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Abstract

Liver fibrosis is a wound-healing response to chronic injuries, characterized by
the excessive accumulation of extracellular matrix or scar tissue within the liver;
in addition, its formation is associated with multiple cytokines as well as several
cell types and a variety of signaling pathways. When liver fibrosis is not well
controlled, it can progress to liver cirrhosis, but it is reversible in principle. Thus
far, no efficient therapy is available for treatment of liver fibrosis. Although liver
transplantation is the preferred strategy, there are many challenges remaining in
this approach, such as shortage of donor organs, immunological rejection, and
surgical complications. Hence, there is a great need for an alternative therapeutic
strategy. Currently, mesenchymal stem cell (MSC) therapy is considered a
promising therapeutic strategy for the treatment of liver fibrosis; advantageously,
the characteristics of MSCs are continuous self-renewal, proliferation,
multipotent differentiation, and immunomodulatory activities. The human
umbilical cord-derived (hUC)-MSCs possess not only the common attributes of
MSCs but also more stable biological characteristics, relatively easy accessibility,
abundant source, and no ethical issues (e.g., bone marrow being the adult source),
making hUC-MSCs a good choice for treatment of liver fibrosis. In this review,
we summarize the biological characteristics of hUC-MSCs and their paracrine
effects, exerted by secretion of various cytokines, which ultimately promote liver
repair through several signaling pathways. Additionally, we discuss the capacity
of hUC-MSCs to differentiate into hepatocyte-like cells for compensating the
function of existing hepatocytes, which may aid in amelioration of liver fibrosis.
Finally, we discuss the current status of the research field and its future
prospects.
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Core tip: Liver fibrosis is a major global health problem, for which no efficient therapy is
available. Cell therapy, particularly involving human umbilical cord mesenchymal stem
cells (known as hUC-MSCs), represents a promising therapeutic strategy, based mainly
on the cells’ paracrine effects, transdifferentiation capacity and immunomodulatory
function. In this review, we discuss the characteristics of hUC-MSCs, focusing on the
possible mechanisms of these cells to ameliorate liver fibrosis, based upon evidence
from in vitro and in vivo studies as well as ongoing clinical trials. This review also
includes a discussion of the current status of the field and its future prospects.
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INTRODUCTION

Liver fibrosis is a common outcome of severe chronic liver injuries, characterized by
imbalance in the production and degradation of extracellular matrix (ECM). It can be
triggered by viruses, alcohol abuse, drug abuse, and autoimmunity"l. In the early
stages of liver fibrosis!'l, the ECM deposition can be hydrolyzed by proteolytic
enzymes, such as matrix metalloproteinases. However, continuous damage will lead
to the accumulation of matrix components, such as collagen I and collagen III, leading
to scar tissue deposition and the onset of an inflammatory process*l. Notably, several
studies have shown that hepatic stellate cells (HSCs) play a critical role in liver
fibrosis (Figure 1).

When the liver is exposed to various injuries, quiescent HSCs change into activated
HSCs, which are the major source of collagen and ECM proteins. Under the action of
various cytokines, such as inflammatory mediators, released by activated Kupffer
cells, the activated HSCs then differentiate into myofibroblasts'’l. Furthermore,
activated HSCs promote the activation of peripheral static HSCs and promote the
development of liver fibrosis through paracrine and autocrine modes. A variety of
cytokines!** (i.e., transforming growth factor-beta (TGF-f), platelet-derived growth
factor, connective tissue growth factor, fibroblast growth factor (FGF), interferon-
gamma, and leptin) are involved in the activation of HSCs through multiple signaling
pathways! (e.g., TGF-B/Smad, Ras/ERK, Notch!l, and Wnt/-catenin*l). As such,
liver fibrosis is associated with multiple cytokines, several cell types, and a variety of
signaling pathways. Without efficient treatment, liver cirrhosis or liver failure can
occur, and the risk of hepatocellular carcinoma is increased!l.

Although numerous drugs have been shown to exhibit antifibrotic activity both in
vitro and in animal models, none have been effective for clinical use. Until now, liver
transplantation remains the only effective therapy for end-stage liver disease!””.. The
primary limitation of this treatment, however, is a shortage of donor organs.
Moreover, adverse effects (e.g., rejection) as well as the high cost of the procedure and
inevitable side effects associated with long-term postoperative use of
immunosuppressants make liver transplantation unfavorable for many patients!"*'"l,
These ongoing challenges highlight the need for new therapeutic strategies to treat
liver fibrosis in effective, safe and convenient ways.

Currently, MSCs are a focus of research regarding treatment of liver diseases!"**"!
because they exhibit the following characteristics: multidifferentiation potential,
strong proliferative ability, immune regulation, and self-replication!>*>*1. MSCs can
be obtained from a variety of tissues, including bone marrow, adipose tissue,
umbilical cord tissue, placenta, umbilical cord blood, amniotic fluid, peripheral blood,
liver, lung, endodontic pulp, skeletal muscle®”!, and hair follicles. Several researchers
have cited that human umbilical cord-derived (hUC)-MSCs are a superior choice over
the other types of MSCs, as they have no substantial ethical challenges, exhibit a low
risk of viral transmission™! and low immunogenicity, are readily available, and are
more primitivel®.,

In this review, the biological characteristics of hUC-MSCs are discussed, as are their
possible underlying therapeutic mechanisms, clinical applications, and future
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Figure 1 Process of hepatic stellate cells’ activation. HSC: Hepatic stellate cell; MFBLC: Myo-fibroblast-like cell.

prospects for amelioration of liver fibrosis.

CHARACTERISTICS OF hUC-MSCs

During the 5* wk of gestation, the human umbilical cord begins to develop, and it can
grow up to 50 cm in length™). The hUC itself can be obtained after delivery, as it is
considered medical waste; this convenient acquirement dovetails with the recognition
of it as an ideal source of MSCs***",

Sources of hUC-MSCs

Recently, researchers have isolated six types of MSCs from different portions of the
hUC (Figure 2)P; these include the amnion, subamnion, perivascular, Wharton's jelly,
mixed cord, and cord blood. Notably, Wharton’s jelly" "] has become the major
source of MSCsl**1,

Isolation of hUC-MSCs
There are three main methods for isolation of hUC-MSCs, these being explant,
enzymatic digestion, and a so-called “mixed” method".

The explant method is also known as “tissue block adherence”. Mennan et all*]
reported that explants could be obtained from Wharton’s jelly that had been minced
into small pieces and then cultured in basal medium supplemented with 100 mL/L
fetal calf serum. This explant method is relatively simple and inexpensive, but
requires extended time for subculturing (typically 20-30 d) because of the low
adhesion efficiency of tissue explants and the slow migration of cells out of tissue
explants (approximately 5-10 d). To overcome these disadvantages, explant
reculture”’ and multiple adherence methods!*'! have been devised to obtain larger
numbers of primary culture cells. According to a report by Lu et al*!, unattached
tissues could be recovered and subsequently recultured to generate more stable hUC-
MSCs, which were found to express similar biomarkers and differentiation capacity.
hUC-MSCs can also be obtained by an enzymatic digestion method"”; For this, the
whole cord is cut into small pieces and digested with collagenase, followed by
centrifugation of the supernatant, resuspension of the resulting pellet in medium, and
seeding in a tissue culture flask. Other approaches to digest the tissues*! include the
use of collagenase with or without trypsin, or a combination of collagenase or
hyaluronidase with or without trypsin. In 2007, Ding ef al”l reported a mixed method
to obtain hUC-MSCs. For this, the Wharton’s jelly is cut into small pieces, treated with
collagenase type I for 14-18 h, and then explant-cultured using the above-described
tissue block adherence method.

Overall, the explant method is conducive for maintenance of cell quality, avoids
contamination, involves a simple procedure, and is inexpensive. Therefore, this
method has been widely adopted, although it requires additional time for
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Figure 2 Cross-sectional diagram of human umbilical cord showing anatomical compartments, including
Wharton’s jelly, as a source of mesenchymal stem cells.

subculturing of the hUC-MSCs. The enzymatic digestion method can provide more
homogenous cell populations in a shorter timel*! but the cell quality and functions can
be degraded compared with the former method**1. Additionally, this method is
difficult to control the digestion time and it is expensive. The mixed method
procedure is more complicated and can lead to cell contamination more easily. Thus,
hUC-MSCs’ isolation protocols need to be improved to obtain a greater number of
primary cells in a short time.

Cultivation and expansion of hUC-MSCs
Many factors influence the growth of hUC-MSCs, including basal medium, serum,
and substitutes of fetal bovine serum (FBS).

The various types of basal medium used to culture hUC-MSCs include DMEM-
LGU-, DMEM/F120'-%, a-MEMP**], and MSC-qualified medium®. In our culture
strategy”™], we have used DMEM/F12 (1:1) as our basal medium, supplemented with
100 mL/L FBS, to culture and proliferate hUC-MSCs. The resulting cells exhibit
typical features of MSCs in morphology, proliferation capacity, and the surface
antigen profiles.

Though FBS is always used in cell culture of hUC-MSCs, some inherent factors can
elicit negative effects in clinical treatment. Fortunately, blood components of
autologous or allogeneic donors (e.g., human serum, plasma, platelet lysate, and cord
blood serum) have been confirmed by Bieback et all*’! as alternative media
supplements for clinical use. Wu et al®”? cultured and cryopreserved hUC-MSCs with
hUC blood plasma. The resulting phenotype and differentiation potential (osteogenic
and adipogenic) were almost indistinguishable from those of cells cultured with FBS;
moreover, cells cultured with cord blood plasma demonstrated significantly greater
proliferation rates than those cultured with FBS. In a separate study by Sun et al®!,
when hUC-MSCs were cultured in vitro using a human platelet lysate culture system,
the stemness was maintained in a more consistent manner. Additional findings
regarding proteinaceous medium additives have been reported by Hatlapatka et al'*?,
specifically being that human serum appears to support optimal growth conditions
and efficient cell expansion.

Furthermore, the addition of a subset of growth factors into the medium, such as
epithelial growth factor (EGF), FGF, platelet-derived growth factor, TGF-p and insulin
growth factor-1, is conducive to the maintenance of stemness among stem cells*’l.

In brief, a serum-free culture system can maintain the growth and propagation of
hUC-MSCs in vitro through the addition of nutrients and growth factors. This
approach avoids the negative effects of FBS, maintains hUC-MSCs stemness, and
improves hUC-MSCs’ proliferation efficiency. However, in a serum-free culture
system, cells tend to lose their stemness characteristics and exhibit reduced
proliferation efficiency as the number of passages increases!*'l. Therefore, optimal
nutrients and growth factors must be selected to maintain the biological
characteristics of hUC-MSCs.

Biomarkers of hUC-MSCs
Thus far, no surface markers have been found that are characteristic of MSCs, likely
because cell phenotype is influenced by medium composition, cell seeding density,
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and oxygen partial pressure.

Although a variety of markers have been described, the International Society for
Cellular Therapy has proposed the following set of minimum criteria to define MSCs:
(1) Plastic adherence; (2) Presence of a specific set of cell surface markers (CD73,
CD90, CD105) and concomitant absence of other markers (CD14, CD34, CD45, and
human leukocyte antigen-DR); and (3) Ability to differentiate into adipocytes,
chondrocytes, and osteoblasts in vitrol*l. Importantly, hUC-MSCs, like other MSCs,
meet these criteria.

Gene expression analyses!®*! have shown hUC-MSCs to be a primitive type of cell,
with a phenotype between that of adult stem cells and embryonic stem cells,
expressing unique molecular markers of various embryonic stem cells, such as OCT4,
50OX2, and NANOG.

Furthermore, hUC-MSCs express many biomarkers that are beneficial for
transplantation. Notably, hUC-MSCs do not express the major histocompatibility
complex-II or costimulatory molecules CD80 and CD86; this may facilitate allogeneic
and heterogeneic transplantation. Moreover, hUC-MSCs produce moderate amounts
of major histocompatibility complex-I! and constitutively express B7 homolog 1, a
negative regulator of T cell activation.

Overall, regardless of the method used for culture, some cell phenotypes remain
consistent among the hUC-MSCs. For example, surface markers of interstitial cells,
endothelial cells, and epidermal cells are expressed, whereas hematopoietic stem cell
markers are not. The hUC-MSCs are more primitive than other sources of MSCs and
beneficial for transplantation.

Bioactive molecules secreted by hUC-MSCs

The hUC-MSCs can secrete multiple bioactive molecules that exert specific physio-
logical functions in a variety of processes. Wang!*’! reported the identification of 236
proteins within hUC-MSCs-conditioned medium, of which 114 were known; these
proteins included cytokines, transporters, receptors, and binding proteins that
participated in 15 biological processes and 14 molecular functions (e.g., growth,
proliferation, differentiation, inflammatory responses, immune responses,
maintenance of homeostasis!*’], angiogenesis, and apoptosis’”). Notably, some of the
identified proteins are involved in amelioration of liver fibrosis.

Three-dimensional (3D) culture system

The conventional adherent monolayer culture system for growth of stem cells has
many limitations. For example, it provides insufficient yield to meet clinical demands,
requires frequent digestion and subculturing of cells, and carries a high risk for
contamination. More importantly, this method fails to recapitulate the in vivo native
3D cellular microenvironment, and may thus result in phenotypic changes as well as
impairment of homing and migration capacities™. Therefore, to ensure high-quality
and high-quantity preparation of hUC-MSCs, 3D culture systems have been explored
as an ideal preparatory and delivery method.

Li et al* established a 3D culture system for hUC-MSCs, in which primary hUC-
MSCs were isolated and grown in serum-free medium on a suspension rocker system
for 3 d. Compared with monolayer culture, the 3D culture system yielded more hUC-
MSCs within the same volume, in a spheroid morphology. The spheroids expressed
higher levels of stem cell markers and more robust multipotency. After transplan-
tation into carbon tetrachloride (CCl,)-injured mice, the 3D culture-grown hUC-MSCs
alleviated liver necrosis and promoted regeneration significantly, as compared with
monolayer-cultured hUC-MSCs. In a study by Zhou et al*], hUC-MSCs were seeded
in a 3D culture system with porcine acellular dermal matrix, which led to increased
expression of Toll-like receptors, C-X-C chemokine receptor type 4, and CD34 and
CD271 surface markers and decreased expression of CD105. Moreover, the numbers
of migratory 3D-grown hUC-MSCs in the liver were significantly greater than the
numbers of monolayer-grown hUC-MSCs.

In general, the characteristics of hUC-MSCs in 3D culture resemble those of hUC-
MSCs more closely in their native environments, whereas characteristics of hUC-
MSCs in two-dimensional (2D) culture do not exhibit this similarity. Thus, 3D culture
enables reversal of changes in certain phenotypic markers and chemokine receptors as
well as restoration!”! of some functional loss (e.g., homing, migration, and immune
regulation) which occur in the 2D system. Therefore, this approach represents a
promising strategy for hUC-MSCs expansion on an industrial scale, with great
potential for cell therapy and biotechnology.

Potential for differentiation into hepatocyte-like cells in vitro
The hUC-MSCs have been demonstrated to be multipotent, and can differentiate into
endodermal cell types as well as most mesodermal and ectodermal cell types!”.
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Several studies have shown that hUC-MSCs could differentiate into hepatocyte-like
cells in vitro. Below, we summarize some of the protocols reported for hepatic
differentiation of hUC-MSCs, such as the addition of cell growth factors or small
molecules, induction by conditioned medium (except liver fibrosis-conditioned
medium), coculture with normal hepatocytes, as well as genetic manipulation.

Addition of cell growth factors and small molecules into the medium: Among the
existing induction methods, the cytokine combination method has been widely
studied, due to the need for exact components and doses, as well as its benefit of easy
repeatability. Campard et all’"! differentiated hUC-MSCs into hepatocyte-like cells
using a three-stage protocol. First, hUC-MSCs were seeded in IMDM containing EGF
and basic (b)FGF, and cultured for 2 d. Second, hepatocyte growth factor (HGF),
bFGEF, nicotinamide, and insulin-transferrin-selenium premix was added and the
culture continued for 10 d. Third, oncostatin M (OSM), dexamethasone, and insulin-
transferrin-selenium premix was added and the culture continued for another 10 d.
The resulting hUC-MSCs exhibited hepatocyte-like morphology, having up-
regulation of several hepatic markers, presence of stored glycogen, functional urea
production, and inducible CYP3A4 activity. However, the absence of some hepatic
markers [e.g., HepParl or hepatocyte nuclear factor 4 (HNF4)] in the differentiated
hUC-MSCs implied that differentiation did not reach the level of mature hepatocytes.
Similarly, Zhao et al”! used a medium containing HGF, bFGF, dexamethasone,
insulin, and sodium selenite to culture hUC-MSCs for 16 d, after which the cells were
transferred into OSM-containing medium. The resulting hUC-MSCs exhibited a high
hepatic differentiation ability and hepatocyte-specific functions.

To resolve the low differentiation efficiency, Su et al”! investigated the effect of
valproic acid (VPA), a histone deacetylase inhibitor, on hepatic differentiation of hUC-
MSCs. In that study, hUC-MSCs were treated with VPA for 6 h and then diffe-
rentiated for 15 d in insulin-transferrin-selenium medium containing 20 ng/mL HGF,
10 ng/mL OSM, and 10 mol/L dexamethasone. The resulting cells showed
expression of endodermal genes and secretion of urea; in addition, the number of
albumin (ALB)-positive hUC-MSCs was profoundly increased in response to the VPA
pretreatment. Moreover, the expression levels of phospho-AKT1 and ERK1/2 proteins
were increased in these hUC-MSCs. Together, the results suggest that VPA promotes
hepatic differentiation of hUC-MSCs by up-regulating expression of endodermal
genes through AKT and ERK activation.

Overall, many cytokines can induce hepatic differentiation of hUC-MSCs but
problems persist in the form of low induction efficiency as well as in the presence of
immature, heterogeneous hepatocyte-like cells. Therefore, a standard induction
protocol should be established; this will, however, depend upon discoveries of
specific key factors and a consistent mechanism for hepatic differentiation.

Conditioned medium: Previous findings have suggested that, under defined
conditions (e.g., a simulated normal liver microenvironment), hUC-MSCs can
differentiate into functional hepatocytes. Yan et all’* explored the use of fetal liver-
conditioned medium for hepatic differentiation of hUC-MSCs. The expression of
MSC-specific markers decreased, while hepatocyte-specific gene expression was
increased. Urea production, ALB secretion, glycogen storage, and CYP3A4 activity
were significantly enhanced in the fetal liver-conditioned medium-treated cells.
Furthermore, the protein expression levels of P-ERK, P-Raf, and P-MEK increased
significantly in fetal liver-conditioned medium-treated hUC-MSCs.

Similarly, Xue et al’! simulated a liver microenvironment in vitro by using liver
homogenate supernatant, which induced differentiation of hUC-MSCs into
hepatocyte-like cells expressing the hepatocyte markers a-fetoprotein (AFP),
cytokeratin (CK)18, and tryptophan 2,3-dioxygenase (TPH2). Moreover, CYP3A
enzyme activity, as well as ALB and urea secretion, indicative of hepatocyte function,
were also significantly increased by the liver homogenate supernatant induction.
Thus, the liver microenvironment is a key factor in the differentiation of hUC-MSCs
into hepatocytes.

Overall, hepatic differentiation of hUC-MSCs can be promoted through coculture
with conditioned medium. Thus, interactions between stem cells and their
microenvironment are considered to be the primary mechanism regulating stem cell
self-renewal and differentiation. This is a feasible method to easily differentiate hUC-
MSCs into functional hepatocyte-like cells.

Coculture with normal hepatocytes: In a study by Li et al’*], hUC-MSCs were
cocultured with liver LO2 cells for 7, 14 and 21 d. In that study, AFP mRNA was
found on the 7* d after coculture, and the expression of ALB and CK19 mRNA, both
hepatocyte-specific markers, reached detectable levels at 7 d, remaining at d 14 and
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21, after the coculture. In particular, the mRNA expression levels of ALB and human
CK19 were increased at 14 d, and glycogen staining was positive after the coculture
for 21 d. However, at 21 d, AFP expression was no longer detectable in the cocultured
cells. These results indicated that hUC-MSCs can differentiate into hepatocyte-like
cells after coculture with normal hepatocytes; notably, increased induction time leads
to more mature differentiated cells.

Gene transfection in hUC-MSCs: The hepatic differentiation status of hepatocyte-like
cells derived from stem cells is inadequate for clinical use because of relatively low
expression levels of functional proteins and lack of full induction of metabolic
activity!””); therefore, genetic manipulation may be an ideal strategy to resolve this
problem.

There have been many reports regarding overexpression of HNF4a and some
micro (mi)RNAs in several types of MSCs to facilitate differentiation into hepatocyte-
like cells!*-*"1. HNF4a is a dominant transcriptional regulator of hepatocyte
differentiation and hepatocellular carcinogenesis. Moreover, HNF4a-overexpressing
hUC-MSCs have been established!™], and hepatocyte-specific proteins and genes have
been significantly enhanced by the activation of several target genes, including liver-
enriched transcription factorst®.

However, transcription factors are not the only molecules that can promote cell
transdifferentiation; miRNAs can also be used for this purposel®*1. Transfection with
several miRNAs has been reported to induce the transdifferentiation of hUC-MSCs
into hepatocyte-like cells, or even mature hepatocytes.

Cui et alt®! transfected six miRNAs (miR-1246, miR-1290, miR-148a, miR-30a, miR-
424, miR-542-5p) and the liver-enriched miR-122 together, and observed stimulation
of hMSCs’ conversion into functionally mature induced hepatocytes (known as
iHeps). Additionally, after transplantation of the iHeps into mice with CCl,-induced
liver injury, the iHeps not only were able to improve liver function but also restored
injured liver tissue. The findings from that study indicate that miRNAs have the
capability to directly convert hMSCs to a hepatocyte phenotype in vitro. In order to
screen out the optimal miRNA candidates for hepatic differentiation of hUC-MSCs,
Zhou et al® sequentially removed individual miRNAs from the seven-member pool
of miR-1246, miR-1290, miR-148a, miR-30a, miR-424, miR-542-5p and miR-122,
performing transfection with the remainder. Examination of the relevant indices (e.g.,
hepatic markers, glycogen storage, low density lipoprotein uptake, and urea
production) showed that five of the miRNAs (miR-122, miR-148a, miR-424, miR-542-
5p and miR-1246) were essential for this process. Similarly, Khosravi et all*’l
transfected miR-106a, miR-574-3p, and miR-451 into hUC-MSCs to study hepatic
differentiation. The up-regulation of any of these three miRs alone did not induce
expression of all hepatocyte-specific genes, but led to Sox17 and FoxA2 expression,
both being factors involved in the initiation of hepatic differentiation. Furthermore,
through concurrent ectopic overexpression of the three miRs (miR-106a, miR-574-3p,
and miR-451), hUC-MSCs could be induced into functionally mature hepatocytes with
the mRNA expression of the hepatocyte-specific genes HNF4a, ALB, and CK18,
which began to increase significantly only in the terminal phases of differentiation.

Notably, gene transfection methods exhibit greater induction efficiency and shorter
intervals for target cell production, compared with previous methods, but their safety
and ethical issues must be considered carefully. Furthermore, the key molecules and
mechanism must be explored in detail.

Promotion of hepatic differentiation of hUC-MSCs by 3D culture system: Recent
studies have found that 3D scaffolds contain the main ECM components, such as
heparin, which may provide an appropriate microenvironment for hepatocyte
function. Aleahmad et al®! revealed that 3D culture can prevent loss of hepatocyte
function and improve efficiency of hepatocyte differentiation. When hUC-MSCs were
cultured within 3D heparinized collagen scaffolds, the cells expressed early liver-
specific markers, at both the gene and protein levels, including HNF4a, ALB, CK18
and CK19, as well as late liver-specific markers, such as G6P and CYP2B. In addition,
the cells stored more glycogen than cells cultured in 2D collagen gels. Different from
the above-described results, Khodabandeh et al™"! studied hUC-MSCs cultured in 3D
collagen scaffolds for 21 d; they showed that the mRNA expression levels of ALB,
AFP, CK18, CK19, G6P, and CYP2B did not significantly differ between cells cultured
in 3D collagen scaffolds, 2D collagen films, or conventional monolayer culture.
However, claudin expression was significantly increased in the cells cultured in 3D
collagen scaffolds, compared with those cultured in 2D collagen films or conventional
monolayer culture; this finding indicated that 3D collagen scaffolds provided
adequate ECM for induction of cellular interconnection.

In general, 3D culture can better mimic the in vivo microenvironment, thereby
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improving stem cell functions, such as differentiation, proliferation, response to
stimulation, and gene expression. However, there remain many issues to be explored
to facilitate differentiation of hUC-MSCs into hepatocyte-like cells or mature
hepatocytes; for example, further optimization is needed for exogenous small
molecules to mimic the in vivo microenvironment, and greater understanding is
needed regarding the mechanism of action between components of the ECM/scaffold
materials and stem cells.

EFFECTS AND MECHANISMS OF hUC-MSCs FOR
AMELIORATION OF LIVER FIBROSIS

Recently, several studies have provided encouraging results regarding the use of
hUC-MSCs in the treatment of various hepatic injuries"””"*?, such as liver fibrosis. The
known mechanisms of hUC-MSCs’ ability to ameliorate liver fibrosis include
paracrine effects, transdifferentiation into hepatocyte-like cells, and immuno-
modulatory functions!”. This section of the review focuses on the first two
mechanisms, as determined through in vitro and in vivo studies.

Paracrine effects of hUC-MSCs for amelioration of liver fibrosis

MSCs from sources other than hUC can secrete various cytokines, HGF, and
interluekin-10"1, which can promote liver repair; other cytokines or growth factors
can inhibit the occurrence of liver cirrhosis!. Furthermore, researchers have reported
that hUC-MSCs exert antifibrosis functions in a paracrine manner through the TGF-
1/Smad signaling pathway!***l.

In the development of liver fibrosis, TGF-p1 (Figure 3) plays a critical role in
hepatic fibrogenesis and the development of cirrhosis”’). Several studies have shown
that the TGF-f/Smad pathway is one of the most important signaling pathways
related to liver fibrosis!“’. The Smad protein family participates in a downstream
signaling pathway of TGF-f. The Smad proteins are classified according to their
receptor activation and inhibitory functions. The former group includes Smad3, which
can transfer signals from the cytoplasm to the nucleus, thereby promoting onset of
liver fibrosis. Inhibitory Smad proteins include Smad?, which can block the formation
of Smad complexes and the resulting signal transduction process, thereby inhibiting
the onset of fibrosis!*’..

Bioactive factors and cytokines released from hUC-MSCs: In the past, most studies
have focused on indirect coculture of hUC-MSCs and HSCs in vitro, and/or
transplantation of hUC-MSCs into fibrotic animal models in vivo. The subsequent
assessment of changes in liver fibrosis indices (with the exception of trans-
differentiation into ALB-expressing or AFP-expressing hepatocytes) served to
illustrate the antifibrotic effect of hUC-MSCs.

Using an in vitro approach, Zhang et al® reported that indirect coculture of hUC-
MSCs and LX2 cells could determine the paracrine effect of hUC-MSCs on the
proliferation of HSCs. In that study, the proliferation of LX2 cells was inhibited and
the apoptosis level was increased in the coculture condition. Furthermore, the
expression levels of TGF-1 and Smad3 (both mRNA and protein) were reduced,
whereas expression of Smad7 (both mRNA and protein) was increased in the
coculture condition. These results indicated that the paracrine effect of hUC-MSCs
inhibited proliferation of HSCs, possibly by inhibition of TGF-p1 and Smad3
expression and enhancement of Smad? protein expression.

In vivo studies by Tsai et al”” revealed that hUC-MSCs injected into CCl,-induced
rats did not differentiate into ALB-expressing or AFP-expressing hepatocytes. Thus,
the effect of hUC-MSCs on reducing fibrogenesis most likely relies on release of
bioactive factors or cytokines from grafted hUC-MSCs to trigger liver regeneration,
rather than on differentiation of these cells into hepatocytes. In the same study,
human cytokine assay analysis revealed that the amounts of human cutaneous T cell-
attracting chemokine, leukemia inhibitory factor, and prolactin were substantially
increased in livers of CCl-induced rats after transplantation of hUC-MSCs; prolactin
is widely considered to be a hepatotrophic hormone!™. Additionally, Elmahdy et all'™!
studied the antifibrotic potential of hUC mononuclear cells in CCl,-induced liver
fibrosis in mice. The levels of alanine aminotransferase, aspartate transaminase,
malondialdehyde, hydroxyproline, laminin, TGF-B1, and tumor necrosis factor-a
were reduced, whereas the level of glutathione was significantly increased, when the
rats were treated with the hUC mononuclear cells. These results indicated a potential
therapeutic effect of hUC mononuclear cells in ameliorating liver fibrosis through
reduction of oxidative stress and inflammatory mediators.
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The milk fat globule-EGF factor 8 (MFGES8) was identified by Su et all'"! as a novel
key antifibrotic factor, based on its role in modulation of TGFp signaling. In that
study, the secretome of hUC-MSCs (referred to here as the "ThUC-MSC-scrtm”) showed
strong antifibrogenic activity. In an in vivo analysis of mice, the hUC-MSC-scrtm was
injected into mice with fibrosis; this led to a significant reduction in expression of a-
smooth muscle actin and fibrosis-related genes. Furthermore, in vitro analyses of
human HSC lines (hTert-HSC and LX2) and human primary HSCs revealed that
TGFp1-induced up-regulation of a-smooth muscle actin and phosphorylation of
Smad2 (which modulates expression of a-smooth muscle actin and procollagen I in
liver fibrosis) were significantly inhibited by treatment with the hUC-MSC-scrtm.
Regarding MFGES suppression of TGFB-induced HSCs’ activation, MFGES has been
shown to be involved in diverse cellular events, via binding to the avp3 integrin on
cell surfaces through its RGD domain!’J. Furthermore, they also found that the
injection of recombinant human MFGES also produced antifibrotic effects, such as
reduction of ECM deposition and HSC activation.

Although hUC-MSCs can secrete hundreds of cytokines or bioactive factors, few
have been identified as antifibrotic factors. Other antifibrotic cytokines and
mechanisms involved in the antifibrotic effect must be clarified in the future.

Exosomes released from hUC-MSCs: Exosomes comprise a primary subclass of
extracellular vesicles!"”, which are small biological membrane vesicles secreted by
various cells. Exosomes contain a cargo of genetic materials (mRNA, miRNA,
premiRNA, and other noncoding RNA) and proteins that are transferred to and
released into target cells; notably, exosomes are critical for cell-to-cell communication.
MSC-secreted exosomes are increasingly regarded as a novel cell-free therapy, in that
they have many advantages over the use of corresponding MSCs. In particular,
exosomes are smaller and less complex than their parent cells, easier to produce and
store, devoid of viable cells, exhibit no risk of tumor formation, and are less
immunogenic than their parent cells because of their lower membrane-bound protein
content!*.

Several studies have focused on the therapeutic effects of hUC-MSC-derived
exosomes (hUC-MSC-Ex) in liver fibrosis. Li et al*! found that 3 wk after injection of
250 pg hUC-MSC-Ex into the livers of CCl-induced liver injury mice led to reduction
of fibrous surface capsules and softened textures; moreover, this procedure alleviated
hepatic inflammation and collagen deposition. It also significantly restored serum
aspartate transaminase activity and reduced the expression of TGF-f1 and collagen
types I and III as well as the phosphorylation of Smad2. Moreover, expression of the
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epithelial-mesenchymal transition-associated marker E-cadherin increased, whereas
the expression levels of N-cadherin and vimentin (also epithelial-mesenchymal
transition-associated markers) decreased after hUC-MSC-Ex transplantation. In vitro
experiments showed that, in TGF-p1-induced HL7702 cells, 3 d of treatment with 100
pg/mL hUC-MSC-Ex led to increased E-cadherin mRNA expression as well as
decreased N-cadherin and Twist mRNA expression. Taken together, these results
suggest that hUC-MSC-Ex could ameliorate CCl,-induced liver fibrosis through
inactivation of the TGF-/Smad signaling pathway and protection of hepatocytes by
inhibiting the epithelial-mesenchymal transition.

Jiang et all'™! investigated the effects and underlying mechanism of hUC-MSC-Ex
treatment on liver fibrosis. Mice with CCl,-induced liver fibrosis were treated with 6.4
x 10° particles of hUC-MSC-Ex by tail vein injection. When the mice were sacrificed 1
mo later, hematoxylin-eosin and Masson staining showed that the hUC-MSC-Ex
treatment had inhibited infiltration of inflammatory cells, hepatocyte apoptosis, and
lobule destruction; moreover, the treatment had led to decreased collagen deposition.
After the hUC-MSC-Ex injection, the expression levels of collagen I and III had
decreased remarkably, as did the level of activated caspase 3 and production of 8-
hydroxy-2 deoxyguanosine in liver fibrosis. The levels of malondialdehyde and TGFf
were also reduced. Thus, the hUC-MSC-Ex may facilitate oxidation resistance and
antiapoptotic functions in liver fibrosis. Overall, as carriers involved in intercellular
signal transduction and substance transfer, the hUC-MSC-Ex enable substantial
amelioration of liver fibrosis.

Transdifferentiation into hepatocyte-like cells within liver fibrosis conditions
Differentiation of stem cells may be influenced by their microenvironment, as noted
earlier in this review. It is speculated that, upon differentiation into hepatocytes in the
microenvironment of liver fibers, hUC-MSCs can be used as an option to inhibit liver
fibrosis. Whether this differentiation can be performed, either in vitro or in vivo, is an
important current topic of research.

Lin and colleagues”! explored the effect of thioacetamide (TAA)-injured mouse
liver tissue on hepatic differentiation of hUC-MSCs. Reverse transcription-PCR
analysis showed increases in expression of liver-specific genes, including CK18, ALB,
TPH2, AFP, and CYP7A1. Further, the expression levels of stem cell genes were
decreased, including those of NANOG, OCT4, and CKIT. These results suggest that
the hUC-MSCs had the potential to differentiate into hepatocyte-like cells when
exposed to TAA-injured mouse liver tissue. Furthermore, an in vitro study by Yan et
all*I showed that, by mimicking the microenvironment of liver fibrosis using 50 g/L
rat fibrotic liver tissue extracts, hUC-MSCs could be stimulated to differentiate into
hepatocyte-like cells in a shorter period of time. The hepatocyte biomarkers AFP and
CK18 were found to be expressed at the protein level, as was the critical metabolic
protein CYP3A4; moreover, urea production, ALB secretion, and glycogen storage
were increased. However, urea production and ALB secretion were relatively lower
than in normal hepatocytes, suggesting that these cells could replace the function of
existing hepatocytes only partially.

In 2016, Yan et all'”! investigated the effect on and underlying mechanisms of the
blood microenvironment of rats with TAA-induced hepatic fibrosis for the
differentiation of hUC-MSCs into hepatocytes. The expression levels of human
hepatocyte biomarkers (AFP and CK18) and hepatocyte-specific proteins (ALB, TPH2,
and CYP3A4) were found to increase significantly, as did the blood urea nitrogen
concentration. Additionally, the levels of HGF and p-ERK significantly increased,
while those of EGF and OSM significantly decreased. Thus, it was concluded that the
hepatic fibrosis blood microenvironment induced hepatic differentiation of hUC-
MSCs through activation of the MAPK/ERK signaling pathway. In an in vivo study,
Lin et al also transplanted 1 x 10° hUC-MSCs into rats with TAA-damaged livers (via
portal vein injection). The transplanted hUC-MSCs were found to be distributed in the
fibrotic area as well as around blood vessels; moreover, the effects of accelerated
hepatic recovery and significantly restored serum prothrombin time were observed.
In addition to human serum ALB, human ALB-positive hUC-MSCs were increased at
21 d posttransplantation. These findings indicate that hUC-MSCs can differentiate
into hepatocyte-like cells in vivo. Similarly, Ren et all'"™ transplanted hUC-MSCs into
NOD/SCID mice with CCl,-induced liver fibrosis. They found that human-specific
AFP and ALB mRNA and protein were present in livers of CCl,-treated mice that had
received transplanted human hUC-MSCs.

In 2017, Zhang et al® reported that hUC-MSCs transplanted through the tail vein
into rats with CCl,-induced liver fibrosis could differentiate into functional
hepatocytes. The hUC-MSCs treatment led to improved liver transaminase and
synthetase functions, reduced liver histopathology, and reversed hepatic fibrosis.
Moreover, the expression of human hepatic markers ALB, CK18, AFP, and CK19
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gradually increased in the rat liver tissues, coincident with the additional time of
hUC-MSC transplantation. The differentiation of hUC-MSCs into hepatocyte-like cells
in vivo through the mesenchymal-to-epithelial transition process was confirmed by
the significantly decreased expression of the mesenchymal marker human vimentin
and the significantly increased expression levels of the epithelial markers human E-
cadherin and a-catenin, all of which occurred in a time-dependent manner.

The above findings indicate that hUC-MSCs can differentiate into hepatocyte-like
cells through exposure to the liver fibrosis microenvironment, both in vitro and in vivo.
However, the influence of liver fibrosis tissue volume, induction duration, and liver
fibrosis animal model type needs further exploration. Collectively, the studies
described above have suggested that hUC-MSCs can migrate to the damaged liver
and that paracrine activities of various growth factors and cytokines can reverse liver
fibrosis (e.g., inactivating HSCs, and degrading excessive ECM) through several
signaling pathways; then, the cells can differentiate into hepatocyte-like cells for
promotion of the function of existing hepatocytes. However, the exact mechanisms by
which hUC-MSCs repair liver fibrosis and undergo hepatic differentiation remain to
be elucidated.

CLINICAL TRIALS

The establishment of practical applications of MSCs involve clinical trials to
investigate their therapeutic potential for treatment of decompensated liver cirrhosis
or end-stage liver disease. Indeed, there have been some measures of progress in
hUC-MSC therapy (Table 1), according to ClinicalTrials.gov!'”l. All of the trials have
involved allogeneic transplantation, with no side effects reported.

To date, findings from the trials have indicated that transplantation of hUC-MSCs
could contribute to marked recovery in patients with liver injuries; both liver function
and survival rate have been improved. The therapeutic effect of liver fibrosis
treatment is exciting, and has broad clinical application. However, the protocol for
hUC-MSC treatment needs further refinement, and its efficacy should be further
assessed in randomized trials with large cohorts.

CONCLUSION AND FUTURE PROSPECTS

Transplantation of hUC-MSCs is an effective and promising treatment for liver
fibrosis. This method has the unique characteristics of presenting no major ethical
problems and having lower risk of viral transmission, low immunogenicity, abundant
availability, and more primitive cell type; thus, the hUC-MSCs are outstanding in
comparison to other sources of MSCs. Regarding the application of hUC-MSCs in
treatment of liver fibrosis, although the specific mechanism is not yet known, many
studies have begun to elucidate the probable mechanisms, including paracrine effects,
transdifferentiation into hepatocyte-like cells, and regulation of immunomodulatory
function. Yet, some important issues with these studies remain to be resolved.

First, the method of acquisition of sufficient hUC-MSCs in a short period of time is
not yet defined. Second, improvement of the efficiency of induction into hepatocyte-
like cells or mature hepatocytes in vitro and in vivo still requires more detailed
exploration of the hepatic transdifferentiation mechanism of hUC-MSCs. Third, more
effective techniques for large-scale exosome production are needed. Fourth, the
paracrine mechanism of hUC-MSCs to alleviate liver fibrosis must be discerned,
including specific cytokine signaling pathways to prevent the progress of liver
fibrosis. Fifth, further data are needed regarding the oncogenic potential and risks of
using hUC-MSCs. Although hUC-MSCs are not tumorigenic, these safety concerns
must be explored intensively, especially the long-term effects on the immune response
and tumorigenesis. Sixth, the frequency and stage of engraftment, the dose of hUC-
MSCs, and standardized protocols for hUC-MSC transplantation are not yet
established. Ultimately, large-sample, randomized, placebo-controlled clinical trials
are needed to verify the therapeutic potential of hUC-MSCs in liver fibrosis.

Overall, although a large number of challenges remain in the application of hUC-
MSCs for ameliorating liver fibrosis, these issues will be resolved by assessment of the
mechanisms of liver fibrosis, liver genesis, and liver development, as well as further
research regarding stem cells and genetic tissue engineering.
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Table 1 Clinical trials in liver diseases using human umbilical cord mesenchymal stem cells

Study design, n

Administration Number of cells Etiology or Follow-u .
Ref. . . 9y for total; . P Trial number Results
route infused disease period
groups
110
L Intravenous (4.0-4.5) x 108 Decompensated ~ 103; 50 hUC- 52 wk ChiCTR-ONC- Decrease in AST,
liver cirrhosis MSCs, 53 control 12002103 increase in ALB,
TBIL, PT
Improvement in
MELD and Child-
Pugh scores
56
F Intravenous 0.5 x 106/ kg ACLF (HBV 43; 24 hUC-MSCs, 72 wk NCT01218464 Improvement in
Every 4 wk, 3 cirrhosis) 19 control MELD Increase in
times ALB, PT
111
e Intravenous 0.5 x 10°/kg Cirrhosis (HBV)  45; 30 hUC-MSCs, 48 wk NCT01220492 Decrease in
Every 4 wk, 3 15 control ascites. Increase
times in ALB, TBIL.
Improvement in
MELD.
112
L Intravenous 0.5 x 106/ kg UDCA-resistant 7 48 wk NCT01662973 Decrease in ALP,
Every 4 wk, 3 PBC y-GT, fatigue,
times pruritus
Improvement
quality of life
113
Tl Intravenous 1 x 106/ kg; wk1, Ischemic-type 82; 12 hUC-MSCs, 96 wk NCT02223897 Decrease in BIL,
2,4,8,12and 16  biliary lesions 70 control ALP, y-GT
Improvement in
graft survival
114
[ Intravenous 1x10° /kg; Every Liver transplant  27; 14 hUC-MSCs, 12 wk NCT01690247 Decrease in ALT,
4 wk, 3 times patients with 13 control AST, TBIL, acute
acute graft rejection
rejection Improvement in
liver allograft
histology
Peripheral vein 4.0 x 107/patient, LC 320 144 wk NCT01573923 Unknown
4 times
Unknown Unknown LC 20 48 wk NCT01342250 Unknown
Peripheral vein 1.0 x 10° /kg, 4 Liver failure 120 48 wk NCT01724398 Unknown
times (HBV)
Portal vein or Unknown LC 200 48 wk NCT01233102 Unknown
hepatic artery
Hepatic artery Unknown LC 50 4wk NCT01224327 Unknown
Hepatic artery 1.0 x 10°/kg LC (HBV) 240 48 wk NCTO01728727 Unknown
Peripheral vein 210 72 wk NCT01844063 Unknown
Peripheral vein ~ Unknown ACLF (HBV) 261 52 wk NCT02812121 Unknown
Portal vein or 2.0 x 107/ patient, LC 20 48 wk NCT02652351 Unknown
hepatic artery 4 times
Peripheral vein 1.0 x 10° /kg, 3 Liver failure 100 96 wk NCT01661842 Unknown
times (AIH)
Lobe 5.0 x 108/patient LC 40 96 wk NCT02786017 Unknown

ACLF: Acute-on-chronic liver failure; ATH: Autoimmune hepatitis; ALB: Albumin; ALP: Alkaline phosphatase; ALT: Alanine transaminase; AST: Aspartate
transaminase; BIL: Bilirubin; y-GTP: Gamma-glutamyl transpeptidase; HBV: Hepatitis B virus; LC: Liver cirrhosis; MELD: Model for end-stage liver

disease; PBC: Primary biliary cholangitis; PT: Prothrombin time; TBIL: Total bilirubin; UCDA: Ursodeoxycholic acid.
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