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Currently, the most effective treatment for end-stage liver fibrosis is liver trans-
plantation; however, transplantation is limited by a shortage of donor organs, sur-
gical complications, immunological rejection, and high medical costs. Recently,
mesenchymal stem cell (MSC) therapy has been suggested as an effective alternate
approach for the treatment of hepatic diseases. MSCs have the potential to differ-
entiate into hepatocytes, and therapeutic value exists in their immune-modulatory
properties and secretion of trophic factors, such as growth factors and cytokines.
In addition, MSCs can suppress inflammatory responses, reduce hepatocyte apop-
tosis, increase hepatocyte regeneration, regress liver fibrosis and enhance liver
functionality. Despite these advantages, issues remain; MSCs also have fibrogenic
potential and the capacity to promote tumor cell growth and oncogenicity. This
paper summarizes the properties of MSCs for regenerative medicine and their
therapeutic mechanisms and clinical application in the treatment of liver fibrosis.
We also present several outstanding risks, including their fibrogenic potential and
their capacity to promote pre-existing tumor cell growth and oncogenicity.

Keywords: Liver cirrhosis; Mesenchymal stromal cells; Immune modulation; Tro-
phic factors; Anti-fibrosis

INTRODUCTION

the presence of Y chromosome-positive hepatocytes in
autopsied women who had received therapeutic bone

Although the liver has a considerable inherent regener-
ative capacity [1], sustained and chronic injury results in
the onset of liver fibrosis. Stimuli such as viral hepati-
tis, alcohol, drugs, metabolic diseases, and autoimmune
attack by hepatic cells trigger hepatocyte apoptosis, the
impairment of the endothelial barrier, the recruitment
of inflammatory cells and the activation of hepatic stel-
late cells (HSCs) [2-9]. Liver fibrosis is the result of an
imbalance in extracellular matrix (ECM) synthesis and
degradation mediated by portal fibroblasts, bone mar-
row-derived fibroblasts, mesenchymal cells, and activat-
ed HSCs [10]. Currently, liver transplantation is the only
effective treatment for end-stage liver fibrosis [11].
Recently, stem cell transplantation has been suggest-
ed as an effective alternative therapy for hepatic diseases
[12]. Alison et al. [13] and Theise et al. [14] have reported
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marrow transplantations from male donors, suggesting
the existence of pluripotent stem cells among their bone
marrow cells. Moreover, stem cells, including embryon-
ic, induced pluripotent, hematopoietic and mesenchy-
mal stem cells (MSCs), can be differentiated into hepato-
cyte-like cells both in vitro and in vivo [15-17]. Of these
stem cell types, MSCs have several advantages, such as
easy acquisition, strong proliferative capacities and ex
vivo expansion. In addition, MSCs have immune-mod-
ulatory properties and are able to migrate to damaged
tissues. MSCs also secrete trophic factors, including
growth factors and cytokines, which promote the regen-
eration of impaired tissues, including the liver.

In this review, we summarize (1) the properties of
MSCs for regenerative medicine, (2) the therapeutic
mechanisms of MSCs in the treatment of liver fibrosis,
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and (3) the clinical application of MSCs for the treatment
of liver fibrosis. We also present several outstanding
risks associated with their use, including their fibrogen-
ic, tumor cell growth promotion and oncogenic poten-
tials.

PROPERTIES OF MSCs FOR REGENERATIVE
MEDICINE

MSCs are a promising source for cell-based tissue en-
gineering and regenerative medicine. MSC transplan-
tation is considered safe and has been widely tested in
clinical trials of cardiovascular, neurological and immu-
nological diseases with encouraging results. The prop-
erties of MSCs can be represented by their basic charac-
teristics as stem cells and their therapeutic potentials as
drugs. With regard to their basic characteristics, MSCs
have the potential for self-renewal and differentiation
into multiple types of cells. Sufficient numbers of these
MSCs can be expanded without the loss of their poten-
tial for clinical application. In addition, MSCs can move
toward areas of injury in response to signals of cellular
damage, which are known as homing signals. This mi-
gration property of MSCs is important in regenerative
medicine because various injection routes can be used
depending on the damaged tissue or organ. MSCs can
be transplanted into the liver by intravenous, intraper-
itoneal, intrahepatic, intrasplenic, or portal-venous in-
jection, although the reported effectiveness has differed
slightly based on the injection route and research group.
MSCs are characterized by low expression of human
leukocyte antigen (HLA) class I molecules and the ab-
sence of major histocompatibility complex (MHC) class
II antigens, Fas ligand and the co-stimulatory molecules
By-1, mB7-2, CD40, and CD4oL. These reduced immu-
nogenic expression profiles cause MSCs to have immu-
no-tolerant phenotypes, allowing them to be used in
allogeneic transplantation [18,19].

The therapeutic properties of MSCs that are relevant
to liver fibrosis are related to their capacities for hepato-
cyte-like differentiation and their immune-modulatory,
trophic factor secretory, anti-fibrotic, and anti-oxidant
activities (Fig. 1). MSCs can be differentiated into multi-
ple cell lineages, including hepatocytes, both in vivo and
in vitro. They play immune-modulatory roles both in
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the adaptive and innate immune systems by suppress-
ing T- [20], B- [21,22], dendritic [23,24], and nature killer
(NK) cells [25] or promoting the generation of regulato-
ry T (Treg) cells via a mechanism involving interleukin
10 (IL-10) [26,27]. MSCs express various trophic factors
(growth factors and cytokines) that stimulate resident
cells and matrix remodeling to promote the differenti-
ation of native progenitor cells and the recovery of in-
jured cells. In fibrotic tissue, MSCs can down-regulate
myofibroblasts and lead to anti-fibrotic activity. In ad-
dition, MSCs display cytoprotective effects by inducing
anti-oxidant response elements (AREs) in carbon tetra-
chloride (CClg)- and thioacetamide (TAA)-induced liver

injury [28,29].

THERAPEUTIC MECHANISMS OF MSCs IN
THE TREATMENT OF LIVER FIBROSIS

Hepatocyte-like cell differentiation

Hepatocyte-like cells differentiated from MSCs are
promising sources of liver regeneration. MSCs can be
differentiated into hepatocyte-like cells by treatment
with hepatocyte growth factor (HGF), fibroblast growth
factor (FGF)-2/-4, epidermal growth factor (EGF), on-
costatin M, leukemia inhibitory factor, dexamethasone,
insulin-transferrin-selenium, and/or nicotinamide [30].
Hepatocyte-like cell differentiation can also be induced
by co-culture with liver cells [31] and pellet culture [32].
Moreover, human bone marrow-derived MSCs can be
differentiated into hepatocyte-like cells without fu-
sion in allyl alcohol-treated rat livers [33]. However, the
trans-differentiation of MSCs into hepatocytes has been
rarely observed (less than 1% of the total liver mass) in
animal models in relation to the amounts injected [34].

Immune-modulatory potential of MSCs

MSCs can express various soluble factors, such as nitric
oxide, prostaglandin E2 (PGEz2), indoleamine 2,3-dioxy-
genase (IDO), IL-6, IL-10, and HLA-G. These soluble fac-
tors regulate the proliferation and functions of a variety
of immune cells and induce Treg cells [35]. In particular,
PGE2 increases the anti-inflammatory cytokine IL-10
and decreases tumor necrosis factor o (ITNF-0), inter-
feron y (IFN-y), and IL-12 in dendritic cells (DCs). PGE2
also reduces IFN-y and IL-4 in Thi and Th2 cells and
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stimulates the proliferation of Treg cells [35]. Moreover,
IDO and HLA-G suppress the proliferation of effector T
cells, inhibit the maturation of DCs, inhibit the prolif-
eration and immunoglobulin G secretion of B cells and
reduce the cytotoxicity of NK cells [36,37]. In addition to
the secretion of soluble factors from MSCs, these cells
can suppress the activation of immune cells through
direct cell-cell contact. MSCs can inhibit T-cell prolif-
eration by inducing the apoptosis of effector T cells by
promoting the association of programmed death-1 (PD-
1) with its ligands PD-L1 and PD-L2, and MSCs are ca-
pable of rendering T cells anergic by down-regulating
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anced immune cell populations or immune cell infiltra-
tion of the liver can disrupt its immune-privileged state,
resulting in liver injury or fibrosis. Therefore, the im-
mune-modulatory potential of MSCs plays an import-
ant role in the treatment of liver fibrosis.

Secretion of trophic factors by MSCs

Accumulating evidence has revealed that various trophic
factors secreted by MSCs play key therapeutic roles in
regenerative medicine. MSCs express trophic factors,
such as growth factors, cytokines, and chemokines,
which are known not only to reduce the inflammation,

the expression of the co-stimulatory molecules CD8o apoptosis and fibrosis of damaged tissues but also to

stimulate angiogenesis and tissue cell regeneration [41].

-Suppression of B, T, DC, and NK cells
e L@
- Proliferation of Treg cells

and CD86 on antigen-presenting cells [38-40]. Unbal-

2. Immune-modulation

:NO, PGE2, IDO, IL-6, IL-1o,=
HLA-G,

PD-L1/-2

Immune cells

1. Trans-differentiation

3. Trophic factors

- Proliferation of resident hepatocytes

- HGF, EGF, TGF-q, VEGF

- Differentiation of hepatic progenitor cells
-EGF, HGF

Hepatocytes

Figure 1. Potential roles of mesenchymal stem cells (MSCs) in liver fibrosis. Liver fibrosis is initiated by hepatic injury and the
subsequent imbalance of extracellular matrix (ECM) synthesis and degradation mediated by activated hepatic stellate cells
(HSCs). Potential protective mechanisms of MSCs include the following: (1) trans-differentiation into hepatocyte-like cells; (2)
suppression of immune reactions; (3) secretion of trophic factors to suppress activated HSCs and increase the proliferation of
both resident hepatocytes and hepatic progenitor cells; and (4) anti-fibrosis resulting from the regulation of activated HSCs
and immune cells. Solid lines and dashed lines indicate stimulatory and inhibitory modifications, respectively. The + sign
represents tentative stimulatory effects. The shadows represent ECM that is secreted from the HSCs. NO, nitric oxide; PGEz2,
prostaglandin E2; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; HLA-G, human leukocyte antigen G; PD, programmed
death; DC, dendritic cell; NK, nature killer; Treg, regulatory T; HGF, hepatocyte growth factor; NGF, nerve growth factor;
TNF-q, tumor necrosis factor o; EGF, epidermal growth factor; TGF-q, transforming growth factor o; VEGF, vascular endo-
thelial growth factor.
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Moreover, after MSCs move to damaged sites for repair,
they are stimulated by local factors, such as inflammato-
1y cytokines, ligands of Toll-like receptors and hypoxic
conditions. These stimuli lead to the production of a
large amount of growth factors that perform multiple
functions to achieve tissue regeneration [42,43].

Hepatocytes in fibrotic livers reach replicative senes-
cence after many rounds of injury and repair; however,
trophic factors secreted by MSCs can lead to the sur-
vival of living and dying hepatocytes via anti-apoptotic
(stromal cell-derived factor 1, HGF, insulin-like growth
factor 1 [IGF-1], and vascular endothelial growth fac-
tor [VEGEF]), mitogenic (EGF, HGF, nerve growth factor
[NGF], and transforming growth factor o [TGF-q]), and
angiogenic effects (VEGF) [44-46]. Anti-apoptotic events
that correlate with reduced inflammation have been
observed in fibrotic tissues following MSC transplanta-
tion in association with alterations in HGF and IGF-1
expression [47,48]. HGF, EGF, and TGF-a, which are po-
tent mitogens, are primarily associated with hepatocyte
proliferation [49-52], and VEGF enhances angiogenesis,
which is responsible for liver regeneration. In addition
to hepatocytes, hepatic progenitor cells, which are lo-
cated in the canals of Hering, can be differentiated into
hepatocytes or biliary lineage cells following treatment
with EGF or HGF, respectively [s3]. Trophic factors, such
as IL-10, HGF, NGF, TGF-f, and TNF-q, regulate the
proliferation of activated HSCs and decrease collagen
synthesis in liver fibrosis.

Anti-fibrotic activities of MSCs

Liver fibrosis, which is the precursor to cirrhosis, is the
result of the deposition of ECM proteins and is medi-
ated primarily by activated HSCs. Following liver inju-
ry, HSCs undergo a phenotypic switch from quiescent,
vitamin A-storing cells to proliferative, a-smooth mus-
cle actin (SMA)-positive, myofibroblast-like cells with
increased collagen synthesis. Interestingly, the anti-fi-
brotic activities of MSCs have been reported in various
fibrotic animal models in the heart, liver, kidneys, lungs,
peritoneum, pancreas, skin, and rectum [54]. MSCs sup-
press the pathophysiological process that is mediated
by chronic inflammation, and this immunosuppressive
mechanism contributes to a modification of the micro-
environment; the result is diminished tissue fibrosis,
increased resident stem cell proliferation and eventually
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tissue regeneration.

Moreover, MSCs are able to reduce the proliferation
of activated HSCs and collagen synthesis through indi-
rect or direct cell-cell contact. In indirect contact mode,
trophic factors (i.e., IL-10, HGF, TGF-f3, and TNF-0)
that are secreted by MSCs inhibit the proliferation of
HSCs and decrease collagen synthesis [55,56], while
HGF and NGF promote the apoptosis of HSCs [55,57].
MSCs that are directly co-cultured with HSCs signifi-
cantly suppress the proliferation and a-SMA expression
of HSCs through cell-cell contact, and this activity is
partially mediated by Notch pathway activation [58].
Furthermore, MSCs can regulate the expression of ma-
trix metalloproteinases (MMPs) and tissue inhibitors of
MMPs (TIMPs). In several fibrosis models, MSCs have
been shown to increase the expression of MMPs (i.e.,
MMP-2, -9, -13, and -14) [59-61] or to decrease TIMP-1
expression [60,62], and these alterations are generally
associated with fibrosis resolution.

Anti-oxidant activities of MSCs

Reactive oxygen species (ROS) trigger oxidative stress,
which induces liver diseases such as liver fibrosis, cir-
rhosis, viral hepatitis, hepatocellular carcinoma (HCC),
and others [63-67]. CCl4 and T'AA are toxins used world-
wide to generate experimental liver injury [29,68,69].
These toxins stimulate ROS production, which results
in hepatocyte damage through lipid peroxidation and
the alkylation of proteins, nucleic acids, and lipids
[29,70-72]. MSCs have been shown to overcome CCL4-
and TAA-induced oxidative stress in vitro and to reduce
liver injury through anti-oxidant activities in vivo [28,29).
The up-regulation of ROS in CCly-treated liver cells
has been reported to be attenuated by co-culturing with
MSCs via an increase in superoxide dismutase activity
and the induction of AREs, which represents a cytopro-
tective response in the injured liver [29]. Additionally,
MSCs protect hepatocytes by reducing ROS damage that
is induced by TAA both in vivo and in vitro [28].

CLINICAL APPLICATION OF MSCs FOR LIVER
FIBROSIS

Clinical trials using MSCs have been designed to inves-
tigate their therapeutic potentials for the treatment of
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Table 1. Completed clinical trials using MSC transplantation to treat chronic liver diseases’

Cell type/

Liver disease N(,)' of Source  hepatocyte-like Delivery Main results Country  Source
Ppatients route
cells

Decompensated 4 Tliac crest Autologous Cubital vein Improvements in MELD Iran Mohamad-

liver cirrhosis MSCs/no of the arm score and serum nejad et al.
creatinine level (6-12 [73] (2007)
mon after transplantation)

Liver cirrhosis 8 Iliac crest Autologous Peripheral Improvement in MELD Sweden Kharaziha
(4 HBV,1 HCV, 1 MSCs/partial ~ and portal score (24 wk after etal. [74]
alcoholic, and 2 veins transplantation) (2009)
cryptogenic)

End-stage liver 20 Iliac crest Autologous Intrasplenic (10) Improvements in child Egypt  Ameretal.
failure due to MSCs/yes and and MELD scores (noted [75] (2012)
chronic HCV intrahepatic (10) at 2 wk and maintained
infection for 6 mon after

transplantation)

Liver failure due to 53 Iliac crest Autologous Proper hepatic Improvement in MELD China  Pengetal.
chronic HBV MSCs/no artery score (2—3 wk after [80] (2011)
infection transplantation)

HCV-related 15 Iliac crest Autologous Peripheral Improvements in MELD Egypt El-Ansary
liver cirrhosis MSCs/both vein score and serum albumin et al. [78]

level (3 and 6 mon after (2012)
transplantation)

Chronic HBV 31 Umbilical Allogeneic Peripheral Improvements in MELD China  Zhangetal.
infection cord MSCs/no vein score, ascites, hyaluronic [77] (2012)

acid, procolla gen type III
and type IV collagen

(up to 48 wk after
transplantation)

Post-HCV liver 20 Iliac crest Autologous Intrasplenic Improvements in MELD Egypt  Aminetal
cirrhosis MSCs/no injection score and serum albumin [76] (2013)

level (24 wk after
transplantation)

Alcoholic liver 11 Iliac crest Autologous Right hepatic ~ Improvements in MELD Korea Jang et al.
cirrhosis MSCs/no artery score and liver histology [79] (2014)

(12 wk after transplantation)

MSC, mesenchymal stem cell; MELD, Mayo End-Stage Liver Disease; HBV, hepatitis B virus; HCV, hepatitis C virus.
“The data found by a search on www.clinicaltrials. gov (October 2014) with the terms “mesenchymal stem cells” and “liver cir-

rhosis.”

cirrhosis (Table 1). In a phase 1 trial, autologous bone
marrow-derived MSCs were infused through the pe-
ripheral veins of four patients with decompensated
cirrhosis. There were no side effects reported in these
patients during follow-up, and the Mayo End-Stage Liv-
er Disease score was improved in half of the patients.
Furthermore, the qualities of life of all four patients im-
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proved by the end of follow-up [73]. In a phase 1-2 tri-
al, Kharaziha et al. [74] showed an improvement in liver
function in cirrhosis patients who were injected with
30 to 50 million autologous MSCs via the peripheral
or portal veins. In phase 2 trials [75-80], Jang and col-
leagues [79] showed the beneficial effects of autologous
bone marrow MSC transplantation for the treatment of
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alcoholic cirrhosis. MSCs (5 x 107 cells) were injected into
the hepatic artery twice at weeks 4 and 8. According to
the Laennec fibrosis system, histological improvement
was observed in 6 of 11 patients (54.5%). The Child-Pugh
score was improved in ten patients (90.9%), and the lev-
els of TGF-f1, type 1 collagen, and o-SMA significantly
decreased after MSC therapy [79]. Similar results were
obtained by Amer et al. [75], Amin et al. [76], Zhang et al.
[77], El-Ansary et al. [78], Peng et al. [8o] (T'able 1). Autol-
ogous bone marrow-derived hepatocyte-like cells also
improved the liver function of 20 patients with end-
stage liver failure when these cells were transplanted
via intrasplenic and intrahepatic routes [75]. In addition
to the improvement of liver function by MSCs, the in-
cidence of HCC or mortality in patients with hepatitis
B-related liver failure showed no significant difference
between autologous MSCs-injected and control groups
after 192 weeks of follow-up [80]. In addition to autol-
ogous bone marrow-derived MSCs, allogeneic MSCs
from umbilical cords have been used to improve liver
function in decompensated cirrhosis patients [77].
Although MSCs have been widely used in clinical and
pre-clinical studies of liver fibrosis, several issues must
be carefully considered, including their fibrogenic po-
tentials and capacities for tumor cell growth promotion
and oncogenicity. Depending on the MSC injection
route and liver disease status, MSCs can differentiate
into myofibroblasts rather than hepatocytes [81,82]. En-
graftment of human MSCs is very low in normal and
acutely injured livers compared to chronically injured
livers. Moreover, a significant number of human MSCs
exhibit a myofibroblast-like morphology during acute
liver injury [81]. Baertschiger et al. [82] observed that sta-
ble engraftment of MSCs in the liver is not achieved fol-
lowing intrasplenic injection; however, after intrahepat-
ic injection, MSCs permanently remain in the liver but
primarily differentiate into myofibroblasts. Another risk
of MSC transplantation has been identified with regard
to the susceptibility of these cells to malignant trans-
formation and the promotion of pre-existing tumor
growth. As mentioned above, MSCs can secrete various
growth factors (i.e., FGFs, EGF, TGF-B, HGF, and VEGF)
that promote tumor cell growth and neo-vascularization
[83]. Although the malignant transformation of human
MSCs has not been reported in clinical trials, the risk of
the introduction of genetic mutations during the ex vivo
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expansion of MSCs must be carefully considered prior
to transplantation. Despite these risks, the therapeutic
effects of MSCs in liver fibrosis have been verified in
pre-clinical and clinical studies. Thus, these cells can be
expected to become a new treatment for liver fibrosis in
the near future.

FUTURE PROSPECTS OF MSC THERAPY FOR
LIVER FIBROSIS

To develop MSC therapy for liver fibrosis, larger clin-
ical studies must be conducted to obtain meaningful
insights into the safety and clinical efficacy of MSC in-
fusion [84,85]. Accumulating evidence has revealed that
autologous MSC infusion is safe because autologous
MSCs do not induce an immune reaction; in particu-
lar, autologous MSCs expand the Treg population and
reduce the T cell population [86]. Reports of the efficacy
of MSCs are controversial and depend on the research
group; however, we expect that issues regarding their ef-
ficacy will be resolved in the near future by a large mul-
ticenter randomized clinical trial that is currently being
conducted in Korea. Moreover, multicenter interna-
tional clinical studies on the safety and efficacy of MSC
treatments for liver fibrosis can help clinicians reach a
consensus on the treatment of liver fibrosis, which will
ultimately improve the prognosis of patients.

Several important considerations must still be ad-
dressed to support stem cell therapies for liver fibrosis
treatment. First, the delivery route of MSCs into the
liver has not been standardized but is important for
optimizing their therapeutic effects and engraftment.
Second, the number of injections of MSCs and their
concentrations must be optimized to improve thera-
peutic effects. Third, the survival duration of engrafted
MSCs is important for achieving sustained efficacy. In
many pre-clinical animal studies, human MSCs have
been observed by immunohistochemical analysis using
human-specific markers [87-89]; however, more sophis-
ticated techniques to identify and follow the fates of in-
jected MSCs will be required for clinical translation. For
instance, MSCs can be labeled with superparamagnet-
ic iron oxide nanoparticles or reporter genes, causing
them to be traceable using advanced imaging technol-
ogies [90-95]. Because nanoparticles or reporter genes
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can modify the properties of MSCs, biomarkers specific
to injected MSCs that do not cause cell damage must
be developed, even if developing such tools takes a long
time.

CONCLUSIONS

MSCs are potentially relevant therapeutic agents for
the treatment of liver diseases because of their poten-
tial to differentiate into hepatocytes as well as their
immune-modulatory properties and ability to secrete
trophic factors. Nevertheless, MSC therapy needs to be
further evaluated in large randomized and controlled
clinical trials with longer follow-up periods. In addi-
tion, further studies are needed to solve various issues,
including those involving the fibrogenic potential of
MSCs and their ability to promote pre-existing tumor
cell growth.
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