pre-
sented that BM-MSCs had strong inhibitory activities of HSCs and
there were direct interactions between activated HSCs and BM-
MSCs through direct cell-to-cell contact.

In conclusion, these results support that the juxtacrine and
paracrine effects of BM-MSCs can inhibit the proliferative, fibro-
genic function of activated HSCs and have the potential to reverse
the fibrotic process by inhibiting a-SMA production and induce
HSCs apoptosis.
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