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The liver provides essential functions required to maintain
homeostasis and the health of many organisms. During
embryonic development, hepatocytes and biliary epithelial
cells arise from the endoderm layer, whereas nonparenchy-
mal liver cells emerge from the mesoderm layer. In a healthy
adult liver, hepatocytes have a very slow turnover rate but
they retain the capacity to rapidly repopulate the liver upon
loss of liver mass [1]. Liver stem cells are called upon to
regenerate the liver parenchyma when the ability of hepa-
tocyte proliferation is compromised [2]. Over the years, a
wealth of knowledge has accumulated pertaining to the
cellular and molecular events of liver stem cell activation
and differentiation in various animal models and human
liver diseases. This knowledge is the driving force to study
stem cells in vitro and apply them in laboratory and cli-
nical practice.

Due to difficulties in isolating stem cells in adult livers,
the exact origin of liver stem cells has not been resolved. It
is widely believed that liver stem cells are located at the
Hering canal, the conjunction between hepatocytes and
the biliary tree. It is also postulated that the liver stem
cells are among the nondescript cells in the periportal
area. The hypotheses came from the observation that the
progenies of putative liver stem cells, commonly known
as oval cells, can be activated in various animal models
such as dipin-induced mouse hepatocarcinogenesis or rats
fed with 2-acetylaminofluorene in combination with partial
hepatectomy. These oval cells phenotypically resemble the
hepatoblasts in the embryonic liver and have the potential

to differentiate into both mature hepatocytes and biliary
epithelial cells. Recently, Yimlamai and Christodoulou et al.
discovered in a mouse model that mature hepatocytes are
highly plastic and can revert back (dedifferentiate) to a stem
cell-like state [3]. Therefore, the liver seems to have the abil-
ity to regenerate itself via different mechanisms depending
on the liver injury/stress that drives the need for new hepato-
cytes to be generated.

The development of induced pluripotent stem cells
(iPSCs) and the differentiation of embryonic stem cells
(ESC) and iPSC into various cell lineages in vitro over the
last decade have greatly expanded our ability to model and
treat various diseases. In particular, stem cell-derived hepa-
tocytes have been used to model hepatotropic virus infec-
tion, virus and host interactions, and high-throughput drug
screening, as well as hepatocyte transplantation in animal
models [4]. Liver stem cells are also a promising tool in gene
modification of genetic abnormalities, such as metabolic
liver diseases and liver regeneration in cases of acute liver
failure, cirrhosis, and hepatocellular carcinoma. In this spe-
cial issue, Wang et al. reviewed the current state of cell cul-
ture models for various hepatitis viruses and highlight new
and exciting models based on recent advances in stem cell
technology.

In recent years, stem cell therapy solutions are being
explored for the treatment of multiple liver diseases. In
particular, mesenchymal stem cells (MSCs) are emerging as
a useful tool for the treatment of liver cirrhosis. Patients with
cirrhosis typically require liver transplantation following
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hepatic decompensation. More than one million patients
around the world die each year while waiting for the trans-
plants due to shortage of viable donor organs. Therefore,
halting the progression of liver cirrhosis is a desirable
approach for this deadly disease. MSC therapy has shown
favorable results in improving the functions of the cir-
rhotic liver. In this issue, we are publishing several articles
related to this topic. L. Chen et al. reported that the con-
ditioned medium derived from mesenchymal stem cells
could reduce liver cell damage in vitro and in vivo. Y.
Zhang et al. revealed the therapeutic effect of human
umbilical cord mesenchymal stem cells on acute liver fail-
ure in rats. X. Dong et al. characterized intestinal microe-
cology during mesenchymal stem cell-based therapy for
mouse acute liver injury. Y.-B. Pang et al. demonstrated
a potential antitumor effect of dendritic cells fused with
cancer stem cells in hepatocellular carcinoma. This issue
also includes an article proposing a murine model for
liver-directed cell transplantation which utilizes the spleen
as a subcutaneous injection port (Miki et al.).

Despite the recent progress, great challenges remain. For
example, the differentiation of stem cells into hepatic lineage
is stalled at the stage of hepatocyte-like cells (HLCs) failing to
achieve fully mature hepatocytes [4]. Further development of
HLC into fully matured hepatocytes is required to reach the
full potential of its research and clinical applications. Gene
editing can cause off-target genetic alterations, a serious
safety concern for clinical practice. Grafting of the liver
stem cells or HLCs in animal models has had only mea-
sured success [5]. Overcoming these issues will get us
closer to the reality of utilizing stem cells in the treatment
of various liver diseases.

We hope this special issue provides a wealth of basic
scientific data and introduces new concepts facilitating
recent advances in the applications of stem cell technolo-
gies for the study of molecular mechanisms of hepatocyte
growth and differentiation, pathogenesis, modeling, and liver
disease therapies.
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Viral hepatitis, the leading cause of liver diseases worldwide, is induced upon infection with hepatotropic viruses, including
hepatitis A, B, C, D, and E virus. Due to their obligate intracellular lifestyles, culture systems for efficient viral replication are
vital. Although basic and translational research on viral hepatitis has been performed for many years, conventional
hepatocellular culture systems are not optimal. These studies have greatly benefited from recent efforts on improving cell culture
models for virus replication and infection studies. Here we summarize the use of human stem cell-derived hepatocyte-like cells
for hepatotropic virus infection studies, including the dissection of virus-host interactions and virus-induced pathogenesis as
well as the identification and validation of novel antiviral agents.

1. Introduction

Viral hepatitis manifests itself as continuous liver inflamma-
tion and eventually liver injury and hepatic failure. As
summarized in Table 1, the major causative agents of viral
hepatitis are five hepatotropic viruses, including hepatitis A
virus (HAV), hepatitis B virus (HBV), hepatitis C virus
(HCV), hepatitis D virus (HDV), and hepatitis E virus
(HEV). HAV and HEV normally spread through contact
with contaminated water or food, resulting in an estimated
annual incidence of 1.5 million HAV infections and
20 million HEV infections [1, 2]. Both HAV and HEV
typically cause acute infections; however, HEV can also
cause chronic infections in immunocompromised patients

[2]. HBV, HCV, and HDV are transmitted through blood
transfusions, organ transplants, sex, and injection behav-
ior [3–5]. Approximately, 10–15% of chronically HBV-
infected patients are coinfected with HCV and 5% with
HDV [6]. Infection with HBV, HCV, and HDV can cause
both self-limited and chronic hepatitis and is the leading
cause of liver diseases including fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC) [3, 4, 7]. In order to prevent
disease progression, early diagnosis and treatments are vital.
In spite of recent extraordinary advances in the treatment of
hepatitis C, based on the success of HCV basic research [8],
the need remains to understand the underlying molecular
and cellular mechanisms of liver pathogenesis caused by
the other hepatotropic viruses. The development of novel

Hindawi
Stem Cells International
Volume 2019, Article ID 9605252, 11 pages
https://doi.org/10.1155/2019/9605252

http://orcid.org/0000-0002-7330-2929
http://orcid.org/0000-0003-0460-6547
http://orcid.org/0000-0003-2293-3592
http://orcid.org/0000-0001-8460-3893
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/9605252


specific drugs against hepatotropic virus infection has been a
challenging task, partially due to the lack of physiologically
relevant cell culture models that can be used for medium/
high-throughput drug screening.

Hepatoma cells have been invaluable across the history of
hepatotropic virus studies in cell culture. Yet, their aberrant
intracellular signaling and metabolic activities limit investi-
gations of the viral and cellular innate immunity interactions
as well as effects on cellular proliferation, metabolism, and
apoptosis pathways. Furthermore, most hepatoma cell lines
lack various functional enzymes, such as CYP450 and other
phase I, II, and III drug-metabolizing enzymes, which make
them unsuited for the assessment of antiviral drug interac-
tions and metabolism [9, 10]. Therefore, studies using these
models are limited in their ability to mimic natural virus-
induced pathologies in the liver.

The most authentic cell culture system for hepatotropic
virus studies is primary human hepatocytes (PHH). Yet, their
use is hindered by limited donor supply, donor-to-donor
variability, and rapid dedifferentiation upon plating in cell
culture [11]. Given the limitations and challenges of using
hepatoma cells and PHHs, hepatocyte-like cells (HLCs)
derived from human embryonic stem cells (hESCs) or
induced pluripotent stem cell (iPSC) have emerged as a
promising cell culture model to study basic and transla-
tional liver diseases as well as hepatitis virus infection
[12–14]. HLCs have been differentiated from diverse
resources, such as hESCs, iPSCs, liver-resident hepatic pro-
genitor cells, and bone marrow-derived mesenchymal stem
cells [15]. Differentiated HLCs are functionally character-
ized by the production of urea, indocyanine green uptake,
glycogen storage, and inducible cytochrome P450
(CYP450) activity [16]. In addition, they can rescue liver

function after transplantation into animal models [17].
To date, HLC infection models for HBV, HCV, and
HEV have been successfully established [17–19]. Here,
we summarize the current knowledge on cell culture-
based models available for these viruses and highlight the
advantages of HLCs derived from stem cell as an
improved system for basic and translational viral
hepatitis research.

2. Hepatocyte-Like Cells for HBV Infection

Despite the availability of an efficient prophylactic vaccine,
HBV infection is still a global public health burden with an
estimated 257 million chronically infected people who are
at increased risk of developing liver related-fibrosis, cirrhosis,
and hepatocellular carcinoma (HCC) [25]. HBV contains a
partially double-stranded, relaxed circular DNA (rcDNA)
genome of approximately 3.2 kb, covalently linked to the
HBV polymerase [26]. The rcDNA is delivered into the
nucleus after viral entry and converted into fully double-
stranded DNA, which is itself converted by ligation into an
intracellular HBV replication intermediate called covalently
closed circular DNA (cccDNA). cccDNA is responsible for
HBV persistence in infected cells [6, 26]. A curative treat-
ment of chronic hepatitis B should therefore target perma-
nent transcriptional silencing or elimination of cccDNA [27].

Currently, treatments for chronic hepatitis B are limited
to type 1 interferons (IFN-α) and five approved nucleos(t)ide
analogues (NAs) [28]. Due to severe side effects of interferon
therapy, only few patients are eligible for treatment, and less
than 10% of them show a sustained virological response
evidenced as loss of hepatitis B surface antigen (HBsAg)
[29]. NAs are the most potent drugs; tenofovir and entecavir

Table 1: Overview of hepatitis viruses.

HAV HBV HCV HDV HEV

Classification Picornavirus Hepadnavirus Hepacivirus Deltavirus Hepevirus

Genome +ssRNA dsRNA-RT +ssRNA -ssRNA +ssRNA

Incubation (days) 20-40 45-160 15-150 30-60 15-60

Transmission Fecal-oral
Parenteral
Perinatal
Sexual

Parenteral
Perinatal
Sexual

Parenteral
Sexual

Fecal-oral

Chronicity Acute
5-10% chronic1

80% neonates
70% chronic Coexistence with HBV

Acute2

(Chronic in immunocompromised patients)

Natural host
Human

Chimpanzee
Monkey [20]

Human3 [21] Human3 [22] Human3 [23]
Human

Animal4 [24]

Carcinogenesis – + + – –

Prophylaxis Vaccine Vaccine NA HBV vaccine Vaccine5

Therapy NA IFN, NAs DAAs IFN RBV and withdrawal of immunosuppressants

Cure Self-cure No Yes No Self-cure (yes)
15-10% in immunocompetent adults; 2mild in normal patients and severe in pregnant women; 3chimpanzees are susceptible but not naturally infected;
4genotype 3- and 4-specific; 5licensed in China. ss: single-stranded; ds: double-stranded; RT: reverse-transcriptase; IFN: interferon-α; NAs: nucleos(t)ide
analogues; DAA: direct-acting antiviral; RBV: ribavirin; NA: not applicable.
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can reduce viral DNA, often below the detection limit with
low resistance development [30, 31]. However, most patients
remain HBsAg-positive even after prolonged treatment and
the frequent viral rebound upon therapy withdrawal indi-
cates a need for lifelong treatment [32]. In addition, long-
term administration of tenofovir has been associated with
Fanconi syndrome, a decrease in bone mineral density and
chronic renal tubular damage [33]. Since current antiviral
strategies cannot completely eradicate viral infection, an
urgent need for the development of novel antiviral therapeu-
tics remains [34].

Basic and translational research has been hindered by the
absence of in vitro experimental models that feature the
physiological condition of hepatocytes and permits efficient
HBV and infection. As shown in Table 2, human hepatoma
cell lines, such as Huh-7 and HepG2, are widely used as
surrogate models for HBV infection, even though they only
partially mimic physiological hepatic functions. Stable
HBV-integrated hepatoma cell lines have been generated
through transfection of human hepatoma cells with an
HBV-expressing plasmid [35–38]. Alternative systems were
the delivery of the HBV genome by baculoviral or adenoviral
vectors, which resulted in sufficient HBV replication and
viral particle production [39, 40]. However, these cell lines
are not permissive for natural infection as they are unable
to mediate early steps of virus infection, including entry,
uncoating, and cccDNA formation. Primary human hepato-
cytes (PHHs) support the full viral replication cycle and serve
as the gold standard of HBV infection. However, they have
many disadvantages, including high donor variability, short
lifespans, and limited availability. Despite many attempts to
improve methods for maintaining freshly isolated PHHs,
they often rapidly dedifferentiate in culture dishes [19, 41–
43]. HepaRG cells are liver progenitor cells that can be differ-
entiated in vitro and then support the whole HBV life cycle,
an alternative tool for HBV studies [35, 44]. However, the

efficiency of HBV infection in these differentiated HepaRG
cells remains lower than in other cell systems. In addition,
the differentiated cells contain both hepatocyte and biliary
lineages, which affects HBV-host interaction studies in a
hepatocyte-specific environment [45]. New HBV infection
cell culture models have been developed when human
sodium taurocholate cotransporting polypeptide (NTCP)
was identified as the HBV entry receptor [46]. NTCP-
overexpressing hepatoma cell lines were generated including
HepG2-NTCP and Huh-7-NTCP cell lines, which provide an
easily accessible platform for HBV-host interaction and anti-
viral studies [46, 47]. But, as mentioned above, although the
entire HBV life cycle is recapitulated, hepatoma cells have
altered physiological signaling pathways.

Recently, iPSC-derived HLCs were reported to support
HBV infection [19, 63]. A time-course experiment showed
that both a full activation of the transcription machinery
and an expression of NTCP on the cell surface are essential
to achieving productive HBV infection. This demonstrated
the potential of human iPSC-derived HLCs for in vitro stud-
ies of HBV biology, yet the infection efficiency remained very
low. Although the authors observed temporal induction of
interferon-stimulated genes (ISGs) in HBV-infected HLCs,
studies from other groups rather support the notion that
HBV is a stealth virus both in vitro and in vivo [68–71].
Similarly, Sakurai et al. established human iPSC-derived
HLCs that allow about 20% HBV infection efficiency [62].
Xia et al. used an optimized protocol [72] to differentiate
the non-colony-type monolayer culture of hESCs and iPSCs
to HLCs in 15 days (Figure 1). The HLCs maintained their
differentiated state and allowed HBV infection for more
than 4 weeks. Importantly, the authors successfully demon-
strated that the optimized protocol for HLC differentiation
provided an in vitro model capable of supporting HBV
spread. Notably, the dedifferentiation process occurred at a
slower rate in HLCs than in PHHs, as high expression levels

Table 2: Receptors and infection models of hepatitis viruses.

HAV HBV HCV HEV

Receptor TIM-1 [48] NTCP [46] CD81, SR-BI, OCLN, CLDN1 [49–52] Unknown

Cell model HAV HBV HCV HEV

PHH +[53] +[46] +[54] +[55]

HepG2 +[53] +/– – +[56]

HepG2NTCP Unknown +[46] – Unknown

HepaRG Unknown +[44] – +[57]

Huh7 Unknown +/– +/– +[56]

Huh7NTCP Unknown +[46] +/– Unknown

Huh7.5.1 Unknown – +[58, 59] Unknown

HLCZ01 Unknown +[60] +[60] Unknown

PLC/PRF5 Unknown Unknown Unknown +[61]

A549 Unknown – – +[61]

iPSC-derived HLC Unknown +[19, 62–64] +[17, 65] +[18, 66, 67]

hESC-derived HLC Unknown +[19] +[17, 65] +[18, 66, 67]

TIM-1: T-cell immunoglobulin and mucin domain 1; NTCP: sodium taurocholate cotransporting polypeptide; CD81: cluster of differentiation 81;
SR-BI: scavenger receptor class B type I; OCLN: occluding; CLDN1: claudin-1; PHH: primary human hepatocyte; iPSC: induced pluripotent stem cell;
hESC: human embryonic stem cell; HLC: hepatocyte-like cell. +: permissive; +/-: barely permissive; -: not permissive.
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of proviral factors, including NTCP, HNF4A, and RXRA,
were maintained for more than 3 weeks, making them a suit-
able model for long-term HBV infection studies [19]. Knock-
ing down NTCP reduced HBV infection while knocking
down antiviral factor APOBEC3A enhanced viral replication,
indicating that HLCs constitute an appropriate system for
virus-host interaction studies. By using this model, the

authors identified two host-targeting agents, genistin and
PA452, as novel antivirals. Recently, Nie et al. used iPSCs
to generate liver organoids and evaluated their application
in studying HBV virus–host interactions [73]. They cultured
iPSC-derived endodermal, mesenchymal, and endothelial
cells with a chemically defined medium in a three-
dimensional (3D) microwell culture system, in which the
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HCV

Day 0  3  11  14  28

Activin A
bFGF

HGF
DMSO

DEX Insulin
HC
DEX

OCT4
NANOG

SOX17
FOXA2

HNF4A Albumin
AFP
HNF4A
CD81
CLDN1
APOB

Albumin
AAT
HNF4A
FOXA2

Day 0  4 10 13 19 21

FGF-2
Wnt-3A

Activin AActivin A
FGF-2

FGF-10 FGF-10
Retinoic acid

SB431542

FGF-4
HGF
EGF

FGF-4
HGF
EGFOCT4 CXCR4 CK-7 AFP Albumin

(c)

HEV
Day 0 5 10 15 2021

Activin A
FGF-2

Wnt-3A

Activin A
bFGF

BMP4
bFGF

EGF
HGF

Oncostatin-M
OCT4

NANOG
GATA4
FOXA2
CXCR4

HNF4A
PROM1
KRT19

AFP
CYP2C9

Albumin
CYP3A4
CYP4V2

(d)

Figure 1: Stem cell-derived hepatocyte-like cells support virus research of HBV, HCV, and HEV. (a) During differentiation, iPSC or hESC
undergo definitive endoderm induction, hepatic specification, hepatoblast expansion, and hepatic maturation to become HLCs that are
permissive for infection with hepatitis viruses. (b) For HBV infection, cells are treated with activin A and Wnt-3A enhancer for 4 days and
HGF and Rock inhibitor Y-27632 for one day, followed by HGF for 1 week. Hepatoblast cells are administered with DEX for 3 days and
can be used for HBV infection at this point. The infected cells can be maintained in the presence of insulin, HC, and DMSO for another 1
month [19]. (c) For HCV application, iPSC/hESC is differentiated using two methods. Upper: this arm is similar to (b) (a, [17]). Lower:
cells are treated with activin A and FGF-2 until day 4 when FGF-10 is added for 2 days and then coadded with retinoic acid and TGF-β
inhibitor SB431542 until day 10. Cells are further treated with FGF-4, HGF, and EGF for about 10 days [65]. (d) On day 5, endoderm is
formed by activin A, FGF-2, and bFGF and further differentiated by BMP4 and bFGF until day 10. Cells are terminally differentiated by
EGF and HGF to hepatocyte-like cells. Cells can be infected with HEV or maintained in the medium containing oncostatin-M [18, 75].
Abbreviations: AAT: α-1-antitrypsin; AFP: alpha fetoprotein; APOB: apolipoprotein B; BMP4: bone morphogenetic protein 4; Cd81:
cluster of differentiation 81; CK-7: cytokeratin 7; CLDN1: claudin-1; CXCR4: C-X-C chemokine receptor type 4; CYP: cytochrome 450
enzyme; DEX: dexamethasone; DMSO: dimethyl sulfoxide; EGF: epidermal growth factor; FGF: fibroblast growth factor; FOXA2:
forkhead box protein A2 (also known as hepatocyte nuclear factor 3-beta); GATA4: GATA-binding protein 4; HC: hydrocortisone; hESC:
human embryonic stem cells; HGF: hepatocyte growth factor; HNF: hepatocyte nuclear factor; iPSC: induced pluripotent stem cells;
KRT19: cytokeratin 19; NANOG: Nanog homeobox; NTCP: sodium taurocholate cotransporting polypeptide; OCT4: octamer-binding
transcription factor 4; PROM1: prominin 1; RXR: retinoid X receptor; SOX17: sex determining region Y-box 17; TGF: tumor growth factor.
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cells organized themselves to gradually differentiate into a
functional liver organoid. They showed that the organoid
exhibited stronger hepatic functions than did 2-cultured
HLCs with a higher susceptibility to HBV infection [73].
Yuan et al. developed a mouse model to study in vivo HBV
infection by engrafting iPSC-derived HLCs into immune-
deficient mice [74]. The liver of these mice contains approx-
imately 40% HLCs at week 6 and maintained at this level for
at least 14 weeks. After HBV infection, viral replication
markers such as HBsAg, HBeAg, RNA, DNA, and cccDNA
were detectable in the sera. Furthermore, these mice can be
used to test different antivirals [74]. Together, all these stud-
ies demonstrated that HLCs fully support HBV infection and
virus-host interactions, allowing the identification and vali-
dation of novel antiviral agents.

3. Hepatocyte-Like Cells for HCV Infection

Around 71 million people worldwide are chronically infected
with HCV, which increases their risk of progressive liver
disease [76]. Although the standard of care for chronic
HCV infection has been dramatically improved through
direct-acting antiviral agents (DAAs), it still poses significant
problems, including treatment failure in some patient groups
and limited access to therapy due to high cost of treatment.
Further, a protective vaccine is still in need. Notably, 15–
45% of HCV-infected individuals are able to clear the virus
within six months without intervention, but the underlying
mechanisms remain unknown [77, 78].

To address these scientific questions and develop new
anti-HCV drugs, various in vitroHCV-infection models have
been developed. JFH-1 is a unique cell culture- (cc-) adapted
strain of HCV to study the complete viral life cycle in the
hepatoma system [79]; however, it does not reflect the
variability and diversity of HCV infection in patients [80].
The Huh-7.5.1 cell line derived from Huh-7 cells that carries
a defect retinoic-inducible gene I (RIG-I), a critical player in
viral genome recognition and host immune response, is
frequently used for JFH-1 HCVcc infection [81].

Several studies have independently validated that HLCs
are competent to support HCV infection (Table 2). In
preliminary research, HLCs were generated from iPSCs
differentiated with growth factors and by adenovirus delivery
of SOX17, HEX, and HNF4A. All HCV entry receptors were
expressed on these HLCs, including CD81, SR-B1, claudin-1,
and occludin, which allowed the entry and replication of
HCV pseudoparticles and subgenomic replicons, respectively
[82]. Subsequently, other groups demonstrated that HLCs
are not only permissive to different forms of cell culture-
adapted HCV (viral pseudoparticles and JFH-1; HCVpp
and HCVcc) but also showed detectable infection with
different serum-derived HCV genotypes 1a, 1b, 2, 3, and 4;
this is not possible with hepatoma cell lines since they are
not permissive for infection with patient isolates [17, 83].

HLCs support the complete life cycle of HCV genotype
2a for up to 21 days (Figure 1) [65, 68]. Another feature of
HLCs is that HCV can spread from infected cells to adjacent
cells, suggesting possible direct cell-to-cell transmission of
HCV, as has been described previously in HuH-7 cells [17].

A recent study used human iPSCs derived from human
mesenchymal stem cells that were subsequently differenti-
ated into HLCs with polycistronic OSKM-reprogramming
factors. These HLCs supported the entire life cycle of wild-
type HCV (genotype 1a, 1b, 3a, 3b, 6f, and 6n) isolated from
patients and achieved increasing infection rates by incu-
bating cells with α-tocopherol. The released HCV viral
particles could infect both naïve HLCs and HuH-7 cells
and were susceptible to treatment with IFN-α, ribavirin,
or sofosbuvir [85].

Although HLCs represent a unique and highly relevant
model to study HCV infection in vitro and in vivo, particu-
larly in the context of a patient-specific genetic background,
some limitations of this model remain to be addressed. First,
the production of viral particles remains very low compared
with reported levels from HuH-7 cell lines [86]. It has been
shown that the permissive and persistent infection of HCV
in hepatic progenitor cells is affected by liver-specific
microRNA-122 and cellular cytokines [87, 88]. By inhibiting
the JAK/STAT pathway to block IFN responses, viral
infection and replication were improved in HLCs [89]. Addi-
tionally, higher HCV replication levels were observed in
STAT2- but not STAT1-deficient HLCs [89]. Even after
JAK/STAT pathway inhibitor treatment, HLCs demon-
strated intact type III interferon and ISG responses. This
suggests that HLCs may be a suitable model to study the
HCV-host interaction [86]. Multiple mutations in different
regions of the viral genome of JFH-1 HCVcc enhanced the
titers in HuH-7 cells, and infections were maintained in an
animal model, but the appearance of mutations has not been
investigated in the HLCs. A further concern in the HLC
model is the observed variability between cell lines with
timing or cytokine concentrations necessary for hepatocyte
differentiation. Thus, iPSC differentiation protocols and
HLC culture conditions need to be optimized. For example,
humanized liver chimeric mice based on human hepatocyte
(such as HLCs) engraftment were reported to support HCV
infection [90]. Engrafting HLCs in vivo to produce human
liver chimeric mouse models has been fraught with low
efficiencies [91]. By using an optimized hepatocyte differenti-
ation protocol on transgenic mice, which carry the uPA
(urokinase-type plasminogen activator) gene driven by the
major urinary protein promoter onto a SCID (severe
combined immunodeficiency)/beige background, HLCs
differentiated from both hESCs and patient-specific iPSCs
were able to engraft and undergo further maturation
in vivo. Productive and chronic HCV infection in these
repopulated liver injury models can be launched with high-
dose inoculations (1,000 CID50 per mouse) [17]. Although
challenges remain, robust cell culture and animal models
for serum-derived HCV using HLCs provide remarkable sys-
tems for investigating HCV life cycle and HCV-associated
hepatocellular carcinoma development.

4. Hepatocyte-Like Cells for HEV Infection

HEV is recognized as an important global health problem
[92]. HEV is a nonenveloped positive-strand RNA virus of
the Hepeviridae family, which is divided into two genera:
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Orthohepevirus and Piscihepevirus [93]. The Orthohepevirus
genus is further divided into four species A, B, C, and D.
Human-infecting HEV strains belong to the Orthohepevirus
A, which include human-restricted genotypes (gt) 1 and 2
as well as zoonotic genotypes 3, 4, and 7. The human-
restricted genotypes are transmitted fecal-orally and sporad-
ically lead to large waterborne outbreaks in developing
countries with poor sanitation (reviewed in [94]). These
infections are mostly acute and self-resolving but can cause
an increased virulence in pregnant women, leading to a
25% maternal mortality in the third trimester [95]. For the
zoonotic viruses, infected animals serve as reservoirs and
can transmit HEV through the consumption of infected meat
[94]. These zoonotic species of HEV cause acute and chronic
diseases in immunocompromised patients [92]. Reducing
immunosuppression in combination with using off-label
ribavirin is the only available treatment, but treatment resis-
tances have been reported [96–98]. A high-efficacy vaccine
has been developed and licensed in China but is not available
elsewhere [24].

The 7.2 kb polyadenylated HEV genome contains
three partially overlapping open reading frames (ORF1-3)
(reviewed in [2]). ORF1 encodes the viral replicase, ORF2
for the capsid, and ORF3 for a small protein involved in virus
assembly and secretion [2]. A range of different expression
systems have been used to study HEV without resulting in
authentic virus replication [67]. In this regard, HEV behaves
like other hepatotropic viruses, in that they grow poorly in
cell culture, which has severely hampered molecular studies,
leaving many fundamental aspects of its life cycle poorly
understood [67].

Breakthroughs in developing robust HEV cell culture
systems have been made through the isolation of specific viral
strains with improved replication efficiency and the identifi-
cation of compatible cell lines [99]. After serial passaging in
these cell lines, the isolated strains accumulated mutations
and/or insertions, which increased their ability to replicate.
For example, a gt3 HEV virus, the Kernow-C1 strain, was
isolated from a chronic HEV patient [100] and serially pas-
saged six times (passage 6) in the hepatoma cell line HepG2
[101]. A virus with an insertion derived from the human
40S ribosomal protein S17 in the ORF1 region became the
dominant species with greater in vitro replication ability
and broadened host range [101]. Similarly, other strains with
insertions into ORF1 have been reported with enhanced viral
fitness in vitro [102–104]. These adapted clones enabled
molecular HEV studies and yielded valuable insights into
HEV biology. Yet, this approach is limited to gt3 and 4
viruses and, to our knowledge, has not been successful for
other genotypes.

Studies have proposed utilizing HLCs differentiated from
iPSC/hESC as an alternative HEV cell culture model to
hepatoma cells and PHHs (Figure 1) [18, 66]. HLCs can be
infected with the adapted p6 strain [18, 66, 75]. Transition
studies showed that germ layer cells support intracellular
HEV replication but not infection [66]. Only when endoder-
mal cells were differentiated to immature hepatocytes did
they become susceptible for HEV infection [18]. This
strongly suggested that virus entry, governed by the

expression of a yet unknown cellular protein, was the limiting
factor which could also be the key determinant of HEV tissue
tropism [66]. In addition, HLCs are readily permissive for
HEV isolates from animals infected with gt1-4 without prior
adaptation [18]. Surprisingly, an early, nonadapted passage
of the Kernow-C1 strain replicated better than the adapted
p6 strain in HLCs. This suggests that acquired mutations in
cell culture attenuate viral replication in more physiologically
relevant systems. HLCs therefore enable studies of not only
authentic HEV replication but also pan-genotype HEV
biology. The high degree of heterogeneity among HEV geno-
types has not been fully explored to date, but HLCs may now
provide a reproducible platform to study such differences. As
such, viral or cellular determinants that may define a host
range and infections across species barriers have not been
defined yet and are one of the many poorly understood topics
in the field.

Employing precise editing technologies, such as CRISPR
(cluster regularly interspaced short palindromic repeats)/
Cas9 (CRISPR-associated protein 9), allows for rapid and
efficient genome-editing of relevant host factors in stem cells
to explore their importance in HEV replication pathways.
Using CRISPR-Cas9, we identified at least one striking differ-
ence between nonadapted and adapted HEV replication [18].
The host factor cyclophilin A, which was previously reported
to restrict HEV replication [18], only inhibited the cell
culture-adapted p6 clone but not the original Kernow-C1
isolate replication in HLCs [18]. Corroborating evidence
has shown discrepancies in drug responsiveness between
in vitro and in vivo conditions; molecules (i.e., mycophenolic
acid and rapamycin) that affected adapted HEV replication
in cell culture [105, 106] failed to show any effect in patients
[107]. If this discrepancy is due to alterations of the viral
genome or a reflection of in vivo complexity as opposed to
viral replication studies in a single cell type, it can be now
explored using HLCs. With recent efforts in identifying
novel compounds that inhibit HEV replication [75, 108–
110], validation in the HLCs system will become more
and more relevant.

Several studies suggest that host genetics determine
susceptibility to HEV infection [111–113]. The ability to
study replication of nonadapted HEV isolates in tandem with
autologous, patient-derived iPSCs enables personalized
models of HEV infection [67]. This may provide patient-
tailored platforms to test potential treatments in vitro,
especially for chronic HEV patients who have already
developed resistance against RBV. An alternative treatment
approach that we are currently exploring is based on the
use of nonpathogenic adeno-associated viruses (AAV) com-
bined with CRISPR-Cas9 to deliver short hairpin RNA
(shRNA) to downregulate HEV replication. In this scenario,
genetic vaccination would be achieved by transducing
patient-derived iPSCs prior to HLC differentiation and
transplantation into the liver of chronic HEV patients to
establish a genetically protected hepatocyte population.
Alternatively, hepatotropic AAVs will allow direct delivery
of target shRNAs in vivo. These approaches are not restricted
to HEV, as HLCs are permissive for HCV and HBV isolates
[63, 65] (Table 1). With that, HLCs provide a uniquely
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reproducible and genetically tractable cellular system in
which to perform coinfection studies as widely used hepa-
toma cell lines vary in their virus permissiveness (Table 2).

Beyond HLCs, stem cell technology may also provide a
platform to study other aspects of HEV biology. HEV mainly
infects the liver but likely additional tissues [114] as some
patients experience extrahepatic manifestations including
neurological disorders, thrombocytopenia, renal injury, and
other conditions [115]. This is further corroborated by the
observation that HEV can replicate in vitro in nonhepatic cell
types, such as lung [116], neuronal [117], and placental [118]
cell lines. Stem cells, with their intrinsic ability to give rise to
cells of various lineages, may help to define the determinants
of HEV tissue tropism [66]. In conclusion, knowledge on the
viral life cycle of HEV and virus-host interactions, i.e., on
systemic and cellular levels, remains scarce. Studies of pan-
genotype HEV biology in a physiologically relevant cell
system such as HLCs, which support authentic HEV infec-
tion and replication, shall significantly advance our under-
standing of HEV biology. This will facilitate and promote
the development of specific anti-HEV therapies.

5. Conclusions and Future Directions

HLCs derived from hiPSC or hESC provide a promising tool
to study the biology of hepatotropic viruses and to screen
novel antiviral treatments in the future. We summarized
current progress in developing HLCs that support the entire
life cycles of HBV, HCV, and HEV (Figure 1). HLCs consti-
tute a novel cell culture model that is more physiologically
relevant than immortalized hepatoma cell lines. Beyond that,
the use of HLCs may help overcome two major limitations of
PHHs: donor-to-donor variability and long-term culture to
study chronic infection. Specifically, HLCs support high-
efficiency and long-term HBV replication and, remarkably,
virus spread [19]. In terms of the nature of diverse genotypes
and high replicative mutations of RNA viruses, such as HCV
and HEV, HLCs allow pan-genotype permissiveness and
even support direct infection with patient-derived isolates
that have not been adapted in cell culture. Engrafting HLCs
into immunosuppressive liver injury mouse models, like the
uPA/SCID mice, may facilitate studies of antiviral evaluation
and virus-host interaction in vivo.

Coinfections of hepatitis viruses (e.g., HBV, HCV, and
HEV) occur in patients. However, the exact modes of coin-
fection are poorly described due to the single permissiveness
of available culture models (Table 2). HLCs therefore
constitute a universal tool, in which to study how two or
more hepatitis viruses modulate host factor(s) such as MAVS
and cyclophilin. This may provide information on how and
in which order coinfected patients could be treated.

HLCs derived from iPSCs are of less societal and ethical
concern than PHHs or fetal tissue-derived hepatocytes are.
In addition, HLCs serve as a powerful tool to assess the influ-
ence of genetic factors on virus infection, as HLCs can be
generated from iPSCs with a diverse genetic background.

Despite these advantages and optimization of available
protocols, HLC differentiation remains time-consuming
and complicated. Although HLCs are more physiologically

relevant than many hepatoma cell lines, they retain an imma-
ture phenotype and cannot fully recapitulate hepatocyte
functions. Perhaps, differentiation under 3D-culture condi-
tions may improve this and yield HLCs that resemble PHHs
more closely. Supporting this, Gieseck et al. have demon-
strated that hepatocyte-specific genes are higher expressed
in HLCs, when cultured in 3D conditions [119].

Ultimately, HLCs provide a personalized platform for
viral hepatitis studies. For patients who do not respond to
available treatments, personalized iPSC-derived HLCs are
the best model to study the host determinants and validate
second-line antivirals. Taken together, HLCs provide an
important tool for studying the life cycle of hepatitis viruses,
in spite of the distinct replicative nature of HBV, HCV, and
HEV. The development of HLCs derived from stem cells
has opened a new era and provides a physiologically rele-
vant system to advance our understanding of the viral life
cycles. This will ultimately contribute to the development
of novel therapeutic strategies towards the elimination of
viral hepatitis.
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The liver is the largest internal organ and the center of homeostatic metabolism. Liver-directed cell transplantation is, therefore, an
attractive therapeutic option to treat various metabolic disorders as well as liver diseases. Although clinical liver-directed cell
transplantation requires multiple cell injections into the portal venous system, a mouse model is lacking which allows us to
perform repetitive cell injections into the portal venous system. Here, we propose a surgical model that utilizes the spleen as a
subcutaneous injection port. Mouse spleens were translocated under the skin with intact vascular pedicles. Human placental
stem cell transplantations were performed one week following this port construction and repeated three times. Cell distribution
was analyzed by quantifying human DNA using human Alu-specific primers. About 50% of the transplanted cells were located
homogeneously in the liver one hour after the splenic port injection. Fluorescent-labeled cell tracking and antihuman
mitochondrion immunohistochemistry studies demonstrated that the cells localized predominantly in small distal portal
branches. A similar cell distribution was observed after multiple cell injections. These data confirm that the subcutaneous
splenic injection port is suitable for performing repetitive cell transplantation into the portal venous system of mouse models.

1. Introduction

Hepatocyte transplantation is one of the promising regener-
ative approaches for the restoration of or compensation for
impaired liver functions [1–3]. Although the therapeutic effi-
cacy of this approach has been demonstrated in over 100
clinical trials, limited availability of the human hepatocyte
prohibits the use of this therapeutic option for patients with
liver diseases ranging from congenital metabolic disorders
to liver cirrhosis [4, 5]. Recent advancements in stem cell
biology have suggested that stem cell-derived hepatocyte-
like cells can be an attractive alternative to the use of scarce
human hepatocytes [6, 7].

As stem cell technology has advanced, there has been
an increased demand for a suitable rodent model to per-
form preclinical liver-directed cell transplantation studies.

When used clinically for the treatment of human disease,
hepatocytes are transplanted multiple times into the portal
circulation in order to obtain a therapeutic dose. This is
accomplished via a catheter placed in either the intrahepa-
tic portal vein, the middle colic vein, the inferior mesenteric
vein, or the patent umbilical vein in the case of neonatal
recipients. However, due to size limitations, cell injection
routes are limited in rodent models. The size of the mouse
mesenteric vein and the difficulty of obtaining hemostasis
at this site prohibit its use as an injection site. Although
direct liver injection can be used in hairless neonatal mouse
models, the direct liver injection approach cannot avoid the
possibility of injecting cells into the hepatic venous system,
and obtaining hemostasis can be difficult. This makes
intrasplenic cell injection the current “gold standard”
procedure for cell transplantation in rodent models.
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Intrasplenic cell injection also minimizes the risk of causing
an increase in portal pressure as the spleen can serve as a
pressure buffer zone.

Here, we report a surgical procedure to mobilize the
mouse spleen into a subcutaneous pocket that was utilized
as a subcutaneous injection port for the performance of
repeated intraportal venous cell injections. The in vivo distri-
bution of these transplanted cells was subsequently evaluated
in this mouse model.

2. Materials and Methods

2.1. Mice. All mice used in this study were bred and eutha-
nized appropriately following the protocols that were
approved by the University of Southern California Institu-
tional Animal Care and Use Committee and conducted fol-
lowing the NIH Guide for the Care and Use of Laboratory
Animals. Breeder heterozygous pairs of NOD.129(B6)-
Prkdcscid Iduatm1Clk mice were obtained from The Jackson
Laboratory (#004083), housed under specific-pathogen-free
conditions and provided with regular chow (TEKLAD
#2018) and sterile/acidified water. PCR-based genotyping
was performed with specific primers according to The Jack-
son Laboratory’s instructions.

2.2. Subcutaneous Splenic Injection Port Construction. One
week prior to planned cell injections, the mouse splenic port
was prepared by the following technique. Briefly, the hair of
the left upper back and trunk area was shaved and chemically
removed using depilatory cream. A skin incision was then
made over the spleen, and a subcutaneous pocket was then
prepared with a straight hemostat (Figure 1(a)). The muscle
layer was opened over the spleen to safely access to the gas-
trosplenic ligament, connecting the upper pole of the spleen
and the stomach. The spleen was mobilized and translocated
to the subcutaneous pocket (Figure 1(b)), and the muscle
layer was subsequently closed over the avascular area
between splenic vessels to keep the spleen in the subcutane-
ous pocket (Figures 1(c)–1(g)). Finally, the skin was closed
with 6-0 sutures. Of note, the initial skin incision was rela-
tively larger than what is normally required for a simple
splenic cell injection, as it allowed better exposure for identi-
fication of the intraperitoneal anatomy.

2.3. Preparation of Fluorescent-Labeled Immortalized Human
Amniotic Epithelial Cell Lines. Primary human amniotic epi-
thelial cells (hAECs) from five different donors were immor-
talized using a SV40 Lentiviral vector (pLenti-SV40-T+t,
Applied Biological Materials Inc., Richmond, BC, Canada).
One line (iAE124) was selected and used for further lentiviral
GFP labeling (PL-SIN-EF1a-EGFP).

2.4. Cell Transplantation. One week following construction
of the subcutaneous splenic injection port, cell injection was
performed using the GFP-positive immortalized hAECs
(iAE124-GFP) and primary hAECs. A total of 1.5 million
cells were suspended in 200μl of 50% trypan blue/PBS solu-
tion. The recipient mice were anesthetized with isoflurane
inhalation. The subcutaneous spleen was visible and palpable
underneath the skin (Figure 1(h)). Intrasplenic cell injection

was performed through the skin at a 400μl/min injection
speed. The needle was aimed at the lower pole of the spleen,
and the needle tip was inserted into the middle of the spleen
(Figure 1(i)). After the cell injection, the needle was removed
without additional hemostatic measures. Multiple cell injec-
tions were tested with three mice. Each mouse received pri-
mary hAECs of 1.5 million cells per injection for 3 times
one week apart. One week after the last primary hAEC injec-
tion, iAE124-GFP cells were injected to confirm the function
of the subcutaneous splenic injection port.

2.5. Human DNA Quantification. One hour after cell injec-
tions were performed, the animals were euthanized and the
cell injection site and surrounding tissue were examined for
the trypan blue staining (Figure 1(j)). The liver, lung, kid-
neys, and spleen were harvested for histological analyses
and human DNA quantification. The liver was dissected,
and each lobe was identified and separated: the left lateral
lobe (LLL), middle left lobe (MLL), middle right lobe
(MRL), right lateral lobe (RLL), and caudate lobe (CL)
(Figure 2(a)). DNA was isolated with a genomic DNA isola-
tion kit (ZR-96 Quick-gDNA, Zymo Research, Irvine, CA,
USA) from each entire lobe and whole lung, kidney, and
spleen tissues. To quantify human DNA, Alu elements, an
A-rich region formed after the evolutionary divergence of
rodents and humans, were detected by using real-time quan-
titative PCR (qPCR). The intra-Alu Yb8 primers (forward: 5′
-CGA GGC GGG TGG ATC ATG AGG T-3′ and reverse: 5′
-TCT GTC GCC CAG GCC GGA CT-3′) were used with the
SYBR green system [8]. The sensitivity of this primer set is
0.01%. A total of four animals were examined (n = 4).

2.6. Human Amniotic Epithelial Cell (hAEC) Detection in the
Mouse Liver. In order to detect hAECs in the recipient mouse
liver, two cell identification methods, fluorescent-labeled cell
tracing (GFP-positive hAEC injection) and antihuman mito-
chondrion immunohistochemical staining, were used.

Recipient livers were sliced at 5mm thickness and
immersed in 4% paraformaldehyde/PBS fixation buffer over-
night at 4°C. The samples were divided in two groups for
cryosection and for paraffin embedding/section. The cryosec-
tion samples were embedded in an OCT compound and sec-
tioned at 8μm thickness. The sections were briefly washed
with PBS andmounted with antifade mounting medium with
DAPI (Invitrogen). Liver structures were visualized using
Alexa Fluor 594 Phalloidin (Invitrogen) as a counterstain.
The paraffin sections were stained with an anti-human mito-
chondrion antibody (MAB1273, clone 113-1, Millipore-
Sigma) at 1 : 300 dilution overnight at 4°C. The detection
was performed with a peroxidase detection kit (ImmPRESS
HRP reagent kit/goat anti-mouse IgG, Vector Laboratories)
and peroxidase substrate (ImmPACT NovaRED, Vector
Laboratories) by following the manufacturer’s instruction.
Histological analyses were performed using a fluorescent
inverted microscope (Nikon TE-2000), and images were cap-
tured with NIS-Elements microscope imaging software.

2.7. Statistical Analysis. Results are expressed as mean ±
standard error of the mean (SEM). Statistical analysis was
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performed with Prism 5.0a (GraphPad Software, San Diego,
CA, USA). Experimental and control groups were compared
with paired or unpaired one-way ANOVA (with Bonferroni
post hoc analysis and Dunnett’s multiple comparison). A
value of p < 0 05 was considered statistically significant.

3. Results

3.1. Establish a Surgical Procedure to Utilize the Spleen as a
Subcutaneous Injection Port. First, we have established a sur-
gical procedure which involves detachment of the spleen
from the stomach and its relocation to the subcutaneous
pocket with an intact vascular pedicle. Unlike conventional
splenic injections, a relatively large skin incision was required
over the upper portion of the spleen. To access the gastro-
splenic ligament, the greater curvature of the stomach was
grasped and used for manipulation. To test the feasibility of
this surgical procedure for future usage with disease mouse
models, we used semi-immunodeficient Idua knockout mice

as the recipients. Despite using this relatively fragile disease
model mouse, there was nomortality associated with the pro-
cedure. One complication included a failure of skin closure
due to the insufficient size of the subcutaneous pocket, sug-
gesting that a generous subcutaneous pocket should be devel-
oped in order to have a sufficient space to accommodate the
spleen (Figure 1(a)). To prevent the mobilized spleen from
falling back to its physiologic position in the abdominal cav-
ity, the muscle layer was sutured at the middle avascular area
of the splenic hilum (Figures 1(e)–1(g)). The total surgery
time was about 10 minutes. After one week, the incision
remained closed and was almost completely healed
(Figure 1(h)). The subcutaneous spleen was visible and pal-
pable. We have tested different gauge size needles from 30G
to 25G. The larger needle would be preferred to decrease
the impact of shear stress on the cells. The 25G needle did
not cause any hemostatic or leakage problems (Figure 1(i)).
The trypan blue dye injection confirmed there was no leakage
one hour following injection of the 200μl cell suspension

(a) (b) (c)

(d)

Av
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la

r a
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a

(e) (f) (g)

(h) (i) (j)

Figure 1: Construction of the subcutaneous splenic injection port. (a) After hair removal from the surgical area, a subcutaneous pocket was
created with a straight hemostat. (b) The spleen was translocated into the subcutaneous pocket. (c) The muscle layer was closed deep to the
spleen. (d) Macro view of the translocated spleen. (e) The traced illustration indicates the avascular area of the splenic vascular pedicle. (f)
Macro view of the closed muscle layer. (g) The traced illustration depicts the closure of the muscle layer supporting the spleen in the
developed subcutaneous pocket. (h) One week following surgery. (i) hAECs were resuspended in 50% trypan blue/PBS solution and
transdermally injected into the spleen. (j) One hour after the cell injection, no leakage was observed in the pocket.
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Figure 2: Cell distribution following intrasplenic cell injection. (a) Illustration of mouse liver lobes and flow of the injected cells via the splenic
vein to branches of the portal vein: left lateral lobe (LLL), middle left lobe (MLL), middle right lobe (MRL), right lateral lobe (RLL), and
caudate lobe (CL). (b) Phase-contrast image shows the morphology of the immortalized human amniotic epithelial cells (hAECs). (c) The
histogram of FACS prior to sorting. (d) Fluorescent image demonstrating the green fluorescent protein- (GFP-) labeled immortalized
hAECs after sorting. (e) Cell distribution pie chart. The left chart demonstrates the ratio of human DNA to total DNA from each tissue.
The right chart demonstrates the ratio of adjusted human DNA quantity in each liver lobe. (f) A dot plot demonstrating the correlation of
the size of each lobe and adjusted quantity of human DNA in each lobe.
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injection (Figure 1(j)). Despite the size of the relatively large
subcutaneous pocket, the spleen was tightly encapsulated
without excessive subcutaneous dead space. As expected,
the skin layer functioned as a sealer as is seen in other com-
mon intravenous injections to prevent bleeding without the
need for a hemostatic procedure.

3.2. Fluorescent-Labeled Immortal Human Amniotic
Epithelial Cells. Primary human amniotic epithelial cells
(hAECs) from five different donors were immortalized using
a SV40 Lentiviral vector (pLenti-SV40-T+t, Applied Biologi-
cal Materials Inc., Richmond, BC, Canada). The established
immortalized hAEC lines were morphologically evaluated
(Figure 2(b)). One line (iAE124) was selected and used for
further lentiviral GFP labeling (PL-SIN-EF1a-EGFP). GFP-
positive cells were subsequently isolated by fluorescence-
activated cell sorting (FACS) and used to establish a GFP-
positive immortalized hAEC line (iAE124-GFP)
(Figures 2(c) and 2(d)).

3.3. In Vivo and Intrahepatic Cell Distribution. To evaluate
the in vivo cell distribution following splenic reservoir cell
injections, the presence of human DNA was quantified by
qPCR using human Alu sequence-specific primers [8]. The
spleen, the liver, the lung, and the kidneys were harvested,
and DNA was isolated from each of these organs. In consid-
eration of blood flow patterns, we considered the lung as a
near sentinel point of cell leakage from the liver, and the kid-
neys were used to detect any systemically circulating injected
human cells. One hour following cell injections, 42 32 ±
14 64% of detected human DNA was found in the spleen
and 50.43% was in the liver (Figure 2(e)). In most of the
cases, human DNA levels in lung samples were at or under
the borderline detection level (<0.01%). However, in one
case, we detected 0.51% human DNA from the lung sample.
This finding indicates that the injected cells can leak from the
intrahepatic portal system into the hepatic venous system.

We further investigated the detailed intrahepatic cell dis-
tribution by dissecting the liver lobes. The quantity of human
DNA in each liver lobe was estimated, and the intrahepatic
cell distribution ratio was calculated (Figure 2(e)). The left
lateral lobe (LLL) and caudate lobe (CL) showed the presence
of a relatively higher number of the transplanted cells; how-
ever, there were no statistically significant differences.
Although individual differences were observed, the overall
quantity of human DNA in each lobe correlated with the
wet weight of each lobe (r = 0 81135) (Figure 2(f)). This data
indicates that the cell distribution follows the liver hemody-
namics and is equally distributed throughout the liver.

GFP-positive cell tracing and antihuman mitochon-
drion immunohistochemistry demonstrated that the cells
were heterogeneously located within each of the lobes.
The GFP-positive cells were found predominantly in small
distal portal branches at an average distance from the liver
surface of 111 04 ± 59 14 μm (Figure 3(a)). Some cells were
observed in the periportal region of the relatively large por-
tal veins, while some cells formed cell aggregates (microem-
boli) in the intrahepatic portal capillaries. After one hour
following cell injection, some cells were already located in

the liver parenchyma (Figure 3(b)). A similar cell distribu-
tion pattern was observed with antihuman mitochondrion
immunohistochemical analyses. Human mitochondrion-
containing cells were observed in the intrahepatic portal
capillaries (Figure 3(c)) as well as the periportal region
(Figure 3(d)).

3.4. Multiple Cell Injection. The function of the subcutaneous
splenic cell injection port was confirmed after multiple hAEC
transplantations by injecting GFP-positive hAECs. The
subcutaneous spleen was clearly visible under the skin and
palpable one month after the surgery. Following three injec-
tions of non-GFP-labeled hAECs at one week intervals, GFP-
positive immortalized hAECs were injected (Figure 4(a)).
The GFP-positive cells were detected in the recipient’s liver
(Figures 4(b) and 4(c)), and the cell number and distribution
pattern were the same as those of single-injection cases.
There was no evidence of leakage around the injection site,
and no sign of inflammation.

4. Discussion

Repeated cell injections are often required to transplant a suf-
ficient number of cells for disease phenotype improvement.
Clinical hepatocyte transplantation studies indicate that
about 100 million cells per kg body weight are required to
replace the estimated 5-20% of the patient’s missing enzyme
function, necessary for phenotype stabilization/improvement
[5]. For example, a 30 kg body weight infant requires three
billion cells. To deliver such a large volume of cells in human
patients, multiple cell transplantations are required. How-
ever, the current mouse intrasplenic cell injection methods
are not suitable for the conduction of multiple cell transplan-
tation procedures. Repetitive open surgery causes stress on
the recipient mice and increases the risk of hemorrhage. In
order to perform multiple cell injections in mouse models,
we have established a minimally invasive surgical model that
utilizes the spleen as a subcutaneous injection port. The
results indicate that performance of multiple cell injections
was feasible without the need for further surgeries.

In this study, we investigated the in vivo and intrahepatic
cell distribution. Although one lung sample contained detect-
able human DNA, in most of the cases, the injected cells were
retained in the spleen or the liver. The intrahepatic cell distri-
bution was correlated with the size of each lobe. This data
further supports the previous study using fluorescent beads
which demonstrated that portal vein flow is evenly distrib-
uted to each lobe [9]. Using in vivo fluorescent microscopy,
Timm et al. observed the formation of microemboli in small
distal portal branches following injection of syngeneic hepa-
tocytes. They also demonstrated heterogeneous portal
venous perfusion which resulted in a highly heterogeneous
cell distribution following intrasplenic injection [10]. While
hepatic arterial flow homogeneously perfuses the liver acini,
fluorescent dye injected into the portal venous system
showed clear anatomical borders defining highly, semi-,
and nonportal venous perfused liver acini. Due to the limited
number of cells, we could not conclude whether the intralob-
ular cell distribution is homogeneous or heterogeneous.
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Figure 3: GFP-labeled immortalized hAEC injection. (a) The lowmagnification fluorescent image (×10) of a recipient liver one hour after cell
injection. (b) The high magnification fluorescent image revealed GFP-positive cells in the liver parenchyma (red arrow). DAPI (blue) and
Alexa Fluor 594 Phalloidin (red) were used as counterstains to visualize the nuclear and liver structures, respectively. (c) Antihuman
mitochondrion immunohistochemistry demonstrates cell distribution and microemboli in the mouse portal vein. (d) Antihuman
mitochondrion immunohistochemistry demonstrates human cells in the mouse liver parenchyma.
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Figure 4: Multiple human amniotic epithelial cell injections. (a) The schematic shows an overview of the multiple cell injection study design.
One week before the first cell transplantation, the subcutaneous cell injection port construction surgery was completed. A total of 1.5 million
hAECs were transplanted every week for four times. The final cell injection was performed with GFP-labeled hAECs to confirm the function
of the splenic injection port. (b) The low magnification fluorescent image (×10) of the recipient liver one hour after the final GFP-positive cell
injection. The yellow arrows indicate the cells located in the area of small distal portal branches. (c) The cell distribution and migration are
similar to those of the first cell transplantation after serial cell injections. DAPI (blue) and Alexa Fluor 594 Phalloidin (red) were used as
counterstains to visualize nuclear and liver structures, respectively.
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However, we observed a tendency that the transplanted cells
were identified predominantly in small distal portal branches
at an average distance of about 100μm from the liver surface.
Further investigation using this model will elucidate the cell
distribution pattern and, if present, the mechanism resulting
in heterogeneous cell distribution.

This model will be useful to optimize various preclinical
therapeutic conditions using different disease model mice.
We have reported the therapeutic efficacy of hAEC by percu-
taneous direct liver injection into a neonatal mouse model of
mucopolysaccharidosis I [11]. Further optimization includ-
ing cell dosing can be performed with this intrasplenic mul-
tiple cell transplantation model. Many disease model mice
are sensitive and susceptible to physical agitation, making
them unsuitable to undergo repetitive surgery or device
implantation. Therefore, the subcutaneous splenic injection
port could be useful to test both therapeutic biological and
nonbiological products in these disease mouse models.

5. Conclusions

We have established a mouse model which allows for the
minimally invasive performance of multiple cell injections.
The cell distribution analyses indicated homogeneous cell
distribution between the liver lobes, and heterogeneous dis-
tribution within the liver lobes. The subcutaneous splenic cell
injection port was functional after multiple cell injections.
This model will be useful to simulate clinical hepatocyte
transplantation and facilitate preclinical studies using stem
cell-derived hepatic cell transplantation studies.
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Purpose. The Oct4 gene plays an important role in undifferentiated embryonic stem cells and regulates stem cell pluripotency. The
aim of this study was to examine the relationship between Oct4 expression and liver metastasis of colorectal cancer (CRC) in
clinical samples and investigate the role and abilities of Oct4-positive CRC cells. Methods. The study included 158 patients who
underwent surgery for CRC between 2009 and 2011. The correlations between the Oct4 gene expression and the clinical
parameters were assessed, and liver metastasis-free survival (LMFS) was evaluated in these patients. Oct4-EGFP-positive cells
were established to examine their subpopulation and ability. The capacity to form liver metastasis in vivo was examined using
CRC cell lines and primary cultured CRC cells. Results. LMFS was significantly poor in the Oct4 high-expression group
compared with the low-expression group (P = 0 008). Multivariate analyses showed that Oct4 expression (P = 0 015) and TNM
stage (P < 0 001) were significantly correlated with LMFS. Oct4-EGFP-positive cells highly expressed stem cell-associated
markers and had self-renewal and differentiation abilities. Oct4-high cells actively formed liver metastasis. Conclusion. The Oct4
expression was correlated with liver metastasis in CRC patients. Oct4 expression cells have self-renewal and differentiation
abilities like those of cancer stem cells. Oct4 contributed to forming liver metastasis in CRC.

1. Introduction

Cancer is a leading cause of death in Japan and developed
countries, and it has become a major cause of death in devel-
oping countries [1, 2]. It is estimated that the global total
number of deaths by cancer will be 9.6 million in 2018, and
colorectal cancer (CRC) will be the third leading cause of
cancer death (10.2% of total cancer deaths) [2].

Distant metastasis causes death in patients with CRC,
and liver metastasis is most commonly found in CRC
patients [3, 4]. The development of systemic combination
chemotherapy has improved the prognosis. However, the
median overall survival (OS) for patients with metastatic
CRC (mCRC) is approximately 30 months [5], and the
5-year survival rate is only 19% in stage IV patients [4]. It is
necessary to determine the mechanism of distant metastasis

to develop treatment to improve the prognosis. Identifying
the mechanism and genes responsible for liver metastasis will
help to control the morbidity of CRC patients.

The gene encoding the POU domain, class 5, transcrip-
tion factor 1 (POU5F1), also known as Oct4, is expressed in
embryonic stem cells (ES) and plays an important role in
maintaining the pluripotency and self-renewal of ES cells
[6, 7]. Oct4 is also expressed in tissue stem cells and is
involved in their proliferation and differentiation [8, 9]. We
previously reported that high Oct4 expression was a novel
prognostic marker in CRC [10]. Oct4 was also related to
malignancy and cancer stem cells (CSCs) in some cancers.
In breast cancer, Oct4 expression levels were significantly
associated with nonsentinel lymph node metastases [11],
and in osteosarcoma, Oct4 was related to stem cell-like prop-
erties [12]. Oct4 promoted tumorigenesis of cervical cancer
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cells [13] and induced stem cell-like properties and
epithelial-mesenchymal transition (EMT) in lung cancer
[14]. Oct4 regulated EMT and its knockdown inhibited cell
migration and invasion of CRC cell lines [15]. Oct4 is
thought to play an important role in CSCs [10, 12] but only
part of the mechanism is known. This study focused on the
role of Oct4 in metastatic CRC (mCRC), the relationship
between Oct4 expression and liver metastasis of CRC in clin-
ical samples, and the role of Oct4-expressed cells in primary
cultured cells. We aimed to investigate its roles in the prog-
nosis of mCRC patients and reveal the stem cell-like proper-
ties of Oct4 in CRC.

2. Materials and Methods

2.1. Clinical Samples. One hundred seventy-three patients
with CRC were registered. One hundred fifty-eight patients
underwent complete resection of primary tumors (R0 resec-
tion, Cur A), and 15 patients underwent complete resection
of primary and metastatic tumors (R0 resection, Cur B) at
Osaka International Cancer Institute between 2009 and
2011 [4]. No patients received chemotherapy and/or radio-
therapy before surgery. After receiving their informed con-
sent, primary CRC specimens and normal colorectal
mucosa were obtained from patients according to institu-
tional ethical guidelines. The specimens were fixed, sec-
tioned, and stained with hematoxylin and eosin and
Elastica van Gieson stains as we previously reported [10].
The histological differentiation and lymphatic and venous
invasion were examined. For gene expression analysis, surgi-
cally resected specimens were frozen in liquid nitrogen and
kept at −80°C. All the patients underwent follow-up blood
examinations to check tumor markers (serum carcinoem-
bryonic antigen (CEA) and cancer antigen 19-9 (CA19-9)),
and imaging examinations such as abdominal ultrasonogra-
phy, computed tomography, and chest X-ray were performed
every 3–6 months after surgery. According to the Japanese
guidelines [4], stage III patients and stage IV patients with
R0 resection received adjuvant postoperative chemotherapy
after receiving informed consent.

The clinicopathological factors were diagnosed according
to the tumor node metastasis (TNM) classification of the
International Union Against Cancer (UICC) [16]. The Osaka
International Cancer Institute Ethics Committee approved
this study (no. 1608057113), and written informed consent
was obtained from all patients.

2.2. RNA Preparation and Expression Analyses. An RNA
Purification Kit (Qiagen, Hilden, Germany) was used to pre-
pare total RNA. Reverse transcription was performed using
a Transcriptor First-Strand cDNA Synthesis Kit (Roche
Diagnostics, Tokyo, Japan). Designed primers and used
Universal Probe Library platform (Roche Diagnostics) are
listed in Supplementary Table S1. cDNA from NTERA-2
were studied as a positive control. Quantitative assessment
was performed using real-time reverse transcription- (RT-)
PCR using a Universal Probe Library platform (Roche
Diagnostics) and FastStart TaqMan Probe Master (Roche
Diagnostics) for cDNA amplification of target genes. The

expression ratios of Oct4 mRNA copies were calculated
after normalization against the GAPDH mRNA expression.

2.3. Culture of CRC Cell Lines. The human colorectal tumor
cell lines HCT116, DLD-1, and RKO, gifted by Dr. Bert
Vongelstein (Johns Hopkins University, Baltimore, MD,
USA), were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS;
Thermo Fisher Scientific Inc., Waltham, MA, USA), 1%
GlutaMAX-I (Thermo Fisher Scientific Inc.), and 1% penicil-
lin/streptomycin/amphotericin B (Wako Pure Chemical
Industries Ltd., Osaka, Japan). The cells were kept at 37°C
in a humidified atmosphere containing 5% CO2.

2.4. Primary Culture of CRC Cells. CRC tissue was cut into
1mm pieces and dissociated using 1mg/mL collagenase
(C6885; Sigma-Aldrich, St. Louis, MO, USA) in DMEM
(Sigma-Aldrich) and shaken by a BioShaker BR-13FP (Taitec
Co., Saitama, Japan) at 6 × g for 15min at 37°C. The dissoci-
ated tissue was filtered through custom-made filters (Sansho
Co. Ltd., Tokyo, Japan). It was centrifuged at 400 × g for
5min at room temperature, and the collected cell pellet
was resuspended in 2mL culture medium (modified stem
cell culture medium). Suspended primary culture cells
(603siCC, 821siCC, and 28OsiCC) were seeded on plates
coated with 0.03% Matrigel (Corning Inc., Corning, NY,
USA) in DMEM/F12 (Sigma-Aldrich). The medium was
changed every 2 or 3 days. After the cells had spread over
more than 50% of the plate, they were passaged using Accu-
tase (Nacalai Tesque, Kyoto, Japan) for about 5min. The
cells were collected and resuspended in the culture medium
and seeded on a Matrigel-coated plate.

2.5. Xenograft Model. For the histological examination, a
xenograft model was established. Accutase-dissociated cells
(1 × 106 cells) suspended in Matrigel (BD Biosciences) were
transplanted subcutaneously into the dorsal flanks of 7-
week-old nonobese diabetic/severe combined immunodefi-
ciency mice (CLEA, Tokyo, Japan). The mice were sacrificed
when the tumors reached a diameter of 10mm. For the liver
metastasis model, cells (1 × 106 cells) suspended in 80μL
Dulbecco’s modified phosphate-buffered saline (D-PBS;
Wako Pure Chemical Industries) were injected into the
spleen, which was surgically resected 15min later. Liver
metastasis was evaluated 4 weeks later. The mice were
weighed weekly, and none lost weight.

2.6. Immunohistochemistry. After deparaffinization and
blocking, sections of CRC specimen were incubated with
primary anti-Oct4 rabbit polyclonal antibody (#2570; Cell
Signaling Technology Inc., Beverly, MA, USA) at a dilution
of 1 : 200 overnight at 4°C. Vectastain Universal Elite (Vector
Laboratories, Burlingame, CA, USA) was used to detect the
signal. Diaminobenzidine was used for color modification.
All sections were counterstained with hematoxylin.

2.7. Flow Cytometry and Single-Cell Sorting. The expression
of surface proteins on cultured cells was measured with flow
cytometry. Tumor cells were harvested upon incubation with
Accutase (Nacalai Tesque). Cells were stained using CD133/1
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(AC133) conjugated to allophycocyanin (APC; 130-090-826;
Miltenyi Biotec, Auburn, CA) and CD44 conjugated to
APC/Fire750 (33817; BioLegend, San Diego, CA). Relative
fluorescent intensities were measured using an SH800 cell
sorter (SONY, Tokyo, Japan). Single cells were sorted using
an SH800 cell sorter (SONY). Data were analyzed with
FlowJo 10.2 software (FlowJo LLC, Ashland, OR, USA).

2.8. Establishment of Oct4-EGFP Cells. PL-SIN-Oct4-EGFP,
which expresses EGFP under Oct4 promoter, was a gift from
James Ellis (Addgene plasmid # 21319). It was transfected
into primary culture cells using Lentiviral High Titer Packag-
ing Mix with pLVSIN (Takara Bio Inc., Otsu, Japan) accord-
ing to the manufacturer’s protocol. EGFP-positive cells were
enriched by sorting twice using an SH800 cell sorter (SONY).
Oct4 mRNA expression was determined using quantitative
RT-PCR.

2.9. RNA Analysis. Gene expression microarrays were ana-
lyzed for Oct4-EGFP cells. Oct4-EGFP-high cells and
Oct4-EGFP-negative cells were sorted using an SH800 cell
sorter (SONY), and total RNA was prepared using an
RNA Purification Kit (Qiagen). A gene expression microar-
ray (Agilent, Santa Clara, CA, USA) was also constructed
(see Supplementary Materials). Gene set enrichment analy-
sis (GSEA) was performed with GSEA 3.0 software (Broad
Institute, Cambridge, Massachusetts, USA) to compare
expression profiles of Oct4-EGFP-high cells with Oct4-
EGFP-negative cells.

2.10. Statistical Analyses. The relationships between the Oct4
expression and clinicopathological factors were analyzed
with Wilcoxon’s rank sum and χ2 tests. Kaplan–Meier sur-
vival curves were plotted and compared by the generalized
log-rank test. Univariate and multivariate analyses were
performed to identify prognostic factors using a Cox propor-
tional hazards regression model. The values of in vitro assays
were analyzed using Wilcoxon’s rank test. All statistical
analyses were performed using the JMP software program
(ver. 13.0.0; SAS Institute, Cary, NC, USA). A P value
of <0.05 was considered statistically significant.

3. Results

3.1. Oct4 Expression in Clinical Samples and
Clinicopathological Factors. Oct4 mRNA expression levels
were determined in primary CRC using quantitative RT-
PCR. Oct4mRNA expression levels were calculated as Oct4/-
GAPDH expression for each sample, and the median value of
the Oct4/GAPDH mRNA expression level was 0.273 (range,
0.021-10.187; Supplementary Figure S1). We previously
reported that OCT4mRNA expression levels were correlated
with protein levels [10]. All patients’ clinicopathological
characteristics are summarized in Table 1. The patients
comprised 94 males and 79 females, ranging in age from
16 to 88 years (median, 65 years). Ten patients had stage
I disease, 66 patients stage II, 82 patients stage III, and 15
patients stage IV. We divided the patients into two groups
according to the median value of the Oct4/GAPDH
mRNA expression level: low expression (<0.273) and high

expression (>0.273). The low-expression group included
87 patients, and the high-expression group included 86
patients. The relationships between Oct4 expression status
and clinicopathological factors are summarized in Table 2.
Oct4 expression status was not significantly correlated
with any of the clinicopathological factors such as
histological grade, tumor invasion, lymph node metastasis,
lymphatic invasion, and vascular invasion. According to
univariate analysis, high TNM stage (P < 0 001) and high
Oct4 expression (P = 0 007) were significantly correlated
with poor liver metastasis-free survival (LMFS; Table 3).
Multivariate regression analysis showed that high TNM
stage (P < 0 001) and high Oct4 expression (P = 0 015)
were also independent predictors of poor LMFS (Table 3).
Distribution of Oct4 mRMA expression levels stratified
by liver metastasis status and TNM stage is shown
in Supplementary Figure S2. OS, disease-free survival
(DFS), and LMFS were evaluated in all patients. Oct4
expression was not significantly correlated with OS and
DFS (Supplementary Figure S3). However, LMFS was
significantly worse in the high-expression group than in
the low-expression group (P = 0 008; Figure 1). Five-year
LMFS was 90% in the low-expression group and 74% in
the high-expression group.

3.2. Analysis of Oct4-EGFP-Positive Cells. Oct4-EGFP-posi-
tive cells were enriched by sorting. Oct4-EGFP-positive cells
reproduced the heterogenous population including Oct4-
EGFP-negative cells (Figure 2(a)). The expression of Oct4
mRNA was significantly higher in Oct4-EGFP-positive cells
than in Oct4-EGFP-negative cells (Figure 2(b)). CD44 and
CD133 have been reported previously as CRC stem cell
markers [17, 18], and these markers were analyzed by flow
cytometry. In the Oct4-EGFP-negative population, 76% of
cells expressed CD44 and about 54% of cells expressed
CD133 (Figure 2(c)). In the Oct4-high population, 98% of
cells expressed CD44 and 54% of cells expressed CD133.
All cells expressed CD44 and/or CD133 in the OCT4-high
population. Moreover, gene set enrichment analysis (GSEA)
showed that genes relating to WNT protein binding
(P < 0 0001) and fibroblast growth factor (FGF) receptor
binding (P < 0 0001) were enriched in Oct4-EGFP-high cells

Table 1: Patient characteristics.

Factors N = 173
Gender (male/female) 94/79

Age∗ (year) 65 (16–88)

CEA∗ (ng/mL) 3.6 (0.5–672.5)

Histological grade (Tub1/Tub2/other∗∗) 34/130/9

Tumor invasion (T2/T3/T4) 17/85/71

Lymph node metastasis (N0/N1/N2) 77/57/39

Lymphatic invasion (absent/present) 73/100

Vascular invasion (absent/present) 41/132

Stage (I/II/III/IV) 10/66/82/15
∗Continuous variable. ∗∗Other: poorly differentiated, mucinous adeno-
carcinoma, or squamous cell carcinoma. Tub1: well-differentiated
adenocarcinoma; Tub2: moderately differentiated adenocarcinoma.

3Stem Cells International



compared with Oct4-EGFP-negative cells (Figure 2(d),
Supplementary Table S2). Next, Oct4-EGFP-positive and
Oct4-EGFP-negative single cells were sorted into individual
wells in the 96-well plate. Single sorted Oct4-EGFP-positive

cells proliferated well compared with Oct4-EGFP-negative
cells (Figures 3(a) and 3(b)). The number of wells with
colonies was measured four and eight weeks later of the
single-cell sorting. The survival rates of single cells were
calculated as (number of wells with formed colony/number
of sorted cells) × 100 (%). Oct4-EGFP-positive single cells
had significantly better survival than Oct4-EGFP-negative
cells and kept long-time expansion (Figure 3(c)). Single
sorted Oct4-high cells produced Oct4-EGFP-positive and
Oct4-EGFP-negative cells (Figure 3(d)).

3.3. Liver Metastasis of Xenograft Model. Three CRC cell lines
(DLD1, HCT116, and RKO) and three CRC iCCs (603siCC,
28OsiCC, and 821siCC) were injected into the spleen to form
liver metastasis (n = 4). The liver metastasis rate was 100% in
821siCC, 75% in HCT116, 25% in RKO, and 0% in DLD1,
603siCC, and 28OsiCC. 821siCC and HCT116 formed liver
metastasis with high efficiency (≥75%). Oct4 protein expres-
sion and mRNA expression were examined using immuno-
histochemistry. RT-PCR, DLD1, 603siCC, and 28OsiCC did
not form liver metastasis; therefore, Oct4 protein expression
was compared using subcutaneous xenograft tumors. Oct4
protein expression of HCT116 and 821siCC was higher that
of DLD1 and 603siCC (Figure 4(a)). Also, Oct4 protein
expression in xenograft liver metastasis formed by HCT116
and 821siCC was high. Oct4 mRNA expression of HCT116

Table 2: Patient characteristics according to Oct4 mRNA expression.

Factors Low-expression group (N = 87) High-expression group (N = 86) P value

Age (<66/≥66) 46/41 42/44 0.595

Sex (male/female) 45/42 49/37 0.488

Preoperative CEA (≥5/<5) 39/46 33/51 0.386

Histological grade (other∗/Tub1–2) 4/83 4/82 0.987

Tumor invasion (T3–4/T2) 78/9 78/8 0.818

Lymph node metastasis (N1–2/N0) 45/42 51/35 0.316

Lymphatic invasion (present/absent) 52/35 48/38 0.598

Vascular invasion (present/absent) 61/26 71/15 0.054

TNM stage (1–2/3–4) 42/45 34/97 0.269
∗Other: poorly differentiated, mucinous adenocarcinoma, or squamous cell carcinoma. Tub1–2: well/moderately differentiated adenocarcinoma.

Table 3: Results of univariate and multivariate analyses of liver metastasis-free survival.

Factors
Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Age (years) (<66/≥66) 1.008 0.484–2.112 0.983

Sex (male/female) 1.696 0.805–3.798 0.167

Preoperative CEA (≥5/<5) 1.277 0.526–2.732 0.526

Histological grade (other∗/Tub1–2) 2.573 0.613–7.309 0.170

Lymphatic invasion (present/absent) 2.085 0.959–5.012 0.064

Vascular invasion (present/absent) 1.587 0.657–4.714 0.324

TNM stage (3-4/1-2) 8.232 2.896–34.536 <0.001 7.789 2.737–32.700 <0.001
Oct4 expression (high/low) 2.866 1.319–6.888 0.007 2.613 1.201–6.284 0.015
∗Other: poorly differentiated, mucinous adenocarcinoma, or squamous cell carcinoma. Tub1: well-differentiated adenocarcinoma; Tub2: moderately
differentiated adenocarcinoma.
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Figure 1: Survival curves for liver metastasis-free survival (LMFS)
according to Oct4 mRNA expression. The patients were divided
into two groups according to the median value of the Oct4/GAPDH
mRNA expression level of primary tumor. The 5-year LMFS rate
was 90% (n = 87) in the low-expression group and 74% (n = 86) in
the high-expression group (P = 0 008).
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and 821siCC was higher than that of other cells (RKO, DLD1,
603siCC, and 28OsiCC; Figure 4(b)).

4. Discussion

Metastasis occurs because of several combination factors,
such as tumor location, tumor characteristics, and targeted
organ characteristics [19–21]. Recent biological examination
has shown that anti-EGFR monoclonal antibodies such as
Cmab and Pmab are effective in wild-type RAS (KRAS/N-
RAS), and the drugs are selected according to the RAS muta-
tion status without considering metastatic sites [3]. Although
the present treatment for mCRC was the same in liver and/or

lung metastasis patient targeted organ characteristics, tar-
geted organ characteristics and their key factors remain
poorly known. A better understanding of tumor characteris-
tics will improve organ-specific treatment and prognosis for
cancer patients. Overexpression of Oct4 and Nanog induces
EMT and promotes metastasis of lung cancer [14], and
knockdown of Oct4 suppresses EMT and blocks the metasta-
tic ability in lung cancer and colorectal cancer [14, 15]. This
is the first report to evaluate the relationship between Oct4
expression and liver metastasis of colorectal cancer (CRC)
in clinical samples, the stemness of Oct4-expressed cells,
and the liver metastasis-forming ability using primary cul-
tured cells without genetic engineering.
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Figure 2: Analysis of Oct4-EGFP-positive cells. (a) Representative FACS of enriched Oct4-EGFP cells by sorting. Oct4-positive cells and
Oct4-negative cells were shown. Oct4-high cells (green area) and Oct4-negative cells (pink area) were analyzed. (b) Oct4 mRNA
expression of Oct4-high cells (green area of (a)) was high compared with that of Oct4-negative cells (pink area of (a); n = 3, P < 0 05). (c)
Expressions of CD44 and CD133 were high in Oct4-high cells (green area of (a)) compared with Oct4-negative cells (pink area of (a)). (d)
Gene set enrichment analysis (GSEA) of Oct4-high cells (green area of (a)) and Oct4-negative cells (pink area of (a)). Representative
GSEA was shown, and genes relating to WNT protein binding (P < 0 001) and fibroblast growth factor receptor binding (P < 0 001) were
enriched in Oct4-high cells.
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We focused on liver metastasis of CRC and the Oct4
gene. Oct4 expression was not significantly correlated with
OS and DFS. However, high Oct4 expression was signifi-
cantly correlated with LMFS and it was an independent pre-
dictor of liver metastasis in CRC patients. The relationship
between Oct4 expression and nonliver metastasis was also
examined, but there was no significance. We revealed that
Oct4 is a tumor characteristic that especially relates to liver
metastasis in clinical CRC. Next, we examined the role of
Oct4 with in vitro analysis focusing on the stemness. OCT4
can directly reprogram adult cells to induced pluripotent
stem (iPS) cells, and it is also expressed in CRC CSCs [22,
23]. CSCs or “cancer stem-like cells” are thought to promote
tumor cell invasion and metastasis [24] and to contribute to
drug resistance [22, 25]. Primary cultured CRC cells are
heterogenous compared with cell lines (Supplementary
Figure S4), and the population of Oct4-EGFP-positive cells
was examined in primary cultured cells. We established
Oct4-EGFP primary cultured CRC cells and examined their

characteristics. Single sorted Oct4-EGFP-positive cells
proliferated and formed colonies more than Oct4-EGFP-
negative cells, and Oct4-EGFP-positive cells produced
Oct4-EGFP-positive and Oct4-EGFP-negative cells. These
results show that Oct4-EGFP-positive cells have self-
replication ability and self-propagation ability that were
reported as the CSCs’ characteristics [24]. Oct4-EGFP-
positive cells more commonly expressed CD44/CD133 than
Oct4-EGFP-negative cells, and all Oct4-high cells expressed
CD44 [17]. GSEA showed that WNT protein binding and
FGF receptor binding were enriched in Oct4-EGFP-high
cells. The WNT signaling pathway plays an important role
in CRC metastasis [26], and crosstalk of the FGF and WNT
signaling pathways leads to a more malignant phenotype
through several signaling cascades including EMT [27].
To summarize our findings, Oct4-EGFP-positive cells
expressed more stem cell-associated markers compared
with Oct4-EGFP-negative cells and had self-renewal and
differentiation abilities like in CSCs. Moreover, primary
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Figure 3: Growth of single sorted Oct4-positive and Oct4-negative cells. (a–c) Representative growth of Oct4-positive and Oct4-negative
cells. (a) Growth images of Oct4-positive and Oct4-negative cells. Cells were indicated by white dotted lines. Oct4-positive cells
proliferated well compared with Oct4-negative cells. (b) Growth curves of Oct4-positive and Oct4-negative cells. The colony sizes of Oct4-
positive and Oct4-negative cells were measured. Oct4-positive cells proliferated well compared with Oct4-negative cells (n = 5, P < 0 05).
(c) Survival rates of single sorted Oct4-positive and Oct4-negative cells. The survival rates of Oct4-positive cells were high compared with
those of Oct4-negative cells four and eight weeks later of the sorting (n = 9, P < 0 005). (d) Representative image of colony from a single
sorted Oct4-positive cell. Oct4-negative cells were produced from Oct4-positive cells. Scale bar, 500 μm.
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cultured cells contain Oct4-expressed cells with self-renewal
and differentiation abilities. Finally, we examined the
capacity to form liver metastasis in vivo using CRC cell lines
and primary cultured cells. Oct4 regulated epithelial-
mesenchymal transition in CRC cell lines and its knockdown
inhibited CRC cell migration and invasion [15]. We revealed
that cells (HC116 and 821siCC) highly expressing Oct4
formed liver metastasis with high efficiency. This study has
some limitations. In clinical analysis, the number of samples
is too small to analyze nonliver metastasis. We did not
examine metastatic potential to other sites such as lung
metastasis, and more examination will need to reveal the
role of Oct4 relating to organ-specific metastatic potential.
However, we concluded that Oct4-high tumors might
metastasize in a clinical context, so an additional therapeutic

intervention for Oct4-high tumors and/or treatment to
target Oct4 may reduce liver metastasis in CRC patients
and improve their prognosis.

5. Conclusions

High OCT4 expression was an independent predictor for
liver metastasis in CRC patients. OCT4-positive primary
cultured cells had self-renewal and differentiation abilities
and actively formed liver metastasis.
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DFS: Disease-free survival
LMFS: Liver metastasis-free survival
mCRC: Metastatic CRC
Oct4 (POU5F1): POU domain, class 5, transcription

factor 1
CSC: Cancer stem cells
EMT: Epithelial-mesenchymal transition
TNM classification: Tumor node metastasis classification
RT-PCR: Real-time reverse transcription
GSEA: Gene set enrichment analysis
iPS: Induced pluripotent stem.
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HCC stem cells were reported as posttreatment residual tumor cells that play a pivotal role in tumor relapse. Fusing dendritic cells
(DCs) with tumor cells represents an ideal approach to effectively activate the antitumor immunity in vivo. DC/HCC stem cell
vaccine provides a potential strategy to generate polyclonal immune response to multiple tumor stem cell antigens including
those yet to be unidentified. To assess the potential capacity of DC/HCC stem cell vaccines against HCC, CD90+HepG2 cells
were sorted from the HCC cell line HepG2. DC and CD90+HepG2 and DC and HepG2 fused cells were induced by
polyethylene glycol (PEG). The influence of fusion cells on proliferation and immunological function transformation of
lymphocytes was assessed by FCM and ELISA assay, respectively. The cytotoxicity assay of specific fusion cell-induced CTLs
against HepG2 was conducted by CytoTox 96 Non-Radioactive Cytotoxicity Assay kit in vitro. At last, the prevention of HCC
formation in vivo was described in a mouse model. The results of FCM analysis showed that the proportion of CD90+HepG2
cells in the spheral CD90+HepG2 enriched by suspension sphere culture was ranging from 98.7% to 99.5%, and 57.1%
CD90+HepG2/DC fused cells were successfully constructed. The fusion cells expressed a higher level of costimulatory molecules
CD80, CD83, CD86, and MHC-I and MHC-II molecules HLA-ABC and HLA-DR than did immature DCs (P < 0 05). And the
functional analysis of fusion cell-induced CTLs also illustrated that CD90+HepG2/DC fusion cells showed a greater capacity to
activate proliferation of lymphocytes in vitro (P < 0 05). The CD90+HepG2/DC-activated CTLs had a specific killing ability
against CD90+HepG2 cells in vivo. These results suggested that CD90+HepG2/DC fusion cells could efficiently stimulate T
lymphocytes to generate specific CTLs targeting CD90+HepG2 cells. It might be a promising strategy of immunotherapy for HCC.

1. Introduction

HCC is a common malignancy with a dismal prognosis.
Only a minority of patients are eligible for surgery, and the
five-year survival rate of HCC is less than 15% because of
metastasis and recurrence [1, 2]. In addition, HCC cells are
not sensible to chemotherapy and radiotherapy. Therefore,
novel effective strategies are needed urgently for inhibiting
the metastasis and recurrence of HCC.

In recent years, advances in understanding of HCC
tumor biology [3–5] have proved that the metastasis and
recurrence of HCC after surgery are closely related to cancer
stem cells (CSCs). The CSCs are a small group of cells that are
endowed with the ability to perpetuate themselves through
self-renewal and to generate mature cells through differenti-
ation, which are responsible for tumor formation and
progression. These findings remind us that the surviving
CSCs may be the cause of tumor relapse and the failure of
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cancer conventional therapy. Hence, targeting CSCs would
be an effective therapeutic strategy to inhibit tumor relapse.
According to previous studies [6–9], CD90+ phenotype cells
have been considered CSCs in the HCC cell line because of
the characteristics of greater colony-forming efficiency
in vitro, higher proliferative ability, and greater tumorigenic
capacity in vivo when compared to normal HCC cells.

Dendritic cells (DCs) are the most important potent
antigen-presenting cells in vivo, which prominently express
costimulatory molecules and are uniquely able to induce
primary immune responses [10]. DC/tumor fusion cells, first
reported by Gong et al. [11], can process and present a
broad array of tumor antigens including tumor-associated
Ag (TAA) and tumor-specific Ag (TSA) to autologous T
cells and then induce effectively specific T cell immunity.
Recently, it is reported by Li et al. [9] that DC vaccination
using lung CSC antigens induced MHC expression, cytokine
production, lymphocyte infiltration, and long-term protec-
tion against prostate cancer. Furthermore, it is likely that
certain stem cell markers expressed by CSCs may possess
distinct antigenicity and thus provide opportunities for
enhanced immunotherapy. To date, the possibility of DCs
loaded with CSC antigen in cancer immunotherapy has
been proved. However, the efficiency of fusing DCs with
CSCs is not in the literature yet. In this study, we developed
a DC/CSC vaccine and assessed the CTL responses to
HCC CSCs.

2. Materials and Methods

2.1. Tumor Cell Lines. The human HCC cell line HepG2
was obtained from the American Type Culture Collection
(ATCC). HepG2 cells were cultured in RPMI-1640 medium
(Gibco Invitrogen, Carlsbad, CA, USA) with 10% (v/v) fetal
bovine serum and 100U/ml penicillin/streptomycin at 37°C
in a humidified atmosphere supplemented with 5% CO2.

2.2. CSC Sorting and Enrichment by Suspension Sphere
Culture. Cell sorting was performed by flow cytometry
on a BD FACSVantage SE system (BD Biosciences, San
Diego, USA). The HepG2 cells were labeled with an
FITC-conjugated anti-CD90 antibody (BD Biosciences,
San Diego, USA) according to the manufacturer’s instruc-
tions. Then, the purity of the sorted cells was estimated by
flow cytometry. According to the CSC enrichment method
of suspension sphere culture from previous studies [12], the
sorted CD90+HepG2 cells were first washed with PBS to
remove serum and then suspended in serum-free media with
IGF, EGF (20ng/ml) (R&D Systems, Minneapolis, USA), and
B27 (20ml/l) (Gibco Invitrogen, Carlsbad, CA, USA). The
suspended cells were plated in ultralow attachment 25 cm2

culture bottles (Corning Inc., NY, USA) at a density of
1000 cells/ml. The tumor sphere formation was observed
under an inverted light microscope at 400x magnification.
The spheres were collected at 800 rpm centrifugation and
then dissociated with Accutase® (Sigma-Aldrich Co., St.
Louis, MO, USA). Then, the resulting single-cell suspension
was centrifuged and resuspended in serum-free medium to

continue the formation of spheres. The sphere passage was
administrated every 5-8 days.

2.3. Generation of Dendritic Cells and T Cells. PBMCs were
isolated from HLA-A2+ healthy donors by Ficoll-Hypaque
(Sigma-Aldrich Co., St. Louis, MO, USA) density gradient
centrifugation and were incubated in six-well polystyrene
plates at 37°C in 5% CO2 for 2 h in RPMI-1640. After
that, nonadherent cells were removed and purified by a
nylon wool column and subsequently cultured in RPMI-
1640 complete medium with 20U/ml rhIL-2 (PeproTech
Inc., Rocky Hill, USA) as a source of autologous T cells.
Adherent cells were replenished with RPMI-1640 complete
medium containing 100ng/ml granulocyte-macrophage
colony-stimulating factor (GM-CSF) (PeproTech Inc., Rocky
Hill, USA) and 50ng/ml rh-interleukin-4 (IL-4) (PeproTech
Inc., Rocky Hill, USA). Half of the culture medium and cyto-
kines were replaced every 2 days. Suspension and loosely
adherent cells were harvested on day 7.

2.4. DC/Tumor Fusion Cell Preparation. DCs were stained
with the green fluorescent dye CFSE (Sigma-Aldrich) and
coincubated with CD90+HepG2 and HeG2 (irradiated at
5000 cGy) stained with the red fluorescent dye PKH26
(Sigma-Aldrich) at a DC : tumor ratio of 2 : 1, using 50%
PEG (PEG1450, Sigma-Aldrich) to boost the fusion process
as described elsewhere [13]. Briefly, the mixed cell suspen-
sion was washed with serum-free RPMI-1640 prewarmed at
37°C and centrifuged at 1000 rpm for 5min. After that,
PEG was added to resuspend the pellets for 1min and the
pellets were stirred gently for 2min. Then, the PEG was
washed with serum-free RPMI-1640 3 times, and the fusion
cells were incubated in complete RPMI-1640 medium with
GM-CSF, IL-4, and maturation cytokine tumor necrosis
factor-α (TNF-α, PeproTech) at 37°C with 5% CO2. The
fusion rate was evaluated by flow cytometry analysis such
that hybrid cells displaying both green and red fluorescence
were considered fusion cells. The cell surface molecules
including CD80, CD83, CD86, and HLA-ABC and HLA-
DR that underwent change in expression were also estimated
by flow cytometry.

2.5. Analysis of IL-12p70 Release by ELISA. The level of IL-
12p70 released by mature DCs (2 × 106/well) in the superna-
tants was evaluated using the protocol with the Human
IL-12p70 ELISA Kit (Neobioscience Technology, China).
The optical density (OD) was read at 450nm using a
microtiter plate reader.

2.6. T Lymphocyte Proliferation Assay. T cell proliferation
detection was carried out by flow cytometry analysis as
described previously [14]. In brief, allogenic T cells were
isolated from nonadherent PBMCs through nylon wool
columns and resuspended in PBS at a final concentration of
5 × 106 cells/ml. Next, cells were labeled with 0.5μM of
PKH26 in PBS for 10min. 1 × 106 stained T cells were
taken out as parent generation, and the rest T cells were
seeded in round-bottomed 6-well plates and cocultured
with CD90+HepG2/DC fusion cells, HeG2/DC fusion cells,
DC+HepG2 mixed cells (mDCs), and DCs alone at a DC :T
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cell ratio of 30 : 1 for 5 days at 4°C in light-proof condition.
After 5 days, T cells were analyzed on live gating based on
forward scatter/side scatter.

2.7. IFN-γ Enzyme-Linked Immunosorbent Spot Assay. For
estimating the specific T cell responses, a test for IFN-γ
production was carried out in an ELISpot kit (R&D Systems,
Minneapolis, USA) according to the previous studies
[15, 16]. Briefly, serum-free RPMI-1640 was preadded
to the 96-well ELISpot plate to activate the specific
IFN-γ antibody coated on the flat bottom of the plate
for 10min. Then, the purified T cells were coincubated with
CD90+HepG2/DC, HeG2/DC fusion cells, mDCs, and DCs
alone at a DC :T cell ratio of 10 : 1 for 18 h at 37°C in 5%
CO2. 18 h later, the wells were decanted and treated with
200μl/well of ice-cold deionized water for 15min to lyse
the residual cells and washed 5 times with PBS. The ELISpot
plate was further incubated with a biotinylated detector anti-
body for 1 h. The plate was washed 5 times with PBS again
and incubated with streptavidin for 1 h. Finally, the plate
was washed 3 times and developed with 3-amino-9-ethylcar-
bazole (AEC) for 30min, after which each well was examined
for positive spots visually and with a KS ELISpot system with
version 4.3 software (Carl Zeiss, Hallbergmoos, Germany).

2.8. Cytotoxicity Assay of Specific CTLs. The cytotoxicity
assays were conducted using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit (Promega, Madison, WI,
USA). According to the protocol, autologous lymphocytes
were cocultured with stimulator cells (CD90+HepG2/DC,
HeG2/DC fusion cells, mDCs, and DCs alone) in complete
RPMI-1640 containing 20U/ml IL-2 for 7 days to generate
specific CTLs. Then, the CTLs were harvested and coincu-
bated with target cells CD90+HepG2 cells and HeG2 cells in

a 96-well U-bottom plate at various effector : target ratios of
10 : 1, 30 : 1, and 100 : 1 for 4 h. Subsequently, 50μl per well
of supernatants was collected for detecting lactate dehydro-
genase (LDH) release in the Microplate Imaging System at
an absorbance of 490nm. As controls, the spontaneous
release of LDH was evaluated by incubation of CTLs
or target cells alone, and the maximum release of LDH
was assessed by incubating target cells in 0.1% Triton
X-100. The results of specific LDH release were calcu-
lated as follows: percent specific release = experimental
OD − effector spontaneous OD − target spontaneous OD /
target maximum OD − target spontaneous OD .

2.9. In Vivo Studies. Female BALB/c nude mice, aged 4 to
6 weeks, were obtained from the Medical Experimental
Animal Center of Guangxi Medical University and main-
tained under standard conditions described by the Guangxi
Laboratory Animal Center. Mice were randomly divided
into five groups (6 mice each), and the five groups were
divided as follows: 1 × 106 HepG2 mixed with 3 × 107
CD90+HepG2-DC-CTLs, 3 × 107 HepG2-DC-CTLs, 3 × 107
mDC-CTLs, and 3× 107DC-CTLs in a 100μl volume as
(1) the CD90+HepG2-DC-CTL group, (2) HepG2-DC-CTL
group, (3) mDC group, and (4) DC-CTL group, respectively,
in a 100μl volume, and the suspended cells were injected
subcutaneously into nude mice; also, 1 × 106 HepG2 were
suspended in 100μl PBS and injected subcutaneously into
nude mice as (5) the control group. The tumor volumes were
measured with a caliper once a week and evaluated as
tumor volume mm3 = length × width2/2. 12 weeks after cell
injection, nude mice were sacrificed.

2.10. Statistical analysis. Data were presented as mean ±
standard deviation. One-way ANOVA and Fisher’s Least
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Figure 1: The HCC stem cells enriched by suspension sphere culture and the different expression of stem cell markers before and after
enrichment. (a) CD90+HepG2 formed the anchorage-independent self-renewing spheres in the stem cell medium (×400). (b) The
expression of CD90 on the HepG2 cell surface after enrichment was higher than that before enrichment by flow cytometry estimate.
P < 0 001.
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Significant Difference Test were carried out to estimate the
difference within each group for DC surface molecules, T cell
proliferation assays, IL12p70 and IFN-γ analysis, and cyto-
toxicity assays. Difference in the tumor volume among
groups was evaluated by repeated-measures ANOVA and
Fisher’s Least Significant Difference for comparisons.
All statistical analyses were performed in the SPSS 16.0

software package. Statistical significance was considered
at P value < 0.05.

3. Result

3.1. CD90+HepG2 Cell Sorting and Enrichment. HepG2
were purified by flow cytometry, and 24.2% most brightly

59
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Figure 2: The immunofluorescent staining of DC and CD90+HepG2 and the fusion rate estimated by FCM. The fusion rate was estimated by
immunofluorescence and FCM. (a) Dendritic cell (green), ×100, FCM analysis shows that the CFSE-positive rate is 99.4%. (b) CD90+HepG2
(red), ×100, FCM analysis shows that the PKH26-positive rate is 99.1%. (c) Fusion cells (green and red), ×100, FCM analysis shows that the
double-positive rate is 57.1%.
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stained CD90+HepG2 cells were sorted. Then, the sorted
CD90+HepG2 cells were enriched by suspension sphere
culture [12]. The CD90+HepG2 cells generally formed non-
adherent three-dimensional sphere clusters (Figure 1(a)).
After that, the sphere clusters were harvested and then the

proportion of CD90+HepG2 cells was detected. The average
proportion was 99.5± 1.3% (Figure 1(b)).

3.2. Fusion Rate of DC/HepG2 and DC Phenotype. The CFSE-
positive DC was displayed as green (Figure 2(a)), and the
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Figure 3: Flow cytometry analysis of expression change of surface molecules on immature DCs, mDCs, and fusion DCs and the
immunological function of fusion cells. (a) The expression change of the costimulatory molecule and mature molecule on the cell surface
of different DCs. ∗P < 0 01, ∗∗P > 0 05, ∗∗∗P value (the same as the first group). (b) The IL-12p70 level after 24 h culture in the
supernatants from the four groups. ∗P < 0 05, ∗∗P > 0 05. (c) The different proliferation indices of the DCDC group, mDC group,
HepG2/DC group, and CD90+HepG2/DC group. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P > 0 05. (d) IFN-γ ELISpot analysis of T cell IFN-γ secretion
induced by the four groups of DCs. ∗P > 0 05, ∗∗P < 0 05.
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PKH26-positive CD90+HepG2 was red (Figure 2(b)). The
result showed that the fusion rate of CD90+HepG2/DC was
57.1% (Figure 2(c)) and the fusion rate of HepG2/DC was
55.4% (data not shown). Phenotypic changes in the expres-
sion of cell surface costimulatory molecules of fused DCs
were also analyzed by flow cytometry. The expression of
costimulatory molecules CD80, CD83, CD86, and major
histocompatibility (MHC) molecules HLA-ABC and HLA-
DR on fusion DCs was higher than that on mDCs and DCs
alone (P < 0 05) (Figure 3(a)). Otherwise, there was no signif-
icant difference between CD90+HepG2/DC and HepG2/DC.

3.3. IL-12p70 Production. The IL-12p70 level in the superna-
tants of the four groups of DCs was evaluated. The IL-12p70
production of CD90+HepG2/DCs, HepG2/DCs, mDCs, and
DCs alone was 701 15 ± 73 1 pg/ml, 698 47 ± 48 76 pg/ml,
375 52 ± 40 5 pg/ml, and 306 64 ± 10 4 pg/ml, respectively.
The difference between fusion cells and mDC and fusion
cells and DC was significant (P < 0 05) (Figure 3(b)). Other-
wise, the difference between the two groups’ fusion cells was
not significant.

3.4. Analysis of Proliferation and IFN-γ Release of Allogeneic
T Cells. The flow cytometry analysis of T cell proliferation
showed that the proliferation index (PI) of T cells in the
CD90+HepG2/DC group, HepG2/DC group, mDC group,
and DC group was 6 92 ± 1 28, 5 31 ± 0 21, 4 6 ± 0 57, and
2 75 ± 0 073, respectively. The results demonstrated that the
capacities of fusion cells to stimulate T cell proliferation were
stronger than those of mDCs and DCs (Figure 3(c)). Further-
more, the result of IFN-γ release showed that the capacity of
cytokine secretion of fusion cell-induced T cells was signifi-
cantly stronger than that of the others (Figure 3(d)). The PI

and IFN-γ release level of the CD90+HepG2/DC group were
higher than those of the HepG2/DC group, but the difference
was still not significant.

3.5. CD90+HepG2/DC-CTLs Have More Cytotoxicity Effect
on CD90+HepG2 Cells. The cytolysis capacities of CD90+

HepG2/DC-CTLs, HepG2/DC-CTLs, mDC-CTLs, and DC-
CTLs targeting CD90+HepG2 cells and HepG2 cells were
evaluated. The result showed that CD90+HepG2/DC-CTLs
targeted CD90+HepG2 cells most efficiently among the other
groups at all effector : target ratios including 10 : 1, 30 : 1, and
100 : 1 (P < 0 001) (Figure 4(a)). However, the effect of
CD90+HepG2/DC-CTLs targeting HepG2 cells was not bet-
ter than that of other groups at the effector : target ratios of
10 : 1 and 30 : 1 (P > 0 05), except that the effector : target
ratios went to 100 : 1 (Figure 4(b)) (Table 1).

3.6. Antitumor Immunity In Vivo Induced by CD90+HepG2/
DC-CTLs. To investigate whether CD90+HepG2/DC-CTLs
against CSCs may inhibit HepG2 cell-induced tumor growth
in vivo, CD90+HepG2/DC-CTLs, HepG2/DC-CTLs, mDC-
CTLs, and DC-CTLs were injected into nude mice subcuta-
neously mixed with HepG2 cells. Compared to the other
groups, the time of tumor nodule becoming detectable in
the CD90+HepG2/DC-CTLs group was significantly delayed
(Figure 5(a)). The detectable tumor nodules formed within
1 week in the control group, but took 2 weeks, 3 weeks,
5 weeks, and 6 weeks to form among DC-CTL, mDC-CTL,
HepG2/DC-CTL, and CD90+HepG2/DC-CTL groups after
injection, respectively (Figure 5(a)). At the end of the in vivo
experiment, the tumor sizes of the CD90+HepG2/DC-CTL
group were the smallest among the four groups and the
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Figure 4: CD90+HepG2/DC-CTLs have more cytotoxicity effect on CD90+HepG2 cells. (a) Lytic activity specific to various CTLs against
CD90+HepG2 cells. (b) Lytic activity specific to various CTLs against HepG2 cells. ∗P < 0 001, ∗∗P < 0 05, ∗∗∗P > 0 05.
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difference became significant at 7 weeks after injection
(Figures 5(b) and 5(c)).

4. Discussion

Multiple mechanisms may be involved in the development
and progression of HCC, including the existence of HCC
stem cells and the defects in the immune responses to these

cells. One strategy to correct such defects is to enhance the
tumor antigen presentation with the use of DCs. There is
ample evidence that fusion of DCs with tumor cells is an
effective approach for introducing tumor antigens into
DCs. The tumor/DC fusion cell expresses the whole set of
tumor antigens in the setting of costimulatory and MHC
molecules and facilitates access of tumor antigens to endoge-
nous and exogenous pathways of antigen presentation,
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Figure 5: HepG2 cells mixed with CD90+HepG2/DC-CTLs, HepG2/DC-CTLs, mDC-CTLs, DC-CTLs, or PBS were injected into nude mice.
(a) The time of tumor nodule becoming detectable in the CD90+HepG2/DC-CTLs group was significantly delayed. (b) The various tumor
sizes of different groups and representative examples of nude mice. (c) CD90+HepG2/DC-CTLs inhibited tumor growth most efficiently
compared to the DC-CTL, mDC-CTL, and HepG2/DC-CTL groups after injection. ∗P < 0 05.
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resulting in the induction of both CD4 and CD8 T cells. In
the present study, CD90+HepG2 cells were fused with DCs
as a CD90+HepG2/DC vaccine. CD90+HepG2/DC fusion
cells were applied as a whole-cell approach allowing for the
presentation of CD90+ CSC antigen and multiple antigens
including those yet to be identified. The results of the
in vitro cytotoxicity assay of this work demonstrated that
the CD90+HepG2/DC fusion cell approach not only devel-
oped the ability to target HCC CSCs but also effectively
targeted ordinary HepG2 cells. The results of flow cytometry
showed that the fusion rate of vaccine was 57.1%, and the
fusion cells had a higher expression level of DC mature
molecules CD83 and HLA-DR and costimulatory molecules
CD80 and CD86 than did immature DCs, which demon-
strated that the strategy of the CD90+HepG2/DC vaccine
was practicable.

The unique functional criteria for tumor/DC fusion cells
used in the vaccine settings are their capacity to secrete
cytokines stimulating autologous immunity and activate
cytotoxic T lymphocytes. For instance, IL-12 is a heterodi-
meric cytokine that upregulates DC expression of costimu-
latory molecules, stimulates T helper-1 reactivity, expands
antigen-specific CD8+ T cells [14], and enhances the effec-
tiveness of DC-based antitumor vaccines [13, 17]. On the
other hand, the present studies [15, 18, 19] demonstrated
evidence of immunological response to fusion cell vaccines
by an increased expression of intracellular IFN-γ. In our
study, the level of IL-12p70 in the fusion cell groups was
higher than that in the mDC and DC groups. Meanwhile,
the ability of the fusion cell groups to stimulate T cells
was stronger than that of the other two groups, and the
levels of IFN-γ in fusion cell-CTL groups were higher than
those in mDC-CTL and DC-CTL groups. However, there
was no significant difference in the experimental results
above between the two fusion cell groups. This phenome-
non was indicative of the similarity in cytokine-secreting
ability, costimulatory molecule expression, and capacity
to stimulate T cells between these two fusion cell groups.

It was obvious that CD90+HepG2/DC-CTLs targeting
CD90+HepG2 cells have the most efficiency according
to the results of the cytotoxicity assay, which indicated
that the DCs obtained stem-like TAAs during the fusion
process and then presented the antigens to T cells, activat-
ing T cells to be cytolysis-specific CTLs. Meanwhile, not
only was the time to form detectable tumor nodules in
CD90+HepG2/DC-CTL group mice delayed compared to
other groups, but also the tumor sizes were the smallest
among all groups. The most reasonable explanation is
that the CD90+HepG2/DC vaccine specifically killed
CD90+HepG2 stem-like cells, reducing the number of
HCC-initiating cells, which delayed the tumor formation.
Following the reduction of CD90+HepG2 cells, the renewal
and proliferation of HCC cells were also ceasing, leading to
the final tumors being small in size. On the other hand, these
results proved the stemness characteristic of CD90+HepG2
cells. Interestingly, we unexpectedly found in the cytotoxicity
assay that the CD90+HepG2/DC-CTLs target HepG2 cells
more efficiently than HepG2/DC-CTLs at the effector : target
ratio of 100 : 1, but not different at other ratios. We guessed

that when the effectors reached a certain amount, the
CD90+HepG2/DC vaccine could kill the few CD90+HepG2
cells in a group of HepG2 cells. Unfortunately, we had not
yet revealed the detailed mechanism how CTLs kill CSCs
in this study. Questions remain regarding mechanisms
underlying the apparent superior outcomes from DC vacci-
nation targeting CSC. Yang et al. [3, 13, 20] pointed out that
the stemness of CD90+HCC might relate to the Wnt/
β-catenin, Hedgehog/SMO, Oct3/4, and Notch pathways;
however, how the CD90+HepG2/DC vaccine works in
communicating with the pathways is still unknown. Further
multicenter research studies are needed to reveal the
unknown mechanism in the future.
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Liver regeneration after most forms of injury is mediated through the proliferation of hepatocytes. However, when hepatocyte
proliferation is impaired, such as during chronic liver disease, liver progenitor cells (LPCs) arising from the biliary
epithelial cell (BEC) compartment can give rise to hepatocytes to mediate hepatic repair. Promotion of LPC-to-hepatocyte
differentiation in patients with chronic liver disease could serve as a potentially new therapeutic option, but first requires
the identification of the molecular mechanisms driving this process. Notch signaling has been identified as an important
signaling pathway promoting the BEC fate during development and has also been implicated in regulating LPC
differentiation during regeneration. SRY-related HMG box transcription factor 9 (Sox9) is a direct target of Notch
signaling in the liver, and Sox9 has also been shown to promote the BEC fate during development. We have recently
shown in a zebrafish model of LPC-driven liver regeneration that inhibition of Hdac1 activity through MS-275 treatment
enhances sox9b expression in LPCs and impairs LPC-to-hepatocyte differentiation. Therefore, we hypothesized that inhibition
of Notch signaling would promote LPC-to-hepatocyte differentiation by repressing sox9b expression in zebrafish. We ablated
the hepatocytes of Tg(fabp10a:CFP-NTR) larvae and blocked Notch activation during liver regeneration through treatment
with γ-secretase inhibitor LY411575 and demonstrated enhanced induction of Hnf4a in LPCs. Alternatively, enhancing
Notch signaling via Notch3 intracellular domain (N3ICD) overexpression impaired Hnf4a induction. Hepatocyte ablation in
sox9b heterozygous mutant embryos enhanced Hnf4a induction, while BEC-specific Sox9b overexpression impaired
LPC-to-hepatocyte differentiation. Our results establish the Notch-Sox9b signaling axis as inhibitory to LPC-to-hepatocyte
differentiation in a well-established in vivo LPC-driven liver regeneration model.

1. Introduction

The liver is the only human internal organ capable of regener-
ation, and after most forms of acute injury, this regeneration is
mediated by the proliferation of the differentiated epithelial
cells of the liver, namely, hepatocytes or biliary epithelial cells
(BECs). However, during prolonged chronic liver injury, this
innate regenerative capacity may be exhausted, leading to
progression to end-stage liver disease, cirrhosis, and liver

failure [1]. A common feature of chronic liver disease in
human patients is the ductular reaction or proliferation of
“reactive” BECs, with the degree of BEC expansion correlat-
ing with the severity of liver injury [2, 3]. Within the duct-
ular reaction, there are thought to be liver progenitor cells
(LPCs), bipotent cells capable of differentiating into hepato-
cytes or BECs. Although LPCs remain a controversial topic,
there is evidence of BEC-to-hepatocyte differentiation in
animal models with near-total ablation of hepatocytes [4–6],
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impaired hepatocyte proliferation during severe liver injury [7–
10], and prolonged chronic liver injury [11] and in human
patients with cirrhosis [12] or massive hepatic necrosis [13].
With a dearth of treatments for end-stage liver disease besides
liver transplantation, the idea of promoting LPC-to-hepatocyte
differentiation as a new source of hepatic parenchyma is an
attractive option. However, the molecular mechanisms under-
pinning LPC-to-hepatocyte differentiation remain largely
unknown, precluding the development of such therapies.

The Notch signaling pathway is an important pathway
during liver development, where its activation in fetal
hepatoblasts promotes biliary differentiation and bile duct
morphogenesis [14–16]. There are four Notch receptors
(Notch1-4) and two families of ligands (Jagged-1 and -2
and Delta-like-ligand 1, 3, and 4) in mammals. Notch signal-
ing is a form of juxtacrine signaling where the Notch receptor
located in the cell membrane of one cell binds its ligand
expressed on the membrane of an adjacent cell, activating
the Notch receptor and leading to proteolytic cleavage of
the Notch intracellular domain (NICD) by γ-secretase. The
NICD translocates to the nucleus, where it interacts with
the DNA-binding protein recombination signal-binding
protein immunoglobulin kappa J (Rbpj) to mediate target
gene transcription [17]. In addition to its essential role in
liver development, Notch signaling has been implicated in
liver regeneration, where several groups have implicated a
role for activation of Notch signaling in promoting LPC
differentiation to BECs while inhibiting hepatocyte differen-
tiation in vitro [16, 18, 19]. Similarly, inhibition of Notch
signaling blocked BEC differentiation and promoted LPC-
to-hepatocyte differentiation in vitro [18–20], while in vivo
inhibition of Notch signaling impaired BEC proliferation
after bile duct ligation [21] and inhibited LPC differentiation
in the rat 2-acetylaminofluorine combined with partial
hepatectomy model [22]. Work in the zebrafish hepatocyte
ablation model showed that dedifferentiation of BECs into
LPCs required Notch-dependent Sox9b activation [5], while
high levels of Notch signaling in LPCs prevented LPC-
to-hepatocyte differentiation [6]. On the other hand, deletion
of Rbpj from BECs and subsequent exposure to the 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet, which
induces cholangitis, impaired the ductular reaction and
reduced the expression of mature biliary markers but was
not sufficient to induce BEC-to-hepatocyte conversion [23].
Together, these data implicate a role for Notch signaling in
the regulation of BECs and LPCs during liver regeneration,
although the downstream effectors critical to this process
remain to be clearly elucidated.

During liver development, SRY-related HMG box tran-
scription factor 9 (Sox9) is considered to be the earliest
marker of commitment to the biliary fate. Liver-specific dele-
tion of Sox9 in mice results in delayed biliary development
[24], while zebrafish homozygous sox9b mutants exhibit
improper differentiation of progenitors into the hepatic or
pancreatic fates and also display cholestasis from impaired
intrahepatic duct formation during early liver development
[25]. Sox9 is expressed by BECs at baseline in adult mice
and in reactive BECs during liver injury, but there is ectopic
expression of Sox9 in hepatocytes during forms of

cholestatic liver injury such as biliary atresia [26] and
ornithine transcarbamylase deficiency [27] in humans
and DDC diet [28, 29] and rarely after choline-deficient
and ethionine-supplemented diet [30] in rodents. When
Sox9+ hepatocytes were isolated from injured mouse livers,
they formed organoids capable of differentiating into both
BECs and hepatocytes [28, 30], although clonal lineage trac-
ing suggested Sox9+ LPCs rarely produce hepatocytes in vivo
[30]. In line with this observation, expression of Sox9 was
shown to be downregulated in LPCs differentiating towards
the hepatocyte lineage [27], and CD24+ bipotential Sox9+
hepatocytes displayed downregulation of hepatocyte markers
[31]. These data suggest that Sox9 is an important regulator
of hepatocyte/biliary phenotype conversion during both liver
development and regeneration.

Sox9 has also been shown to be a direct target of Notch
signaling in the liver. When NICD was overexpressed during
mouse liver development, there was dramatic upregulation in
Sox9 expression in the livers of newborn pups [15]. Addition-
ally, Notch1 was shown to directly bind to Rbpj-binding sites
identified in the Sox9 promoter [15]. In sox9b mutant zebra-
fish embryos, it was shown that Sox9b was required for the
maintenance, but not the initiation, of Notch signaling in
intrahepatic biliary cells during liver development [25].
Despite the known importance of Sox9 in regulating cell fate
in hepatoblasts during development, little is known about the
role of Sox9 in LPC cell fate regulation during regeneration.
We have previously established an in vivo zebrafish model
of extreme hepatocyte ablation such that liver regeneration
is mediated by LPC-to-hepatocyte differentiation [4]. This
model system is amenable to drug screening to identify the
mediators of LPC proliferation and differentiation; we have
previously shown that bromodomain and extraterminal
(BET) protein inhibition blocked BEC dedifferentiation into
LPCs [32] and selective bone morphogenetic protein (BMP)
inhibitor DMH1 impaired LPC-to-hepatocyte differentiation
[33], and we recently demonstrated that inhibition of histone
deacetylase 1 (Hdac1) activity impaired LPC-to-hepatocyte
differentiation through the enhancement of sox9b expression
[34]. Given that Sox9 is a direct target of Notch signaling in
the liver, and the plethora of in vitro data suggest a role for
Notch signaling in LPC differentiation, we hypothesized that
inhibition of Notch signaling would promote LPC-to-
hepatocyte differentiation through the repression of Sox9
expression. Here, we utilized LY411575, a small molecule
inhibitor of γ-secretase which blocks Notch activation, in
our zebrafish hepatocyte ablation model to show that inhibi-
tion of Notch signaling promotes Hnf4a induction in LPCs,
while overexpression of NICD impairs Hnf4a induction.
We further show that deletion of one allele of sox9b in zebra-
fish augments Hnf4a induction in LPCs, while BEC-specific
overexpression of Sox9b impairs LPC-to-hepatocyte differ-
entiation. Finally, we show that inhibition of Notch signaling
is sufficient to rescue the impaired LPC-to-hepatocyte dif-
ferentiation in larvae with inhibition of Hdac1 activity,
but does not rescue the defects in BET inhibitor or
DMH1-treated larvae. Our work clearly establishes the
importance of the Notch-Sox9 signaling axis during
in vivo LPC differentiation.
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2. Results

2.1. LY411575 Treatment Promotes Hnf4a Induction in BECs
during BEC-Mediated Regeneration. In order to assess the
role of Notch signaling in LPC-driven liver regeneration,
we utilized our previously published hepatocyte ablation
model [4]. We used the Tg(fabp10a:CFP-NTR) line, which
expresses nitroreductase (NTR) under the hepatocyte-
specific fabp10a promoter (ref). When these larvae are
exposed to nontoxic metronidazole (MTZ) for 36 hours
(A36h) from 3.5 to 5 days postfertilization (dpf), NTR
expression in hepatocytes converts MTZ into a cytotoxic
compound, leading to near-total hepatocyte ablation. We
also used the Tg(Tp1:H2B-mCherry) line to mark BECs, as
the mCherry expression is driven by the Tp1 promoter
containing Notch-responsive elements [35]. The H2B-
mCherry protein’s stability allows for tracing of BEC cell fate
over several cell divisions [35]. After hepatocyte ablation,
removal of MTZ allows liver regeneration to commence,
during which BEC-derived LPCs differentiate into hepato-
cytes [4, 5]. To determine the effect of Notch inhibition on
the LPC-to-hepatocyte differentiation process, we treated
the larvae with γ-secretase inhibitor LY411575 for up to 22
hours, starting from 20 hours into MTZ ablation (A20h)
until 6 hours after MTZ washout (R6h) (Figure 1(a)). After
13 hours of LY411575 treatment (A33h), there was a signifi-
cant increase in the number of Tp1:H2B-mCherry+/Hnf4a+

cells in LY411575-treated livers compared to dimethyl
sulfoxide- (DMSO-) treated controls (Figures 1(b) and
1(c)). Hnf4a is not expressed in BECs of nonablated livers
[4]. In fact, the number of Tp1:H2B-mCherry+/Hnf4a+ cells
in LY411575-treated regenerating larvae at A33h was not
significantly different from that in DMSO-treated regener-
ating larvae at R6h (Figures 1(b) and 1(c); P = 0 167). The
total number of Tp1:H2B-mCherry+ cells were comparable
between DMSO- and LY411575-treated regenerating livers
at A33h (Figure 1(b)), suggesting that the increase in
Tp1:H2B-mCherry+/Hnf4a+ cells was not due to BEC pro-
liferation. Assessment of gene expression at R6h revealed
an increase in hepatocyte markers fabp10a, bhmt, and tfa
and a decrease in sox9b and Notch target gene her9
expression in LY411575-treated regenerating livers com-
pared to DMSO controls (Figure 1(d)). Together, these
results suggest that inhibition of Notch signaling promotes
LPC-to-hepatocyte differentiation during BEC-mediated
liver repopulation.

2.2. N3ICD Overexpression Inhibits Hnf4a Induction in BECs
during BEC-Mediated Regeneration. We next assessed the
effect of enhanced Notch signaling during LPC-driven regen-
eration using the Tg(hs:N3ICD) line, where the inducible
expression of N3ICD is under the control of the heat shock
protein 70l promoter [36]. Heat shock was applied at the
A27h and A30h time points to induce N3ICD expression,
and the larvae were analyzed at A33h (Figure 2(a)). In
control larvae, Hnf4a expression was evident in approxi-
mately 40% of Tp1:H2B-mCherry+ cells, but the number of
Tp1:H2B-mCherry+/Hnf4a+ cells was dramatically reduced
in N3ICD-expressing larvae (Figures 2(b) and 2(c)). Again,

the total number of Tp1:H2B-mCherry+ cells was compa-
rable between the two groups. We also noted that as
assessed by Tp1:H2B-mCherry expression patterns, more
Tp1:H2B-mCherry+ cells in N3ICD-expressing larvae than
in controls exhibited an elongated shape of their nuclei
(Figure 2(b), arrowheads), resembling BEC nuclei, and
most Tp1:H2B-mCherry+ cells in the controls exhibited a
round shape of their nuclei (Figure 2(b), arrows), a feature
reminiscent of hepatocyte nuclei. These N3ICD overex-
pression data suggest that enhancement of Notch signaling
impairs LPC-to-hepatocyte differentiation in our zebrafish
model.

2.3. Hnf4a Induction in BECs Is Enriched in sox9b
Heterozygous Mutant Zebrafish. As sox9b is a direct down-
stream target gene of Notch signaling [25], we next
assessed if reduction of sox9b would be sufficient to
enhance LPC-to-hepatocyte differentiation, as observed
in LY411575-treated regenerating livers. To this end, we
utilized sox9b heterozygous mutant zebrafish, as they
undergo normal liver development in the absence of a
challenge [25]. We decided to analyze these larvae at
the A30h time point during MTZ hepatocyte ablation
(Figure 3(a)), as this stage marks the start of Hnf4a induc-
tion in BECs. At this time point, there were significantly
more Tp1:H2B-mCherry+/Hnf4a+ cells in sox9b+/- mutants
than in their wild-type siblings (Figures 3(b) and 3(c)),
indicating facilitated Hnf4a induction in BECs by Sox9b
haploinsufficiency.

2.4. BEC-Specific Sox9b Overexpression Impairs LPC-to-
Hepatocyte Differentiation. To determine if overexpression
of Sox9b was sufficient to block LPC-to-hepatocyte differen-
tiation, we utilized Tg(fabp10a:CFP-NTR); Tg(Tp1:CreERT2);
Tg(ubb:loxP-CFP-loxP-sox9b-2A-mCherry) larvae, which upon
administration of 4-hydroxytamoxifen (4-OHT) overex-
presses Sox9b specifically in BECs [37]. To this end, we
treated the larvae with 4-OHT from 2 to 5 dpf, overlapping
with MTZ-induced hepatocyte ablation (Figure 3(d)). To
assess LPC-to-hepatocyte differentiation, we examined the
expression of mCherry (Sox9b-overexpressing cells), hepa-
tocyte marker Bhmt, and CFP (derived from the fab-
p10a:CFP-NTR transgene) in livers at the R24h time point,
at which LPC-derived hepatocytes are evident [4]. Quantifi-
cation of the percentage of Bhmt+ cells between CFP+/
mCherry- and CFP+/mCherry+ populations revealed signif-
icantly fewer Bhmt+ cells in the CFP+/mCherry+ population
(Figure 3(f)), suggesting that Sox9b overexpression inhibits
LPC-to-hepatocyte differentiation. The mCherry+/Bhmt+

hepatocytes observed in this model may be potentially
derived from cells in which Sox9b overexpression was
induced after Hnf4a induction or in cells where there
was not sufficient Sox9b expression to impair LPC-to-
hepatocyte differentiation, as 4-OHT was administered
until the end of the ablation period. Together with the data
from the sox9b mutants, these results indicate that Sox9b
expression in BECs is inhibitory to LPC-to-hepatocyte
differentiation.
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Figure 1: Pharmacological Notch inhibition promotes differentiation of LPCs into hepatocytes. (a) Experimental scheme illustrating the
periods of MTZ and LY411575 treatment and analysis stages (arrow). (b) Single-optical section images showing Hnf4a and
Tp1:H2B-mCherry expression in regenerating livers at A33h and R6h. Arrows point to Hnf4a+ BEC-derived cells; arrowheads point to
Hnf4a- BEC-derived cells. (c) Quantification of the percentage of Hnf4a+ cells among BEC-derived cells, as shown in (b). (d) qPCR data
showing the relative expression levels of fabp10a, bhmt, tfa, and sox9b between DMSO- and LY411575-treated regenerating livers at R6h.
Scale bar: 100 μm; error bars: ±SEM. ∗∗, P < 0 01; ∗∗∗P < 0 001.
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2.5. LY411575 Treatment Rescues Defective BEC-to-
Hepatocyte Transition in MS-275-Treated, but Not JQ1- or
DMH1-Treated, Regenerating Livers. To further prove the
direct mechanistic link between Notch signaling and Sox9b
in regulating LPC differentiation, we sought to determine if
inhibition of Notch signaling could rescue the differentiation
defect in larvae treated with Hdac1 inhibitor MS-275, which
impairs LPC-to-hepatocyte differentiation through enhanced
sox9b expression [34]. To this end, we treated Tg(fab-
p10a:CFP-NTR);Tg(Tp1:H2B-mCherry) larvae with a various
combination of compounds and assessed the extent of
LPC-to-hepatocyte differentiation at the R24h time point
(Figure 4(a)). We stained for Bhmt to identify LPC-derived
hepatocytes, which were evident in DMSO-treated control
larvae (Figure 4(b)). In larvae treated with MS-275 alone,
there were significantly fewer Bhmt+/H2B-mCherry+ cells,
indicating impaired LPC-to-hepatocyte differentiation.
However, when larvae were cotreated with MS-275 and
LY411575, at R24h, there was a significant increase in the
number of Bhmt+/H2B-mCherry+ cells (Figure 4(c)), indi-
cating a rescue of defective LPC-to-hepatocyte differentiation
induced by MS-275 treatment. If the mechanism of Notch
inhibition promoting LPC-to-hepatocyte differentiation is
through the reduction of sox9b expression, then other com-
pounds that potentially inhibit LPC differentiation through
mechanisms other than enhancement of sox9b expression

should not be affected by LY411575 treatment. Therefore,
we utilized DMH1, a selective BMP inhibitor which inhibits
LPC-to-hepatocyte differentiation [33]. Treatment with
DMH1 alone impaired Bhmt expression, and cotreatment
of DMH1 and LY411575 exhibited a similar impairment of
Bhmt induction (Figures 4(b) and 4(c)), indicating that inhi-
bition of Notch signaling does not rescue the LPC-to-
hepatocyte differentiation defect induced by impaired BMP
signaling. When larvae were treated with JQ1, a BET protein
inhibitor, there was defective BEC dedifferentiation into
LPCs, as evidenced by diminished CFP and Bhmt expression
at R24h (Figure 4(b)). Cotreatment with LY411575 did not
significantly increase the number of Bhmt+/H2B-mCherry+

cells in JQ1-treated larvae (Figure 4(c)), indicating that inhi-
bition of Notch signaling is not sufficient to rescue the LPC
defect in larvae with BET protein inhibition. Together, these
data indicate that LY411575 is only capable of ameliorating
defective LPC-to-hepatocyte differentiation if this defect is
caused by the enhanced sox9b expression, as is the case for
MS-275-treated regenerating larvae but not DMH1- or
JQ1-treated larvae.

3. Discussion

In this study, we demonstrate that suppression of the
Notch-Sox9b signaling axis promotes LPC-to-hepatocyte
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Figure 2: N3ICD overexpression impairs Hnf4a induction in BECs. (a) Experimental scheme illustrating the period of MTZ treatment and
the stages of heat-shock (red arrows) and analysis (black arrow). (b) Single-optical section images showing Hnf4a and Tp1:H2B-mCherry
expression in regenerating livers at A33h. Arrows point to Hnf4a+ BEC-derived cells with round nuclei; arrowheads point to Hnf4a-

BEC-derived cells with elongated nuclei. (c) Quantification of the percentage of Hnf4a+ cells among BEC-derived cells, as shown in B.
Scale bar: 100 μm; error bars: ±SEM.
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differentiation in our zebrafish hepatocyte ablation model.
Given the robust dedifferentiation of BECs into LPCs after
hepatocyte ablation and the highly reproducible and coordi-
nated differentiation of LPCs into either hepatocytes or BECs
[4], this model allows for careful assessment of the molecular
mechanisms of LPC differentiation. Additionally, the large
clutch sizes, rapid growth in water, and optical transparency
of zebrafish embryos [38] make it very easy to use small
molecule inhibitors to modulate specific signaling pathways
during the key phases of liver regeneration [32–34]. To this

end, we used the γ-secretase inhibitor LY411575 to demon-
strate enhanced induction of the hepatocyte marker Hnf4a
in BECs during early liver regeneration. We further showed
that activation of Notch signaling through N3ICD overex-
pression blocked Hnf4a induction. We additionally demon-
strated that sox9b+/- mutant larvae displayed facilitated
Hnf4a induction, while BEC-specific Sox9b overexpression
reduced the expression of a hepatocyte marker Bhmt,
revealing that modulation of Sox9b mimics Notch modula-
tion during LPC-driven liver regeneration. Finally, we
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Figure 3: Sox9b suppresses LPC-to-hepatocyte differentiation. (a) Experimental scheme illustrating the period of MTZ treatment and
analysis stage (arrow). (b) Single-optical section images showing Hnf4a and Tp1:H2B-mCherry expression in regenerating livers at A30h.
Arrows point to Hnf4a+ BEC-derived cells; arrowheads point to Hnf4a- BEC-derived cells. (c) Quantification of the percentage of Hnf4a+

cells among BEC-derived cells, as shown in (b). (d) Experimental scheme illustrating the periods of MTZ and 4-OHT treatment and
analysis stage (arrow). (e) Single-optical section images showing fabp10a:CFP-NTR, Bhmt, and mCherry expression in regenerating livers
at A24h. mCherry expression was revealed by anti-mCherry immunostaining. Arrows point to CFP+/Bhmt-/mCherry+ BEC-derived cells;
arrowheads point to CFP+/mCherry-/Bhmt+ hepatocytes. (f) Quantification of the percentage of Bhmt+ hepatocytes between
CFP+/mCherry- and CFP+/mCherry+ populations, as shown in (e). Scale bars: 100 μm; error bars: ±SEM. ∗P < 0 05; ∗∗∗P < 0 001.
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mechanistically link Notch and Sox9b by showing that
LY411575 cotreatment rescues the sox9b overexpression-
mediated LPC-to-hepatocyte differentiation defect in MS-275-
treatedregenerating larvae [34]. We provided supporting
evidence that this rescue was Sox9b dependent, as
LY411575 cotreatment did not rescue the LPC differentia-
tion defects in DHM1- [33] or JQ1-treated larvae [32].

Notch signaling promotes bile duct morphogenesis
during rodent liver development [14–16]. Notch signaling
is also important in human liver development, as Alagille
syndrome patients have mutations in Notch signaling com-
ponents, such as Jagged1 [39, 40] and Notch2 [41], and the
majority of patients display clinical manifestations of neona-
tal jaundice, cholestasis, and paucity of intrahepatic bile ducts
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Figure 4: LY411575 treatment rescues a defect in LPC-to-hepatocyte differentiation in MS-275-treated regenerating larvae. (a) Experimental
scheme illustrating the periods of MTZ and compound treatment and analysis stage (arrow). (b) Single-optical section images showing
fabp10a:CFP-NTR, Tp1:H2B-mCherry, and Bhmt expression in regenerating livers at R24h. (c) Quantification of the percentage of Bhmt+

hepatocytes among BEC-derived cells, as shown in (b). Scale bar: 100 μm; error bars: ±SEM. ∗∗∗P < 0 001.

7Stem Cells International



[42]. Consistent with its role in biliary development, Notch
signaling has been shown to promote BEC or LPC prolifera-
tion during liver injury [6, 21, 23]. Many studies have also
demonstrated that in vitro inhibition of Notch signaling is
required for LPC-to-hepatocyte differentiation [18–20],
which is confirmed by the in vivo data presented in this cur-
rent study. Expansion of reactive BECs is a common feature
of chronic liver disease in humans [3], and the cells of the
ductular reaction are known to secrete proinflammatory
and profibrogenic cytokines [43]. As the extent of the ductu-
lar reaction correlates with the severity of liver injury [2], it
has been theorized that promotion of LPC-to-hepatocyte
differentiation would serve two purposes: to [1] reduce the
profibrogenic ductular reaction and [2] provide a source of
hepatocytes. To this end, inhibition of Notch signaling in
patients with chronic liver injury could potentially reduce
the number of reactive BECs, thereby reducing hepatic fibro-
genesis, as well as promote LPC-to-hepatocyte differentia-
tion. In support of this hypothesis, a zebrafish hepatic
fibrosis model found that antagonism of Notch signaling
promoted LPC-to-hepatocyte differentiation [6], and a
mouse model of steatohepatitis found that macrophage
expression of Jagged1 promoted differentiation of LPCs into
BECs, while expression of NUMB that impairs Notch signal-
ing promoted differentiation of LPCs into hepatocytes [44].
However, other groups have reported that Notch signaling
was required for the dedifferentiation of BECs into LPCs in
the zebrafish hepatocyte ablation model [5] and that inhibi-
tion of Notch signaling was not sufficient to promote
LPC-to-hepatocyte differentiation during cholestatic liver
injury [23]. Additionally, inhibition of Notch signaling may
impair liver regeneration because Notch signaling has been
reported to promote hepatocyte proliferation after partial
hepatectomy in rats [45, 46], although a different group
reported that overexpression of Rbpj in a hepatocyte cell line
reduced hepatocyte proliferation [16]. This mixed evidence
about the efficacy of Notch inhibition in promoting liver
regeneration indicates that more careful in vivo analyses of
Notch inhibition in clinically relevant models of chronic liver
injury are necessary before Notch inhibitors can be proposed
as a therapeutic option for human patients.

Sox9 is known to be a marker of reactive BECs, and we
recently demonstrated that enhanced Sox9b expression
inhibited LPC-to-hepatocyte differentiation [34]. As sox9b
is a downstream target gene of Notch signaling in the liver
[25], we demonstrate here that reduction of sox9b expression
promotes LPC-to-hepatocyte differentiation. Although Sox9
is known to regulate biliary development [24, 25] and ectopic
expression of Sox9 is observed in hepatocytes during several
forms of liver injury [26–30], less is known about the role of
Sox9 in liver regeneration. Expression of Sox9 in hepatocytes
is thought to promote a bipotent state [28, 30]. This is also
the case in the context of liver cancer; Sox9 expression in
hepatocellular carcinoma (HCC) cells was associated with a
more undifferentiated state, venous invasion, and reduced
overall survival in patients [47]. Additionally, nuclear
localization of Sox9 in intrahepatic cholangiocarcinoma
(ICC) correlated with moderately or poorly differentiated
status [48], and Sox9 overexpression in ICC was associated

with increased invasiveness and poorer prognosis [49].
Notch may also drive the expression of Sox9 in ICC, as
hydrodynamic tail vein injection of a NICD plasmid with
an AKT overexpression plasmid was sufficient to induce
ICC in mice, and the resulting ICC expressed Sox9 [50].
As patients with chronic liver disease are more likely to
develop liver cancer [1], reduction of Sox9 expression as
a means to promote LPC-to-hepatocyte differentiation in
patients with chronic liver disease may also reduce liver
tumorigenesis. However, the importance of Sox9 in promot-
ing hepatocyte proliferation in models of chronic liver injury
is unknown; thus, more work is needed before strategies that
reduce Sox9 expression can be employed in patients with
chronic liver diseases.

In conclusion, our current study demonstrates that
inhibition of the Notch-Sox9 signaling axis promotes
LPC-to-hepatocyte differentiation in zebrafish. Our findings
support the importance of this signaling pathway in
LPC-mediated liver regeneration and prove the utility of
the zebrafish liver injury model to identify the modulators
of LPC proliferation and differentiation. We anticipate that
future studies will continue to elucidate the factors that
regulate LPC differentiation during regeneration and thereby
will lead to the development of new therapeutic strategies for
patients with chronic liver diseases.

4. Materials and Methods

4.1. Zebrafish Studies. Experiments were performed with
the approval of the Institutional Animal Care and Use
Committee (IACUC) at the University of Pittsburgh.
Embryos and adult fish were raised and maintained under
standard laboratory conditions. We used the sox9bfh313

mutant line and following transgenic lines: Tg(fabp10a:
CFP-nfsB)s931 [4],Tg(EPV.TP1-Mmu.Hbb:hist2h2l-mCherry)s939

[35], Tg(hsp70l:canotch3-EGFP)co17 [36], Tg(EPV.Tp1-
Mmu.Hbb:Cre-ERT2,cryaa:mCherry)s959 [51], and Tg(ubb:
loxP-eCFP-loxP-sox9b-2A-mCherry)jh4 37 (referred to here
asTg(fabp10a:CFP-NTR),Tg(Tp1:H2B-mCherry),Tg(hs:N3ICD),
Tg(Tp1:CreERT2), and Tg(ubb:loxP-CFP-loxP-sox9b-2A-
mCherry), respectively).

Hepatocyte ablation was performed by treating Tg(fab-
p10a:CFP-NTR) larvae with 10mM MTZ in egg water
supplemented with 0.2% DMSO and 0.2mM 1-phenyl-2-
thiourea (PTU).

4.2. Genotyping of sox9b Mutants. For sox9b genotyping,
genomic DNA was amplified with either wild-type allele-
(5′-AGACCAGTCGTAGCCCTT-3′) or mutant allele-
specific (5′-AGACCAGTCGTAGCCCTA-3′) reverse primer
and a common forward primer (5′-TGAGTGTGTCCGGA
GCTCCGA-3′).

4.3. LY411575, JQ1, DMH1, and MS-275 Treatment. For
MS-275 (Selleckchem, Houston, TX) treatment, 25μM was
used for its final concentration. For JQ1 (Cayman Chemical,
Ann Arbor, MI), 3μM was used for final concentration as
previously described [52]. For LY411575 (Cayman Chemical,
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Ann Arbor, MI) and DMH1 (Selleckchem, Houston, TX)
treatments, 10μM was used as previously reported [33].

4.4. Whole-Mount Immunostaining.Whole-mount immuno-
staining was performed as previously described [53], using
the following antibodies: goat anti-Hnf4a (1 : 50; Santa Cruz,
Dallas, TX), mouse anti-Bhmt (1 : 400; gift from Jinrong Peng
at Zhejiang University), rat anti-mCherry (1 : 400; Allele
Biotechnology, San Diego, CA), and Alexa Fluor 488-, 568-,
and 647-conjugated secondary antibodies (1 : 500; Life Tech-
nologies, Grand Island, NY).

4.5. Image Acquisition, Processing, and Statistical Analysis. A
Zeiss LSM700 confocal microscope was used to obtain image
data. Confocal stacks were analyzed using the Zen 2009
software. All figures, labels, arrows, scale bars, and out-
lines were assembled or drawn using the Adobe Illustra-
tor software. For analyses concerning only two groups, a
two-tailed Student’s t-test was performed, with P < 0 05
considered significant. For analyses concerning more than
two groups, a one-way ANOVA test was performed, with
P < 0 05 considered significant. Quantitative data were
shown as means ± SEM.

4.6. Heat-Shock Condition. Tg(hs:N3ICD) larvae were heat-
shocked by transferring them into egg water prewarmed to
37°C and kept at this temperature for 20 minutes as previ-
ously described [54].

4.7. Cre/loxP-Mediated Sox9b Overexpression. Fish carrying
the Tp1:CreERT2 transgene were crossed to Tg(ubb:loxP-
CFP-loxP-sox9b-2A-mCherry) fish. Larvae from the crosses
were treated with MTZ from 3.5 to 5 dpf and additionally
treated with both 5μM 4-OHT from 2 to 5 dpf for 3 days.
At 6 dpf, 24 hours after 4-OHT and MTZ washout, the
larvae were harvested and processed for immunostaining
to reveal mCherry+ cells that express Sox9b, as previously
described [37].

4.8. Quantitative Polymerase Chain Reaction (qPCR). Total
RNA was extracted from 50 dissected livers (pooled) using
the RNeasy Mini Kit (Qiagen, Valencia, CA); cDNA was
synthesized from the RNA using the SuperScript® III
First-Strand Synthesis SuperMix (Life Technologies, Grand
Island, NY) according to the kit protocols. qPCR was
performed as previously described [55], using the Bio-Rad
iQ5 qPCR machine with the iQ™ SYBR Green Supermix
(Bio-Rad, Hercules, CA). eef1a1l1 was used for normaliza-
tion as previously described [32]. Technical replication (3X)
was performed with cDNA samples. The primers used for
qPCR are as follows:

eef1a1l1 forward (5′-CTGGAGGCCAGCTCAAACAT-
3′), eef1a1l1 reverse (5′-ATCAAGAAGAGTAGTACCGCT
AGCATTAC-3′), fabp10a forward (5′-GCAGGTTTACG
CTCAGGAGA-3′), fabp10a reverse (5′-TCCTGATCATG
GTGGTTCCT-3′); bhmt forward (5′-CTGATCGCTGAG
TACTTTG-3′), bhmt reverse (5′-CAATGAAGCCCTGGC
AGC-3′), sox9b forward (5′-CTGATCGCTGAGTACT
TTG-3′); sox9b reverse (5′-CACACCGGCAGATCTG

TTT-3′), tfa forward (5′-ACTACGCTGTGGCTGTTG
TG-3′); tfa reverse (5′-AATCCTTTGCCCAGTCCTTT-3′),
her9 forward (5′-AATGCCAGCGAGCATAGAAAGTC-3′),
and her9 reverse (5′-TGCCCAAGGCTCTCGTTGATTC-3′).
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BEC: Biliary epithelial cell
Sox9: SRY-related HMG box transcription factor 9
N3ICD: Notch3 intracellular domain
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Hdac1: Histone deacetylase 1
NTR: Nitroreductase
MTZ: Metronidazole
dpf: Days postfertilization
h: Hours
4-OHT: 4-Hydroxytamoxifen
HCC: Hepatocellular carcinoma
ICC: Intrahepatic cholangiocarcinoma
IACUC: Institutional Animal Care and Use Committee
DMSO: Dimethyl sulfoxide
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Background. The mechanisms of mesenchymal stem cell (MSC) transplantation to protect against acute liver injury have been well
studied within the liver. However, the associated changes in the intestinal microbiota during this process are poorly understood.
Methods. In this study, compact bone-derived MSCs were injected into mice after carbon tetrachloride (CCl4) administration.
Potential curative effect of MSC was evaluated by survival rate and biochemical and pathological results. Overall structural
changes of microbial communities and alterations in the intestinal microbiota were assessed by sequenced 16S rRNA amplicon
libraries from the contents of the cecum and colon. Results. MSCs significantly reduced the serum levels of aspartate
transaminase and alanine transaminase and improved the histopathology and survival rate. Lower expression and discontinuous
staining of zonula occludens, as well as disrupted tight junctions, were observed in CCl4-treated mice at 48 h compared with
MSC-transplanted mice. Moreover, MSC transplantation to the liver leads to intestinal microbiota changes that were reflected in
the decreased abundance of Bacteroidetes S24-7 and Bacteroidaceae and increased abundance of Firmicutes Clostridiales,
Ruminococcaceae, and Lactobacillus at the initial time point compared with that in CCl4-treated mice. In addition, phylogenetic
investigation of communities by the reconstruction of unobserved states (PICRUSt) based on the Greengenes database revealed
functional biomarkers of MSC-transplanted mice involved in cell motility, signal transduction, membrane transport,
transcription, and metabolism of lipids, cofactors, vitamins, terpenoids, and polyketides, as well as xenobiotics. Conclusion. The
initial alterations in the Firmicutes/Bacteroidetes ratio, which resulted from MSC infusion to the liver, maintain intestinal
mucosal biology and homeostasis that may be beneficial to liver repair.

1. Introduction

The transplantation of mesenchymal stem cells (MSCs)
demonstrates protective effects in various models of organ
injury [1, 2], including carbon tetrachloride- (CCl4-)
induced acute liver injury [3], implying that MSCs can be
therapeutically effective [4–6]. However, the protective
mechanisms have not been entirely defined. MSCs might
protect against CCl4-induced acute liver injury by differenti-
ating into hepatocyte-like cells [7], by an antioxidative pro-
cess [8], or by paracrine secretions of cytokines, including
interleukin-10 [3], and extracellular vesicles [9], including

exosomes [10]. Because acute liver injury impairs the intesti-
nal mucosa structure and tight junctions (TJs) [11, 12],
resulting in bacterial translocation and portal endotoxemia
that can serve as a contributory mechanism of hepatotoxic-
ity [13–15], we considered that the therapeutic effect of
MSCs might involve microbiota changes that promote
barrier integrity.

Signals from the gut microbiota have been associated
with maintenance of healthy host functions and various
diseases, including nonalcoholic fatty liver disease/nonalco-
holic steatohepatitis (NAFLD/NASH), type 1/2 diabetes,
obesity, inflammatory bowel disease, and autism [16]. For
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liver diseases, microbial dysbiosis, exposing the gut muco-
sal cells to potentially harmful substances, including
enteric bacterial pathogens [17], lipopolysaccharide (LPS),
and endotoxins, as well as secreted cytokines (e.g., tumor
necrosis factor-α) [18], can disrupt TJs and increase intes-
tinal permeability and expose the liver to potentially pro-
inflammatory bacterial products that may promote
hepatic steatosis [19, 20]. However, the role of gut micro-
biota in MSC therapy of acute liver injury remains
unknown. This is the first study to reveal the gut micro-
biome and its related pathways, as well as intestinal epi-
thelial TJs, following MSC treatment of CCl4-induced
acute liver injury.

2. Materials and Methods

2.1. Animals. Eight-week-old male wild-type C57BL/6 mice
(weight, 20–25 g) (Shanghai SLAC Laboratory Animal Co.
Ltd., Shanghai, China) were used for the induction of
acute liver injury, and inbred 2-week-old green fluorescent
protein (GFP) transgenic mice (male and female, C57BL/6
background, Nanjing Biomedical Research Institute of
Nanjing University, Nanjing, China) were used for the
isolation and culture of MSCs. Wild-type C57BL/6 mice
were housed in a barrier environment, and GFP transgenic
mice were housed in an insulated environment. All ani-
mals received humane care, and all procedures were
approved by the Animal Care Ethics Committee of the
First Affiliated Hospital, Zhejiang University.

2.2. Cells. The isolation and culture of mouse MSCs from
compact bone were performed as previously described
[21]. The cells were cultured in an MSC medium (OriCell™
C57BL/6 MSC complete medium; Cyagen Biosciences,
Guangzhou, China) at 37°C in a 5% CO2 incubator (HERA-
cell®150; Thermo Fisher Scientific Inc., Waltham, MA,
USA). MSCs from passages 5 and 7 were used throughout
the experiments. The phenotype and multipotential differen-
tiation of infused MSCs were investigated (Supplementary
Figure S1 online).

2.3. CCl4-Induced Acute Liver Injury and Sample Collection.
The solution of CCl4 (Sigma-Aldrich, St. Louis, MO, USA)
and olive oil (Sigma-Aldrich) at a ratio of 1 : 1 and dose of
3mL/kg body weight was administered intraperitoneally
(i.p.) in a single dose. Control mice were administered an
i.p. injection of an equal volume of olive oil (3mL/kg) only.
Next, 5 × 105 MSCs in 100μL of phosphate-buffered saline
(PBS) or 100μL of PBS were injected into the mice via the
caudal vein 6 h after CCl4 administration.

The mice were anesthetized by i.p. injection of 4% chlo-
ral hydrate (Sangon Biotech, Shanghai, China) at a dose of
10μL/g body weight, and blood samples were drawn from
the inferior vena cava at 48 h, 1 week (w), and 2w after
CCl4 administration. Following exsanguination, the liver,
small intestinal segments, and cecum and colon contents
were precisely dissected and harvested, snap frozen in liquid
nitrogen, and stored at -80°C until further analysis. Portions

of the liver and ileum were immediately fixed in 10% neutral
buffered formalin for histopathologic examination.

2.4. Liver Biochemistry and Intestinal and Liver Histology. For
histopathologic analysis, formalin-fixed liver and ileum sam-
ples were paraffin-embedded, sectioned (5μm thickness),
and stained with hematoxylin and eosin. The sections were
randomly numbered prior to reading and observed by an
experienced pathologist. Images were acquired using a
NanoZoomer 2.0-RS scanner (Hamamatsu Photonics KK,
Hamamatsu City, Japan) equipped with scanner software.
Terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) staining (Roche Diagnostics GmbH,
Mannheim, Germany) was performed following the manu-
facturer’s instruction and counterstained with 4′, 6-diamidi-
no-2-phenylindole (DAPI). The alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) activities of
serum samples were measured using a dry chemistry ana-
lyzer (FUJI DRI-CHEM 4000ie; Fujifilm Corporation,
Tokyo, Japan) according to the manufacturer’s instructions.

2.5. Real-Time Quantitative Polymerase Chain Reaction.
Total RNA was isolated from ileum tissue using TRIzol
reagent (Life Technologies Corporation, Carlsbad, CA,
USA). cDNA was synthesized from 1μg of total RNA using
the QuantiTect Reverse Transcription Kit (Qiagen, Hilden,
Germany). Real-time quantitative polymerase chain reaction
(qPCR) was performed using the ABI 7500 Real-Time PCR
system and SYBR Premix Ex Taq™ II Kit (Takara Bio Inc.,
Shiga, Japan) according to the manufacturer’s instructions. Oli-
gonucleotide primers for mouse zonula occludens- (ZO-) 1
(forward 5′-ACTCCCACTTCCCCAAAAAC-3′ and reverse
5′-CCACAGCTGAAGGACTCACA-3′) and β-actin (forward
5′-ACAGGCATTGTGATGGACTC-3′ and reverse 5′-ATTT
CCCTCTCAGCTGTGGT-3′) were synthesized by Sangon
Biotech.

2.6. Immunofluorescence Analysis of ZO-1. Formalin-fixed,
paraffin-embedded sections of the ileum were deparaffi-
nized, heated in citrate buffer (pH6.0; Wuhan Goodbio
Technology Co. Ltd., Wuhan, China), and blocked with
PBS containing 5% bovine serum albumin (Sangon Biotech
Corp.) at room temperature for 30min. The sections were
incubated with primary rabbit anti-ZO-1 antibody (1 : 400;
Invitrogen Life Technologies, Carlsbad, CA, USA) at 4°C
overnight. Subsequently, the sections were incubated with
Alexa488-conjugated goat anti-rabbit IgG (1 : 50; Invitrogen
Life Technologies) at room temperature for 60min, and
the nuclei were counterstained with 4′,6-diamidino-2-phe-
nylindole for 2min. The sections were then examined using
a confocal microscope system (Zeiss LSM-710; Carl Zeiss
AG, Oberkochen, Germany). Images were acquired using
ZEN 2012 software.

2.7. Transmission Electron Microscopy. The ileum samples
were immediately fixed using 2.5% glutaraldehyde (Sangon
Biotech) and kept at 4°C for 2–4h, followed by fixation with
1% osmic acid in 0.1M phosphate buffer (PB; pH7.4) at
20°C for 2 h and dehydration with a graded alcohol series
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(50, 70, 80, 90, 95, 100, and 100%, every 15min). Finally, the
samples were infiltrated with a 1 : 1 mixture of acetone and
SPI-Pon 812 overnight and embedded in SPI-Pon 812 epoxy
resin overnight. Ultrathin sections (60–80 nm) were stained
with 2% uranyl acetate, followed by lead citrate for 15min
each, and observed by transmission electron microscopy
(TEM; Tecnai G2 F20 S-TWIN; FEI, Hillsboro, OR, USA).

2.8. Bacterial DNA Sequencing. Following homogenization
of the mouse cecum and colon contents using glass beads
in a Precellys 24 homogenizer (Bertin Technologies, Mon-
tigny, France), bacterial DNA was extracted using the
QIAamp DNA Stool Mini Kit (Qiagen). Primers 319F (5′
-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGAC
TACHVGGGTWTCTAAT-3′) were used to amplify the
V3-V4 domain of the 16S ribosomal RNA (rRNA) gene.
PCR was performed as described previously [22]. The cycling
parameters were as follows: 30 s of denaturation at 98°C,
followed by 30 cycles of 15 s at 98°C, annealing for 15 s at
58°C, and elongation for 15 s at 72°C, with a final extension
at 72°C for 60 s. The amplicons were then subjected to nor-
malization, pooling, and pyrosequencing using the Illumina
Miseq desktop sequencer (2 × 300 bp paired-end run).

QIIME (version 1.9.0, http://qiime.org) was used to
perform sequence read processing, quality trimming,
demultiplexing, and taxonomic assignments [23]. The
alpha diversity, including the indexes of Shannon, Simp-
son, phylogenetic diversity- (PD-) whole tree, Chao1, and
observed species, was calculated using QIIME. Weighted
UniFrac principal coordinate analysis (PCoA) was per-
formed using QIIME. Functional profiling of microbial
communities was predicted by the phylogenetic investiga-
tion of communities by the reconstruction of unobserved
states (PICRUSt) based on the Greengenes database [24].
The linear discriminant analysis (LDA) effect size (LEfSe)
was conducted to estimate the effect size of each taxon
with significant differential abundance [25]. The output file
was further analyzed using statistical analysis of metage-
nomic profile (STAMP) software [26].

2.9. Statistical Analysis.We carried out two groups’ compar-
isons by t-test (normal distribution and equal variance) or
White’s nonparametric t-test (nonnormal distribution)
using SPSS (version 21.0; IBM Corp., Armonk, NY, USA).
All the data are expressed as means ± standard deviation. A
p value < 0.05 was deemed to indicate statistical significance.

3. Results

3.1. Overall Structural Changes of Microbial Communities
following CCl4 and MSC Treatment. After the generation of
multiplexed reads based on the nucleotide barcode of each
sample and filtering the sequence reads for quality using
QIIME, 2,132,586 high-quality sequences were acquired
from all samples, with an average of 50,776 (range: 30,927–
70,878) sequences per sample used for downstream statisti-
cal analysis. Specifically, 319,780 sequences were obtained
from the olive oil control; 291,936, 314,004, and 313,643
sequences were obtained from the CCl4-treated groups

(48 h, 1w, and 2w after CCl4 treatment, respectively); and
347,219, 273,154, and 272,850 sequences were obtained from
the MSC-transplanted groups (48 h, 1w, and 2w after CCl4
treatment, respectively). All the sequences were clustered
into 1517 operational taxonomic units (OTUs) using QIIME
based on 97% sequence similarity and classified into 249
bacterial groups at the genus level. Each sample and group
OTU number were calculated using QIIME. Specifically,
there were 586 species-level OTUs in the olive oil control;
656, 896, and 794 OTUs in the CCl4-treated groups (48 h,
1w, and 2w after CCl4 treatment, respectively); and 713,
596, and 668 OTUs in the MSC-transplanted groups (48 h,
1w, and 2w after CCl4 treatment, respectively). Good cover-
age of all samples and groups was more than 99.5%, indicat-
ing sufficient community coverage. Details are shown in
Table 1 and Table S1. At 48 h, compared with the
CCl4-treated group, the MSC-transplanted group had a
higher Shannon index (4.9732 vs. 5.3811) and lower Simp-
son index (0.9336 vs. 0.9279), and there were no statistically
significant differences (p = 0 055 and p = 0 680, respectively).
However, there were significant differences (p = 0 009)
between the two groups at 48 h for the PD whole-tree index
(15.8604 vs. 19.0074). The richness indices Chao1
(347.88065 vs. 459.8725) and observed species (280 vs.
374) between the two groups at 48 h showed no significant
differences (p = 0 067 and p = 0 055). At 1 and 2w, there
were no significant differences between the CCl4-treated
and MSC-transplanted groups for alpha diversity measures
(Shannon and Simpson indices), PD whole-tree index, and
richness indices Chao1 and observed species (Figure 1(a)).

Interestingly, the CCl4-treated groups showed steadily
increased alpha diversity values (Shannon and Simpson
indices) and richness indices (Chao1 and observed species)
over time. The MSC-transplanted groups showed increased
alpha diversity values (Shannon and Simpson indices) but
decreased richness indices (Chao1 and observed species)
over time (Table 1). Rarefaction curves for the observed spe-
cies approached a plateau, indicating that the sequencing
effort was sufficient in all samples for coverage of all OTUs
(Figure 1(b), Supplementary Figure S2 online). Rank abun-
dance curves fell slowly, indicating that samples were not
dominated by a few OTUs but mostly low-abundance OTUs
(Figure 1(c)). Alterations in the microbiota composition of
all groups and samples were noted according to PCoA
(Figure 1(d)). Additionally, principal component analysis
(PCA) using STAMP software revealed that most of the
samples from the CCl4-treated and MSC-transplanted
groups were separated at 48h and clustered together gradu-
ally from 1 to 2w (Figures 1(e)–1(g)).

3.2. Alterations in the Intestinal Microbiota in Response to
Acute Liver Injury and Administration of MSCs. To charac-
terize changes in the intestinal microbiota associated with
CCl4-induced acute liver injury and administration of MSCs,
we established and sequenced 16S rRNA amplicon libraries
from the contents of the cecum and colon. Mice receiving
an equal volume of olive oil followed by sacrifice at 48 h were
used as controls. At the phylum level, the proportion of the
five dominant bacterial phyla (Bacteroidetes, Firmicutes,
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Proteobacteria, Deferribacteres, and Verrucomicrobia)
accounted for >95% of all sequences in all the groups
(Figure 2(a)). Interestingly, the groups treated with CCl4
showed a steady increase in Firmicutes abundance but a
reciprocal decrease in Bacteroidetes over time. The groups
intravenously injected with MSCs exhibited opposite
results, exhibiting a gradual increase in Bacteroidetes
abundance but an inverse decrease in Firmicutes and Pro-
teobacteria over time.

Furthermore, the ratios of Firmicutes/Bacteroidetes in
the MSC-transplanted groups were decreased over time
(Figure 2(b)). At the lower family level, Clostridiales (uniden-
tified family), Lachnospiraceae, and Ruminococcaceae were
the most abundant representatives of the Firmicutes phylum.
The families S24-7, Bacteroidaceae, Rikenellaceae, Prevotella-
ceae, Bacteroidales (unidentified family), and Paraprevotella-
ceae were the most abundant representatives of the
Bacteroidetes phylum (Figure 2(c)). The families Enterobacte-
riaceae and Verrucomicrobiaceae were the most abundant
representatives of the Proteobacteria and Verrucomicrobia
phyla, respectively. Overall, the MSC-treated group, com-
pared with the CCl4-treated group, displayed Clostridiales
(unidentified family) (16.8% to 42.6%, p = 0 036) expansion
and S24-7 (45.2% to 22.2%, p < 0 01), Bacteroidaceae (8.3%
to 0.4%, p < 0 01), and Verrucomicrobiaceae (0.9% to
0.003%, p=0.027) contraction at 48h (Figure 2(d)). In the
liver repair phase (1w after CCl4 injection), the MSC-treated
group, compared with the CCl4-treated group, showed Clostri-
diales (unidentified family) (11.0% to 27.5%, p < 0 01) and
Ruminococcaceae (6.9% to 13.3%, p < 0 01) enrichment and
decreased Bacteroidaceae (10.9% to 4.2%, p = 0 033) and
Verrucomicrobiaceae (1.7% to 0.1%, p = 0 030). There
were no differences between the MSC-treated and
CCl4-treated groups 2w after CCl4 injection except a
relatively higher proportion of Helicobacteraceae (4.6% to
1.0%, p < 0 01) in the CCl4-treated group (Figure 2(d)).
Accordingly, the ratios of Clostridiales (unidentified
family)/S24-7 in the MSC-transplanted groups were also
decreased over time. Details of the statistical analysis at
the phylum and family levels are shown in Supplemental
Figure S3 online.

To characterize the specific bacterial taxa at 48 h, 1w,
and 2w after CCl4 treatment and MSC transplantation,
the LEfSe algorithm was used. The cladograms that dis-
played the predominant bacterial taxa in the CCl4-treated
and MSC-transplanted groups at different times are shown
in Figure 3. The LEfSe analysis separately discovered 24,
25, and 12 discriminative features (LDA score > 2). The
MSC-transplanted groups at 48 h and 1w mainly showed
the members of bacterial taxa in the Firmicutes phylum;
those in the Bacteroidetes phylum were enriched in the
CCl4-treated group at 48 h, whereas Verrucomicrobia,
Deferribacteres, and Proteobacteria were enriched in the
CCl4-treated groups at 48 h, 1w, and 2w, respectively
(Figure 3), findings that were consistent with the above
results. Interestingly, we found that the predominant fam-
ilies or genera did not always have high LDA scores,
suggesting that the superimposed effect of some nonpredo-
minant microflora may not be overlooked. At 48h, Sutter-
ella, Dehalobacterium, and Lactobacillus were most
abundant in the MSC-transplanted group, and f_S24-7,
Bacteroides, Enterococcus, and Akkermansia were most
abundant in the CCl4-treated group. At 1w, Oscillospira
and Dehalobacterium were most abundant in the
MSC-transplanted group, and Proteus, Mucispirillum, Pre-
votella, Odoribacter, Dysgonomonas, AF12, Anaerostipes,
Eubacterium, and Enterococcus were most abundant in
the CCl4-treated group. At 2w, f_Helicobacteraceae, f_Bra-
dyhizobiaceae, Dehalobacterium, and Allobacullum were
most abundant only in the CCl4-treated group. In addi-
tion, the microbiota difference within different stages
(48 h, 1w, and 2w) of the MSC-transplanted groups was
also analyzed (48 h vs. 1w; 48 h vs. 2w). Some bacteria
(Prevotella, Flexispira, Holdemania, Ruminococcus, Sutter-
ella, Anaerostipes, Eubacterium, Dysgonomonas, and Copro-
bacillus) with high LDA scores were found in the
MSC-transplanted group at 48 h. However, only o_Burkhol-
deriales, f_Alcaligenaceae, and g_Sutterella were significantly
changed in the MSC-transplanted group at 48h, compared
with the CCl4-treated group, suggesting that Sutterella may
be more important to the MSC-transplanted group in the
above mentioned bacteria.

Table 1: Number of sequences and operational taxonomic units, good coverage estimation, and diversity index for each group from the
pyrosequencing analysis.

Group1 No. of reads No. of OTUs2 Good coverage
Richness indices Alpha diversity

Chao1 95% CI Observed species 95% CI Shannon Simpson

Oil 319,780 586 99.78% 353 270.7–434.4 264 218–309 5.143298 0.928244

c48h 291,936 656 99.78% 348 291.3–404.3 280 256–304 4.973242 0.933629

c1w 314,004 896 99.77% 386 251.7-520.5 324 177-470 5.308093 0.936644

c2w 313,643 794 99.76% 409 319.0-498.2 335 269-400 5.811608 0.952789

m48h 347,219 713 99.70% 460 339.3-580.5 374 276-472 5.381068 0.927921

m1w 273,154 596 99.78% 342 269.2-415.4 265 233-296 5.546923 0.947188

m2w 272,850 668 99.78% 364 228.8-499.3 289 220-358 5.763545 0.960001
1Oil: olive oil control; c: carbon tetrachloride- (CCl4-) treated group; m: mesenchymal stem cell- (MSC-) transplanted group. 48 h, 1 w, and 2 w indicate 48 h, 1
week, and 2 weeks following CCl4 treatment, respectively. n = 6 per group. 2Sequences were clustered into operational taxonomic units (OTUs) based on 97%
sequence similarity.
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3.3. Potential Functions of the Gut Microbiome in the
CCl4-Treated andMSC-Transplanted Groups.Kyoto Encyclo-
pedia of Genes and Genomes (KEGG; http://www.genome.jp/
kegg/) pathways were predicted by PICRUSt based on the
Greengenes database [24]. In addition, LEfSe was applied to

study the effect size of each KEGG pathway with significant
differential abundance. Figure 4 shows 44, 54, and 3 bio-
markers found at pathway level_3 in the CCl4-treated groups,
and 12, 12, and 1 in the MSC-transplanted groups, at 48h, 1w,
and 2w, respectively. At 48h, 27 metabolic pathways were

5.0

6.0

7.0
Shannon

0

10

20

30

40

PD whole tree
⁎⁎

0
200
400
600
800

Chao1

0.85

0.95

1.05
Simpson

0

200

400

600

800
Observed species

O
il

c4
8h c1
w

c2
w

m
48

h
m

1w
m

2w O
il

c4
8h c1
w

c2
w

m
48

h
m

1w
m

2w

O
il

c4
8h c1
w

c2
w

m
48

h
m

1w
m

2w

O
il

c4
8h c1
w

c2
w

m
48

h
m

1w
m

2w

O
il

c4
8h c1
w

c2
w

m
48

h
m

1w
m

2w

(a)

Observed species: group

100
0

10000
Sequences per sample

30000 50000

300
500

Ra
re

fa
ct

io
n 

m
ea

su
re

Oil
c48h
c1w
c2w

m48h
m1w
m2w

(b)

0

100

10−1

10−2

10−3

10−4

10−5

10−6
200 400
Species rank

600 800

Oil
c48h
c1w
c2w

m48h
m1w
m2w

Re
la

tiv
e a

bu
nd

an
ce

(c)

Oil
c48h
c1w
c2w

m48h
m1w
m2w

PC1 19.41%

−4
−5.0 −2.5 0.0 2.5 5.0

−2

0

2

4

PC
2 

10
.7

9%

(d)

c48h

−0.10
−0.4

PC1 (85.7%)

PC
2 

(6
.9

%
)

−0.2 0.0 0.2

0.00
0.10

m48h

(e)

c1w
m1w

PC1 (49.8%)

PC
2 

(2
0.

4%
)

−0.2 0.0 0.2

−0.10
0.00
0.10

(f)

c2w
m2w

PC
2 

(1
3.

4%
)

−0.05
−0.10
−0.15
−0.20

−0.1 0.0 0.1 0.2

0.00
0.05

PC1 (67.3%)

(g)

Figure 1: Comparison of the intestinal microbiota structure between the carbon tetrachloride- (CCl4-) treated and mesenchymal stem cell-
(MSC-) transplanted groups. The cecum and colon contents were collected from C57BL/6 mice at 48 h, 1w, and 2w after performing CCl4
administration. (a) Alpha diversity measures (Shannon and Simpson indices), phylogenetic diversity whole-tree index, and richness indices
(Chao1 and observed species). n = 6 per group;mean ± standard deviation (SD); t-test (∗∗p < 0 01 vs. CCl4). (b) Rarefaction curves. (c) Rank
abundance curves. (d) Principal coordinates analysis plot based on the UniFrac distance. Principal component analysis at 48 h (e), 1 w (f), and
2w (g) using STAMP software. Oil: olive oil control; c: CCl4-treated group; m: MSC-transplanted group. 48 h, 1 w, and 2w indicate 48 hours,
1 week, and 2 weeks after CCl4 treatment, respectively.
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Figure 2: Microbial communities are changed following MSC treatment. Stacked bar charts (a) and point plots (b) representing changes in
Firmicutes, Bacteroidetes, Proteobacteria, and the ratio of Firmicutes/Bacteroidetes over time. n = 6 per group; mean ± SD; White’s
nonparametric t-test (∗p < 0 05 vs. CCl4). (c, d) Most abundant taxon changes over time at the family level. n = 6 per group; mean ± SD;
White’s nonparametric t-test (∗p < 0 05 vs. CCl4). Oil: olive oil control; c: CCl4-treated group; m: MSC-transplanted group. 48 h, 1 w, and
2w indicate 48 hours, 1 week, and 2 weeks after CCl4 treatment, respectively.
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Figure 3: LDA formicrobial community variation. Linear discriminative analysis (LDA) effect size (LEfSe; LDA score > 2) between the CCl4-treated
and MSC-transplanted groups at 48h (a), 1w (b), and 2w (c). At 2w (c), there were no characteristic taxa in the MSC-transplanted group. c:
CCl4-treated group; m: MSC-transplanted group. 48h, 1w, and 2w indicate 48 hours, 1 week, and 2 weeks after CCl4 treatment, respectively.
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found in the CCl4-treated group (61.4%; 27 of 44 pathways)
under amino acid metabolism, carbohydrate metabolism,
glycan biosynthesis and metabolism, biosynthesis of other sec-
ondary metabolites, energy metabolism, metabolism of cofac-
tors and vitamins, metabolism of terpenoids and polyketides,
metabolism of other amino acids, xenobiotic biodegradation,
and metabolism and lipid metabolism categories.

In addition, the highest discriminating nonmetabolic
pathway was “pore ion channels” under the cellular pro-
cesses and signaling category. Furthermore, “cell division”
was also noted. However, in the MSC-transplanted group,
the three highest discriminatory powers of pathways were
“bacterial motility proteins,” “flagellar assembly,” and “bac-
terial chemotaxis” under the cell motility category, followed

by signal transduction and membrane transport categories.
Three metabolic pathways were detected in the MSC-
transplanted group under lipid metabolism, metabolism of
cofactors and vitamins, xenobiotic biodegradation, and
metabolism categories (Figure 4(a)). At 1w, the pathway with
the highest discriminatory power in the CCl4-treated group
was the “lipopolysaccharide biosynthesis proteins” under
the glycan biosynthesis and metabolism category. In addi-
tion, “lipopolysaccharide biosynthesis,” “glycosyltransfer-
ases,” and “N-glycan biosynthesis” were noted. The second
discriminating pathway was “membrane and intracellular
structural molecules” under the cellular processes and sig-
naling category that also contains “pore ion channels,”
“other ion-coupled transporters,” “inorganic ion transport
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Figure 4: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. Statistically significant KEGG pathways between the
CCl4-treated and MSC-transplanted groups were determined by STAMP software (White’s nonparametric t-test), and LEfSe (LDA score
> 2) of significant KEGG pathways was performed at 48 h (a), 1 w (b), and 2w (c). c: CCl4-treated group; m: MSC-transplanted group.
48 h, 1 w, and 2w indicate 48 hours, 1 week, and 2 weeks after CCl4 treatment, respectively. n = 6 per group.
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and metabolism,” “cell motility and secretion,” and “electron
transfer carrier” pathways in this group. Again, pathways in
this group were mainly classified under the metabolism cat-
egory (55.6%; 30 of 54 pathways). In the MSC-transplanted
group, the two highest discriminatory powers of pathways
were “transporters” and “ABC transporters” under the
membrane transport category, followed by “sporulation
(unclassified),” “transcription factors,” and “bacterial che-
motaxis” pathways under the sporulation, transcription,
and cell motility categories, respectively. Six metabolic
pathways were detected in the MSC-transplanted group
under the metabolism of other amino acids, lipid metabo-
lism, metabolism of terpenoids and polyketides, xenobiotic
biodegradation, and metabolism categories (Figure 4(b)).
At 2w, three pathways were found in the CCl4-treated
group, and only one was detected in the MSC-
transplanted group, indicating that the two groups tended
to be consistent (Figure 4(c)).

3.4. Changes in the Intestinal Microbial Communities upon
MSC Transplantation Improve Intestinal Histopathology
and Epithelial Tight Junctions. The ileum histopathological
findings from different experimental groups are shown in
Figure 5(a). In the olive oil control mice, the ileum tissue
exhibited normal villi, submucosa, inner and outer muscu-
laris layers, and serosa. At 48 h, the ileum of CCl4-treated
mice showed atrophy, erosions and sloughing of villi,
decreased number of goblet cells, inner muscularis layer
damage, and inflammatory cell infiltration. The ileum of
mice transplanted with MSCs demonstrated scattered and
slight shrinking of villi but regular architecture of the
muscularis layers. At 1w, the ileum of CCl4-treated mice dis-
played hyperplasia and disorderly arrangement of villi, while
MSC-transplanted mice exhibited a normal arrangement
and distribution of villi. At 2w, the ileum of CCl4-treated
and MSC-transplanted mice showed reversion to the normal
length and arrangement of villi.

To evaluate epithelial tight junctions (TJs), we exam-
ined the expression and distribution of ZO-1, a protein
that interacts directly with transmembrane TJ proteins
[27], by qPCR and immunofluorescence analysis. At
48 h, MSC transplantation increased ZO-1 mRNA (m vs. c;
p = 0 013; t-test) in the ileum but decreased ZO-1 mRNA (c
vs. o, p = 0 029, t-test) in the CCl4-treated group. At 1 and
2w, there were no significant differences between these
groups, although ZO-1 expression was lower in the
CCl4-treated groups (Figure 5(b)). Accordingly, immuno-
fluorescence performed on ileal sections displayed discon-
tinuous staining for ZO-1 at the apical cellular border
[28, 29] at 48 h in the CCl4-treated group, suggesting a
destroyed network of TJ proteins. Additionally, at 48 h,
MSC transplantation improved epithelial TJs. At 1 and
2w, both the CCl4-treated and MSC-transplanted groups
showed intact epithelial TJs (Figure 5(c)). Because the TJ
is a multiprotein complex, TEM was used in ultrathin
sections to validate the ZO-1 results. The lower electron
density of TJs was only evident in the CCl4-treated group
at 48 h (Figure 5(d)).

3.5. MSCs Protect against CCl4-Induced Acute Liver Injury.
Mouse ALT and AST levels, hepatic histopathology, and sur-
vival curves were assayed to evaluate the therapeutic effect of
MSCs. The results showed elevated serum levels of ALT and
AST and widespread areas of hepatocellular necrosis and
steatosis at 48 h in the CCl4-treated group, but significantly
reduced serum levels of ALT and AST and the total size of
necrosis and steatosis areas in the MSC transplantation
group (Figures 6(a) and 6(b)). At 1w, the CCl4-treated
group showed normal biochemistry but punctate necrosis,
while the MSC-transplanted group showed biochemical
and histological recovery. At 2w, both the CCl4-treated
and MSC-transplanted groups showed normal biochemistry
and liver histology. Furthermore, MSC transplantation ame-
liorated mouse survival significantly from 45.5% to 77.3% at
2w (Figure 6(c)) and reduced apoptosis at 48 h (Figure 6(d)).

4. Discussion

Our study systematically analyzed gut microbial changes
associated with MSC therapy for CCl4-induced acute liver
injury. Functional KEGG pathway analysis demonstrated
specific and distinct pathways of intestinal microbiota at
designated times (48 h, 1w, and 2w) associated with liver
injury and repair. Moreover, based on microbiota changes,
ileum histopathology and epithelial TJs were assessed. Fur-
thermore, the therapeutic effect of MSCs on CCl4-induced
acute liver injury was reevaluated.

The effects of CCl4 administration on liver cell injury
have largely been studied in mice and, although the effects
appear to be related to genetic strain determinants,
C57BL/6 mice showed intermediate lesions between the
more susceptible BALB/c strain, which shows histological
recovery by 3w, and the less susceptible SJL/J strain, which
shows histological recovery by 1w [30]. Accordingly, in the
presented data, C57BL/6 mice exhibited normal biochemis-
try and liver histology 2w after i.p. injection with 3mL/kg
50% (v/v) CCl4. Moreover, transplantation with MSCs
showed a significant therapeutic effect, with biochemical
and histological recovery at 1w. Although CCl4 intoxication
does not result in permanent liver damage, manifested as
massive necrosis at 48 h followed by a period of repair
[31], 66.7% (8/12) of mice died on day 6 or 7, indicating that
other factors lead to sustained hepatic damage or death.
Because the gut-liver axis plays a key role in hepatic disease
[32], we assumed that gut microbiota also plays an impor-
tant role in the outcome of this model. Indeed, the liver with
transplantation of 5 × 105 MSCs showed a considerable
effect on the composition of the microbial communities
compared with no transplantation, despite no significant dif-
ferences in the alpha diversity measurements except the PD
whole-tree index between the groups, possibly because of the
small sample sizes of both groups.

At 48 h and 1w, higher Firmicutes abundance was linked
to Clostridiales (unidentified family) and Ruminococcaceae,
while Bacteroidetes contraction was linked to decreased
S24-7 and Bacteroidaceae in the MSC-transplanted group.
Firmicutes and Bacteroidetes are the most abundant bacte-
rial phyla affecting host physiology in both humans and

9Stem Cells International



mice [33, 34]. An imbalanced Firmicutes/Bacteroidetes
ratio has been associated with various disease processes
[35]. For instance, a high-fat diet and ob/ob mice have
increased Firmicutes, and ob/ob mice also have lower Bac-
teroidetes over time compared with lean controls [36, 37].
In addition, obese individuals have fewer Bacteroidetes
and more Firmicutes than lean controls [38], and reduced
Bacteroidetes, specifically the families S24-7 and Bacteroi-
daceae, were detected during the immune-priming phase
of arthritis [39]. However, NASH patients have decreased
abundance of the families Lachanospiraceae and Ruminococ-
caceae, which belong to the phylum Firmicutes, and
increased abundance of the family Prevotellaceae and Entero-
bacteriaceae, which belong to the phylum Bacteroidetes and

Proteobacteria, respectively [40]. In addition, diabetic mice
have a lower Firmicutes/Bacteroidetes ratio [41], and a subset
of Crohn’s disease and ulcerative colitis patients is character-
ized by depletion of Firmicutes and Bacteroidetes with the
relative expansion of Proteobacteria [42]. At 2w, the most
obvious difference in the gut microbiome between the
CCl4-treated and MSC-transplanted groups was a relatively
high proportion of the family Helicobacteraceae, which is
generally associated with gastrointestinal tract diseases of
animals belonging to the phylum Proteobacteria [43]. In
addition, there was almost no evidence of the family Verruco-
microbiaceae, which only includes the genus Akkermansia, in
the MSC-transplanted and olive oil control groups. A previ-
ous report revealed that the mean relative abundance values
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Figure 5: MSC transplantation improves intestinal histopathology and epithelial tight junctions (TJs). (a) Histopathology of the ileum of
different experimental groups. (b) Relative expression of zonula occludens- (ZO-) 1 mRNA by real-time quantitative polymerase chain
reaction. n = 4 per group; mean ± SD; t-test (∗p < 0 05). (c) Immunofluorescence analysis of ZO-1 distribution. (d) Ultrastructure of TJs
using transmission electron microscopy. Oil: olive oil control; c: CCl4-treated group; m: MSC-transplanted group. 48 h, 1 w, and 2w
indicate 48 hours, 1 week, and 2 weeks after CCl4 treatment, respectively.
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of Akkermansia in the gut microbiota of mice and healthy
human adults are 0.003% and 0.744%, respectively [44].
The mucus-degrading bacteria Akkermansia, which initiate

mucus degradation to produce oligosaccharides and acetate,
resulting in colonized bacterial growth and resistance to
pathogenic bacteria, are beneficial for mucus-associated
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Figure 6: MSCs protect against CCl4-induced acute liver injury. (a) Liver alanine aminotransferase and aspartate aminotransferase levels.
n = 4 per group; mean ± SD; t-test (∗p < 0 05 vs. CCl4). (b) Hematoxylin and eosin staining of mouse livers. (c) Kaplan–Meier plots for
mouse survival after injection of CCl4 (1.5 mL/kg), followed by MSC administration 6 h later. n = 22 mice for each bar (∗p < 0 05 vs.
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CCl4 treatment, respectively.

11Stem Cells International



microbiota composition [45]. Moreover, the mucus-
colonizing microbes have been considered to contribute to
the restoration of the microbiota [46]; in vitro, Akkermansia
can adhere to the intestinal epithelium and strengthen enter-
ocyte monolayer integrity [47]. Reactive growth of this bac-
terium may be one of the reasons for gut microflora
self-recovery of the CCl4-treated groups. Interestingly, our
data also demonstrated that the predominant families or
genera do not always have high LDA scores. At 48 h and
1w, Sutterella, Dehalobacterium, Lactobacillus (species reu-
teri), and Oscillospira were the most abundant genera in
the MSC-transplanted groups. Lactobacillus reuteri can sig-
nificantly increase the expression of TJ-associated proteins
[48] and decrease bacterial translocation [49], as well as
reduce serum triglycerides and increase the ratio of
high-density lipoprotein to low-density lipoprotein [50]. It
also has potent direct anti-inflammatory effects on epithelial
cells by upregulating the anti-inflammatory molecule nerve
growth factor and inhibiting nuclear factor κB (NF-κB)
translocation to the nucleus [51]. It has been shown that
Dehalobacterium and Oscillospira can prevent atheroscle-
rosis, possibly through lipid metabolism [52]. However, lit-
tle is known about the role of unclassified Sutterella in the
intestinal tract.

The gut microflora, as a forgotten organ, has collective
metabolic and immunoregulation abilities that are relevant
to host health and disease [53]. The potential functions of
the gut microbiome in the MSC-transplanted groups dif-
fered significantly during liver injury and the repair phase,
such as at 48 h and 1w, compared with those in the
CCl4-treated groups. At 48 h and 1w, the microbiota in
MSC-transplanted mice revealed biomarkers involved in cell
motility, signal transduction, membrane transport, tran-
scription, and metabolism of lipid, cofactors, vitamins, ter-
penoids, and polyketides, as well as xenobiotics, which are
beneficial for maintaining the normal hepatic condition
[35]. Especially at 48 h (liver injury phase), the MSC-
transplanted group significantly enriched the functional
genes involved in cell motility (“bacterial motility proteins,”
“flagellar assembly,” and “bacterial chemotaxis”). This sug-
gests that certain bacterial movements may be beneficial for
adaptation and response to stimuli (such as changes in bile
acids and/or systemic inflammatory factors). Because the
above three pathways were significantly correlated with the
ratio of Firmicutes/Bacteroidetes at 48 h (r > 0 9; p < 0 05;
Spearman correlation analysis), it is possible that bacterial
movements facilitate the growth and proliferation of some
Firmicutes microorganisms, inhibit the proliferation of
LPS-producing bacteria, and maintain the barrier integrity
and homeostasis of the intestinal tract. Reducing the transfer
of intestinal bacterial potentially proinflammatory products
to the liver may be beneficial for liver repair. Surprisingly,
at 48 h and 1w, the highest discriminating nonmetabolic
pathway of the gut microbiome in the CCl4-treated groups
was the cellular processes and signaling category, followed
by liver regeneration-associated gene expression [35], and
the highest discriminating metabolic pathways, amino acid
metabolism and glycan biosynthesis and metabolism, may
also function in liver regeneration [35, 54].

5. Conclusion

In summary, our data further indicate the extensive role of
MSCs in rescuing acute liver injury induced by CCl4. It is
possible that initial alterations in the Firmicutes/Bacteroi-
detes ratio maintain intestinal mucosal biology and
homeostasis, which benefit liver repair.
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Supplementary Materials

Figure S1: immunophenotypic and differentiation analysis
of mouse compact bone-derived MSCs. (a) Fluorescence-
activated cell sorting results showed that MSCs (passage 7)
were positive for CD44 (96.30%), CD105 (53.33%), and
CD29 (99.95%) and the progenitor cell marker Sca-1
(95.88%) but negative for CD45 (2.89%), CD34 (9.53%),
and CD11b (2.11%); the endothelial cell marker CD31
(1.03%); and costimulating molecules Ia (0.62%) and CD86
(1.86%). (b) These cells showed classic spindle-shaped mor-
phology. (c) Osteoblastogenesis of MSCs was assayed with
Alizarin Red S on day 21. (d) Adipogenesis was assessed by
staining with Oil Red O on day 28. Figure S2: Rarefaction
curves for the observed species in the gut microbiota from
olive oil controls (n = 6), CCl4-treated mice (n = 18), and
MSC-transplanted mice (n = 18). Oil: olive oil control; c:
CCl4-treated group; m: MSC-transplanted group. 48 h, 1w,
and 2w indicate 48 hours, 1 week, and 2 weeks after CCl4
treatment. Figure S3. Statistical analysis of CCl4-treated mice
(n = 6) and MSC-transplanted mice (n = 6) at the phylum
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and family levels at 48 h, 1w, and 2w, respectively. Signif-
icant differences were determined using White’s nonpara-
metric t-test with an average abundance of taxon> 1%,
p < 0 05 and 95% confidence intervals. c: CCl4-treated
group; m: MSC-transplanted group. 48 h, 1w, and 2w
indicate 48 hours, 1 week, and 2 weeks after CCl4 treat-
ment, respectively. Table S1: number of sequences and
operational taxonomic units, good coverage estimation,
and diversity index for each sample from the pyrosequenc-
ing analysis. (Supplementary Materials)
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Recent studies have described beneficial effects of an infusion of mesenchymal stem cells (MSCs) derived from Wharton’s jelly
tissue, for the treatment of acute liver failure (ALF). However, data on the therapeutic potential of culture-expanded MSCs are
lacking. We examined the therapeutic potential of passage five (P5) and ten (P10) human umbilical cord- (hUC-) MSCs via
their transplantation into Sprague-Dawley (SD) rats with D-galactosamine (D-GalN) and LPS-induced acute liver failure (ALF).
SD rats were randomly divided into three groups: control group, P5 hUC-MSCs group, and P10 hUC-MSCs group. After
transplantation, P5 hUC-MSCs provided a significant survival benefit. The analysis of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and total bilirubin (TBIL) levels showed that transplantation with P5 hUC-MSCs was more effective
than treatment with P10 hUC-MSCs. P5 hUC-MSCs also successfully downregulated the hepatic activity index (HAI) scores.
Compared to P10 hUC-MSCs in vivo, P5 hUC-MSCs significantly enhanced the regeneration and inhibited the apoptosis of
hepatocytes. CM-Dil-labeled hUC-MSCs were found to engraft within the recipient liver, whereas the homing of cells to the
recipient liver in the P10 hUC-MSCs group was less effective compared to the P5 hUC-MSCs group. Previous studies have
shown that the concentration of hepatocyte growth factor (HGF) in the injured liver was significantly increased. HGF is
commonly known as the ligand of c-Met. The level of c-Met in hUC-MSCs as detected by Western blotting indicated that at a
higher passage number, there is a decrease in c-Met. These data suggest that direct transplantation of P5 hUC-MSCs can more
efficiently home to an injured liver. Subsequently, the P5 hUC-MSCs can rescue ALF and repopulate the livers of rats through
the stimulation of endogenous liver regeneration and inhibition of hepatocellular apoptosis for compensated liver function,
which is dependent on the higher level of c-Met than P10 hUC-MSCs.

1. Introduction

Liver failure is a clinical syndrome characterized by jaundice,
ascites, hepatic encephalopathy, and a bleeding tendency due
to the impaired liver function. The syndrome can be caused
by a variety of factors such as viral hepatitis, autoimmune
hepatitis, drug-induced liver injuries, metabolic diseases,
and circulatory disturbances [1].

To date, the only therapeutic option for liver failure is
orthotopic liver transplantation. Reasons for failure to
receive transplantation have included lack of available
organs, high expense, and the requirement for lifelong
immunosuppressive medication. Other treatment strategies
include bioartificial livers that are short of liver cells and
medical management [2]. Consequently, there is an urgent
need for novel therapeutic options. Saunders et al. suggested
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that liver failure results from the catastrophic consequences
of liver loss and the regeneration of remnant hepatocytes fails
to repair in a timely manner, resulting in higher mortality
rates [3]. Cell-based therapy in regenerative medicine shows
considerable promise. Mesenchymal stem cells (MSCs) have
a number of advantages, including their self-renewal, prolif-
eration, and differentiation properties. MSCs were originally
found in bone marrow and can also be isolated from the
umbilical cord, adipose tissue, dental pulp, and amniotic
fluid [4, 5]. MSCs, which are easily acquired and devoid of
any ethical contentions, are preferred for autografts, espe-
cially cells from the bone marrow (BM). The moderate effi-
cacy of autologous BM-MSCs is thought to be due to their
aging and deficiency in vitality [6].

Recently, several studies reported that human umbilical
cord mesenchymal stem cells (hUC-MSCs) are another
promising source, as they are free from aging and are unlim-
ited in their supply. They are also characterized by lower
immunogenic potency, higher proliferative activity, and mul-
tipotency [7]. Gholamrezanezhad et al. [8] have shown that
there was no significant improvement in liver function after
a 1-month period of follow-up because the homing ability
of BM-MSCs into the liver occurred in only a limited number
of infused cells. Peng et al. also reported that the homing abil-
ity of MSCs is the main reason why autologous MSC trans-
plantation did not achieve acceptable long-term effects on
the prognosis of a patient [9]. The lingering problem pertain-
ing to cell-based therapies is whether the delivered cells home
to the injured sites and how to improve their homing ability.

Hepatocyte growth factor (HGF), which is the most
effective mitogen for hepatocytes, functions via a receptor
termed the cellular mesenchymal to epithelial transition
factor (c-Met) [10]. The HGF-c-Met axis has been exten-
sively examined, as it is crucial for MSC homing during
liver injury [11]. Our primary experiment found that levels
of HGF in the liver significantly increased and peaked at
24 h and 48h, respectively, post-D-GalN/LPS injection.
Meanwhile, overexpressed c-Met in BM-MSCs improved
the homing efficacy to the injured liver and improved
the liver function [12]. Furthermore, freshly isolated MSCs
lose ligands or receptors, which respond to migratory sig-
nals during expansion [13].

In this study, we aimed to investigate the effect of
CM-Dil-labeled hUC-MSCs on liver failure and the
underlying mechanism of homing among various passages
in hUC-MSCs.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley rats weighing 220 to
250 g were purchased from the Animal Laboratory Center
of Nanjing Medical University (Nanjing, China). All
procedures were performed in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of Nanjing Medical University. All
experimental protocols were approved by the Animal Eth-
ical and Welfare Committee of Nanjing Medical Univer-
sity (Nanjing, China).

2.2. hUC-MSCs. P2 hUC-MSCs were purchased from Cya-
gen. The cell pellet was cultured in an expansion medium
composed of the human umbilical cord mesenchymal stem
cell basal medium (HUXUC-01001, Cyagen, China), supple-
mented with 10% human umbilical cord mesenchymal stem
cell cell-qualified fetal bovine serum, 1% glutamine, and 1%
penicillin-streptomycin (Cyagen), at 37°C, with 5% carbon
dioxide in a fully humidified environment.

Native hUC-MSCs (at P5) were suspended at a concen-
tration of 1×106 cells/mL, washed twice in phosphate-
buffered saline (PBS), and then incubated for 30min at 4°C in
the dark with the following anti-human antibodies conjugated
with fluorescein isothiocyanate (FITC) or phycoerythrin (PE):
anti-CD31-PE (303105), anti-CD45-PE (368509), anti-CD34-
PE (343605), anti-CD44-FITC (338803), anti-CD90-FITC
(328107), and anti-CD105-FITC (328107; all from BioLegend).
After 30min, cells were washed and resuspended in 300mLCell
Fix (BD). PE-conjugated IgG1 and FITC-conjugated IgG1 were
used as isotype controls (R&D Systems Inc. and Santa Cruz
Biotechnology Inc.). Immunophenotyping of hUC-MSCs was
performed by flow cytometry.

2.3. Animal Model and Cell Transplantation. The animal
model used was described in a previous study [14]. D-
galactosamine (D-GalN, 1000mg/kg body weight, Sigma)
and lipopolysaccharide (LPS, 10μg/kg body weight; Sigma)
were dissolved in PBS and simultaneously administered to
animals intraperitoneally. Cells were transplanted under
10% chloral hydrate injection anesthesia, 24 h after the
administration of D-GalN/LPS. SD rats were randomly
divided into three groups: group A, rats that received 1mL
of normal saline via tail vein as the control (n = 12); group
B, rats that received 1mL of P5 hUC-MSCs (1× 107 cells/
kg) via tail vein (n = 12); and group C, rats that received
P10 hUC-MSCs (1× 107 cells/kg) via tail vein (n = 12). Blood
samples were collected at 24 h, 48 h, and 72h after the injec-
tion of D-GalN/LPS, and finally, entire livers were collected,
fixed, then prepared for further analysis.

2.4. Serum Transaminase Levels. Serum samples were stored
at −80°C until the time of analysis. Serum aspartate ami-
notransferase (AST), total bilirubin (TBil), and alanine
aminotransferase (ALT) levels in the rat blood were mea-
sured according to the manufacturer’s directions with a
kit from the Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

2.5. Liver Histology. Formalin-fixed, paraffin-embedded liver
samples were sectioned at a thickness of 4μm and stained
with hematoxylin & eosin (H&E). Histological assessment
was performed using the hepatic activity index (HAI) and
was graded following guidelines previously described [15].

2.6. Cell Labeling. Before labeling, the P5 and P10 hUC-MSCs
in plates were trypsinized for cell counting. CM-Dil (Invitro-
gen, USA) was then directly added to the culture medium to
label cells in the working solution (2μg/mL) for 5 minutes at
37°C, and then for an additional 15 minutes at 4°C. Following
labeling, the medium was discarded, and the cells were
washed three times with PBS to eliminate residual
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fluorescent-conjugated antibodies. At 24 h after the injection
of D-GalN/LPS, the labeled P5 and P10 hUC-MSCs (1× 106
cells in 1mL of normal saline) were transplanted into the
rats, and the control rats received 1mL of normal saline.
After an additional 24 h, the rats were killed so the livers
could be removed. The frozen sections were examined by
fluorescence microscope and analyzed by Image-Pro Plus.

2.7. Immunohistochemistry. The sections of formalin-fixed
tissue were left for 1 hour at 60°C before deparaffinized,
rehydrated, and blocked in 3% hydrogen peroxide in eth-
anol for 15 minutes. For proliferating cell nuclear antigen
(PCNA) immunohistochemistry, sections were blocked
with 1.5% bovine serum albumin (BSA) for 30 minutes
and incubated with anti-mouse PCNA (Google biology,
Wuhan) overnight at 4°C. Sections were washed and incu-
bated with a rabbit anti-human IgG secondary antibody
(K5007, DAKO, Denmark) for 50 minutes at room tempera-
ture. The sections were then added to a newly prepared DAB
kit (DAKO, Denmark). The positive nucleus is indicated with
brown and yellow colors. Sections were counterstained with
hematoxylin for 3 minutes and 1% of hydrochloric acid for
several seconds. Finally, the sections were observed under a
Nikon light microscope after being dehydrated. For terminal
deoxynucleotidyl transferase-mediated nick-end labeling
(TUNEL) staining, we used the In Situ Cell Death Detection
Kit (Roche, Switzerland) according to the vendor’s instructions.

2.8. Western Blot Analysis of c-Met Protein. To detect the
level of c-Met, the total protein samples in the same quantity
for P3, P5, P8, and P10 hUC-MSCs were extracted. Proteins
were identified based on instructions provided with the BCA
Kit (Thermo Scientific, USA) and then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto nitrocellulose membranes. The
membranes were incubated with mouse monoclonal anti-c-
Met antibody (Santa Cruz Biotechnology, Santa Cruz, USA)
at a 1 : 500 dilution overnight at 4°C and then incubated with
a sheep anti-mouse immunoglobulin G secondary antibody
(GE Healthcare Biosciences, USA) for 60 minutes at room
temperature. The results were detected using an enhanced
chemiluminescence (ECL) kit (GE Healthcare Biosciences,
USA) and visualized under an imaging system.

2.9. Statistics. The data are expressed as mean± standard
deviation (SD) using SPSS version 16.0 (Chicago, IL, USA).
Statistical significance was determined via a one-way analysis
of the variance (ANOVA) and the log-rank test for survival
analysis among the three groups. A P value of <0.05 was
considered to be statistically significant.

3. Results

3.1. Identification of Cultured hUC-MSCs. After resuscitation
and cultivation for 5–7 days, cells started to present a
fibroblast-like phenotype. After 14 days, the number of cells
increased and grew in a parallel arrangement. After serial
passage, they proliferated rapidly in vitro, without significant
changes in morphology. Flow cytometry revealed that these
cells were negative for the expression of hematopoietic

markers such as CD45, CD34, and CD31. However, they
were positive for CD105, CD90, and CD44, which are gener-
ally considered to be markers of MSCs. This indicated that
these cells were hUC-MSCs (Figure 1).

3.2. Improved Survival Rate and Liver Function of ALF Rats
That Received Transplanted hUC-MSCs. All rats in the
control group died between 48h and 96 h after the saline
injection. The survival rate was 37.5% in the P10 hUC-
MSCs group, with three rats surviving after a week. Rats
treated with the P5 hUC-MSCs had a survival rate of 62.5%
at 7 days, and only three rats died. A significantly higher sur-
vival rate was observed for the P5 hUC-MSCs group
(Figure 2(a)).

As shown in Figures 2(b)–2(d), the serum ALT, AST, and
TBil levels in the P5 hUC-MSCs group decreased 24 h after
transplantation (165.50± 22.73U/L, 254.69± 22.89U/L, and
27.03± 2.92μmol/L, respectively), while the liver function
of the P10 hUC-MSCs group still increased (312.13
± 14.98U/L, 382.70± 23.48U/L, and 35.98± 2.10μmol/L,
respectively). 48 h after transplantation, the serum levels in
the P10 hUC-MSCs group were also dramatically decreased
(ALT: 269.50± 24.16U/L, AST: 325.07± 33.38U/L, and TBil:
35.98± 2.10μmol/L), with indicators of liver injury that were
still lower than those of the rats that received the P5 hUC-
MSCs (ALT: 118.56± 23.05U/L, AST: 114.47± 23.06U/L,
and TBil: 18.67± 2.33μmol/L). Moreover, significant differ-
ences in serum levels of ALT, AST, and TBil between the
P5 hUC-MSCs group and P10 hUC-MSCs group were
observed at 48 h and 72 h post-D-GalN/LPS injection
(P < 0 01). No significant differences were observed at 24h
after the D-GalN/LPS coinjection.

3.3. hUC-MSCs Therapy Improves Gross and Microscopic
Liver Histopathology and Reduces Inflammatory Cell
Infiltration. To evaluate whether treatment with P5 hUC-
MSCs regenerated the injured liver to a greater extent than
with P10 hUC-MSCs, we further assessed the liver histology
with H&E staining. H&E-stained sections revealed massive
necrosis and hepatic lobule damage in the control group at
72 h, but hepatocyte necrosis was suppressed in both the P5
hUC-MSC and P10 hUC-MSC groups (Figure 3(a)). While
microscopic evaluation of the H&E-stained liver sections
revealed significant cytoplasmic vacuolization and severe
inflammatory cell infiltration at 48h post-P10 hUC-MSC
transplantation, the sections from rats that received P5
hUC-MSC transplantation demonstrated moderate peripor-
tal inflammatory cell infiltration and hepatocyte edema at
48 h after P5 hUC-MSC transplantation (Figure 3(a)). Fur-
thermore, HAI scores randomly assessed by expert patholo-
gists were significantly different between necrosis and
inflammatory cell infiltration (P < 0 05; Figure 3(b)), indicat-
ing that there was less necrosis and milder inflammatory
reactions in the P5 hUC-MSC group compared to the P10
hUC-MSC group.

3.4. hUC-MSCs Inhibit Hepatocellular Apoptosis In Vivo. To
determine whether different passages of hUC-MSCs have
an impact on hepatocellular apoptosis, the number of
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TUNEL-reactive hepatocyte nuclei in liver sections was
determined. Four 400x fields were randomly selected from
the three groups, and the number of accumulated apopto-
tic cells was counted using Image-Pro Plus software. Many
apoptotic hepatocytes were observed in the control sam-
ples (NS: 24.0± 4.8), while a significant reduction was
present with hUC-MSC treatment (P10: 14.0± 3.4; P5:
7.4± 1.8; Figure 4(a)). Quantification of TUNEL revealed
that P5 hUC-MSC treatment effectively reduces hepatocel-
lular death post coinjection of D-GalN and LPS when
compared with P10 hUC-MSCs (Figure 4(b)).

3.5. hUC-MSCs Enhance Liver Regeneration. To evaluate
whether hUC-MSCs promoted liver regeneration, the
number of PCNA-positive hepatocytes was quantified
and compared with control saline-treated animals. Few
PCNA-positive hepatocytes were observed in the control,
while many were seen after hUC-MSC administration
(Figure 5(a)). In the P5 hUC-MSC group, a significant
increase in the number of proliferating cells (IOD:
24604.99± 1132.43) was found, compared to the control
(IOD: 13929.3± 813.7). In addition, the number of
PCNA-positive cells in the P10 hUC-MSC group also
increased slightly (IOD: 188550.99± 1654.58). These
results provide evidence that infusion with MSCs enhances
liver regeneration programs during ALF (Figure 5(b)).

3.6. CM-Dil-Labeled hUC-MSCs In Vivo. The administration
of P5 hUC-MSCs to rats with injured livers is more effective
than P10 hUC-MSCs. Importantly, primary MSCs lose
ligands or receptors that respond to migratory signals during
in vitro expansion [16]. Therefore, we assessed the homing
efficacy of P5 and P10 hUC-MSCs with regard to injured
livers. To investigate the homing efficacy, CM-Dil-labeled
P5 and P10 hUC-MSCs (1× 106 cells) were engrafted via tail
vein 24 h after the injection with D-GalN/LPS. As shown in
Figure 6(a), the engrafted cells mainly distributed around
the central vein and in the sinusoids. After P5 hUC-MSC
administration, the number of cells with fluorescence
(120± 14) was higher than for P10 hUC-MSC administra-
tion (77± 12) in the liver (Figure 6(b)). These data sug-
gested that P5 hUC-MSCs migrated more efficiently to
the injured livers.

3.7. c-Met Expression in hUC-MSCs.Our primary experiment
found that levels of HGF in the liver significantly increased
and peaked at 24 h and 48 h, respectively, post-D-GalN/LPS
injection. In addition, overexpressed c-Met in BM-MSCs
improved the homing efficacy to injured livers and improved
liver function. Furthermore, freshly isolated MSCs lose
ligands or receptors that respond to migratory signals during
expansion [13, 16]. The c-Met protein levels in hUC-MSCs of
P3, P5, P8, and P10 generations were analyzed via Western
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Figure 1: Characterization of hUC-MSCs. (a) Morphology of passage 3 hUC-MSC identification of human umbilical cordmesenchymal stem
cells. (b) Flow cytometric analysis showing the immunophenotype of the passage 5hUC-MSCs. The cells were positive for CD105 (96.4%),
CD44 (99.6%), and CD90 (97.6%), but negative for CD34, CD31, and CD45.
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blotting. As the number of cell passages increased, the c-Met
expression level of hUC-MSCs gradually decreased. There
was a significant difference in the expression of c-Met
between P5 and P8 hUC-MSCs, while c-Met expression
in P10 hUC-MSCs could barely be measured (Figure 7).
These results seem to be indicative of the better homing
efficacy of the P5 hUC-MSCs, and the enhanced homing
efficacy of the P5 hUC-MSC transplantation noticeably
improves liver function.

4. Discussion

With the capacity of self-renewal and multipotency, MSCs
have been increasingly used in tissue engineering and regen-
erative medicine [17]. BM-MSCs have been thoroughly char-
acterized [18, 19]. However, their acquisition can be harmful,
and their differentiation capability decreases with age [20].

In a previous study, UC-MSCs were successfully iso-
lated and cultivated [21]. Due to the ease of accessibility,
low immunogenicity, and higher differentiation capacity,
hUC-MSCs have been investigated as an ideal clinical
source of MSCs for cell therapy [21, 22]. The present
study was conducted to validate the characteristics of
hUC-MSCs. The cells formed a morphologically homoge-
neous population of fibroblast-like cells, when cultured
in vitro. Flow cytometry indicated that the cells were pos-
itive for CD105, CD90, and CD44, but negative for CD34,
CD31, and CD45. The results suggest that these cells have
a mesenchymal origin, which is consistent with previous
reports [23, 24]. During P5 hUC-MSC transplantation,
the mortality of rats with ALF was effectively reduced by
62.5%, compared with the control. Furthermore, the serum
levels of AST, ALT, and TBil were significantly decreased
after treatment with P5 hUC-MSCs, which was superior
to P10 hUC-MSC transplantation. Liver histopathology
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Figure 2: Effects of hUC-MSC transplantation on the survival rates and liver function in ALF rats. A total of 36 rats were randomly divided
into three groups: P5 hUC-MSCs group, P10 hUC-MSCs group, and NS group (n = 12 per group). D-GalN/LPS were administered to rats
intraperitoneally to induce ALF. 24 h later, the P5 hUC-MSCs and P10 hUC-MSCs (dose: 1.0× 107 cells/kg/mL) were transplanted,
respectively, while the NS group was given 1mL normal saline. The blood samples were collected at 0 h, 24 h, 48 h, and 72 h post-D-GaIN/
LPS injection. (a) The survival rate in the P5 hUC-MSCs, P10 hUC-MSCs, and NS groups. Levels of serum (b) alanine transferase (ALT),
(c) aspartate aminotransferase (AST), and (d) total bilirubin (TBil) in treatment of ALF rats. Data were expressed as mean± SD. ∗P < 0 05,
∗∗P < 0 01, ∗∗∗P < 0 001. hUC-MSCs, human umbilical cord-derived mesenchymal stem cells; D-GalN, D-galactosamine; LPS,
lipopolysaccharide.
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and pathological scores were assessed to evaluate the
effectiveness of hUC-MSC transplantation. Histological
evaluation of the liver tissue after cell administration

provided initial insights into the cellular targets of this
therapy. The results suggest that hUC-MSCs may reconsti-
tute liver tissue.
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Figure 3: Histopathological recovery of D-GaIN/LPS-induced ALF transplanted with hUCMSCs at 24 h, 48 h, and 72 h. (a) H&E staining
showed that there were massive necrosis and hepatic lobule damage in the NS group. In contrast, hepatocyte necrosis was suppressed in
both P5 hUC-MSCs group and P10 hUC-MSCs group after transplantation. hUC-MSCs treatment also reduces the number of
inflammatory infiltration. The black circles represent the hepatocyte necrosis and severe inflammatory cell infiltration. Bar = 200 μm. (b)
Histopathological grading of necrosis and inflammation of the liver sections. Data are presented as mean± SD. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P
< 0 001. D-GalN, D-galactosamine; HAI, hepatic activity index; IP, intraperitoneal; LPS, lipopolysaccharide; NS, normal saline.
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ALF is typically associated with progressive, massive
hepatocellular necrosis [25]. Although UC-MSCs can differ-
entiate into hepatocytes in vivo, the proportion of hepato-
cytes derived from hUC-MSCs was <1% of the total
hepatocytes. The data suggested that the differentiated hepa-
tocytes may not compensate for the recovery of liver function
[26]. Stimulation of endogenous regeneration represents
another potential mechanism of an MSC-based therapeutic
effect, previously described in models of myocardial infarc-
tion [27]. Our results demonstrated that the delivery of
hUC-MSCs can increase the number of proliferating hepato-
cytes. The P5 hUC-MSC therapy increased PCNA nearly
twofold compared to the control group, while the P10
hUC-MSCs had a more moderate increase. Furthermore,
inhibition of cell death is one therapeutic basis of MSC ther-
apy that has been observed in models of myocardial infarc-
tion and stroke [28, 29]. In this study, we also provided
evidence that the delivery of hUC-MSCs has the potential
to reduce hepatocyte apoptosis. This correlated with observa-
tions in previous studies involving CCL4-induced liver
injuries, where hUC-MSC therapy inhibited hepatocellular
apoptosis and stimulated liver regeneration in vivo [30]. It
is generally known that MSCs secrete trophic factors and
cytokines, acting in a paracrine role as a mediator, involving
antiapoptotic factors (HGF and insulin-like growth factor-1
(IGF-1)), angiogenetic factors (vascular endothelial growth

factor (VEGF)), and mitogenetic factors (epidermal growth
factor (EGF) and HGF) [31]. Recently, it has been recognized
that MSCs release numerous extracellular vesicles (EVs) that
participate in tissue regeneration via transferring informa-
tion to damaged cells or tissue and exert biological activity
similar to the MSCs [31]. Tan et al. showed that MSC-EVs
increased hepatocyte regeneration by upregulating proteins
associated with proliferation such as PCNA and cyclin D1
and the antiapoptosis gene Bcl-xL [32]. Moreover, Tamura
et al. evaluated that MSC-EVs inhibited the secretion of pro-
inflammatory cytokines and also increased the release of
anti-inflammatory cytokines and the level of regulatory T
cells [33]. In addition, MSC-EVs modulated the inflamma-
tory response and activated antiapoptotic pathways via spe-
cific RNAs [34].

Most reports describe cell transplantation as the pri-
mary mode of MSC therapy, but the therapeutic effect of
MSCs depends on the homing efficacy to the injured sites.
HGF is the most effective mitogen in hepatocyte regenera-
tion during tissue injury, and its biological effects rely on
tyrosine kinase receptors and on c-Met. The HGF-c-Met
axis played a crucial role in the homing of MSCs during
liver injury [11].

Our primary experiment demonstrated that the highest
concentration of HGF was observed in the liver at 24 h
post-DGalN/LPS coinjection. Meanwhile, overexpressed c-
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Figure 4: Infusion of hUC-MSCs decreases levels of apoptosis in livers D-GaIN/LPS-induced ALF. (a) Liver sections were stained by TUNEL
(dark brown nuclei). Representative images from NS-treated, P10 hUC-MSC-treated, and P5 hUC-MSC-treated rats. Bar = 50μm. (b)
Quantification of TUNEL-positive hepatocyte-nuclei by digital image analysis. Data are reported as mean± SD. ∗P < 0 05, ∗∗∗P < 0 001.
TUNEL, terminal deoxynucleotidyl transferase-mediated nick-end labeling.
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Met in BM-MSCs improved the homing efficacy to the
injured liver [12].

In addition, during expansion, primary MSCs lose
ligands or receptors that respond to migratory signals
[13, 16]. Our results suggested that P5 hUC-MSCs migrate
more efficiently to the injured liver, compared to P10 hUC-
MSCs. In addition, our results showed that the c-Met expres-
sion was dependent on the cell passage number. Higher levels
of c-Met may correlate with the better homing efficacy of P5
hUC-MSCs when compared to P10 hUC-MSCs. Despite
higher c-Met expression in P3 hUC-MSCs, the limited num-
ber of P3 hUC-MSCs collected cannot achieve the required
number for delivery. Even if the required number of MSCs
for treatment could be achieved, the economic costs also need
to be taken into account. As a result, P5 hUC-MSCs may be
the ideal alternative for cell therapy. Furthermore, G. Wang
and P. Wang demonstrated that hypoxia plays an important
role in the increase of c-Met expression and the invasiveness
of human prostatic carcinomas. Invasion of DU 145 cells
(human prostate cells) in hypoxic conditions correlates with
the expression level of c-Met [35]. Whether hypoxia pro-
motes the c-Met expression in P5 hUC-MSCs needs to be
further verified.

Migration within the injured tissues is influenced by
multiple factors. Administration of the MSCs via the por-
tal vein or hepatic artery shows homing efficacy less than
5% and 20–30%, respectively [36, 37]. Moreover, hypoxia

induces the expression of leptin, which augments the
recruitment of MSCs to the liver [38]. Meanwhile, more
than 60 different microRNAs in MSCs have recently been
described, and some of them are involved in migration,
including let7, microRNA-10b, microRNA-27b, micro-
RNA-335, and microRNA-886-3b [39]. Moreover, the loss
of SH3, ICAM, and integrin-1 has been reported in the
production of extracellular molecules accompanied with
the culture of primary human MSCs [40].

5. Conclusions

Recent studies have detailed the potential benefit of hUC-
MSC infusion for the treatment of ALF. The administration
shows that systemic hUC-MSC therapy has profound inhib-
itory effects on hepatocellular apoptosis and stimulates liver
regeneration for compensated liver function and also
improves survival rates in rats with D-GalN/LPS-induced
ALF. Furthermore, our results suggested that P5 hUC-
MSCs migrate more efficiently to the injured liver, compared
with P10 hUC-MSCs. The primary mechanism seems to be
the regulation of homing molecules on MSCs during incuba-
tion in vitro, such as chemokine receptors or adhesion mole-
cules, which has also been shown to affect the homing of
HSCs [41, 42]. However, we can only presume that the rapid
decrease in MSC homing efficiency in vivo is dependent on
the level of c-Met.
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Figure 5: Infusion of hUC-MSCs enhances liver regeneration in livers D-GaIN/LPS-induced ALF at 48 h. (a) Liver sections were stained for
PCNA (dark brown nuclei). Representative images from NS-treated, P10 hUC-MSC-treated, and P5hUC-MSC-treated rats. Bar = 50 μm. (b)
Quantification of PCNA-positive hepatocyte-nuclei by Image-Pro Plus software. Data are reported as mean± SD. ∗P < 0 05, ∗∗P < 0 01,
∗∗∗P < 0 001. PCNA, proliferating cell nuclear antigen.
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Thus, hUC-MSCs may be a potential alternative source
for cell therapy of ALF and may additionally mitigate the
shortage of hepatocytes.
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Figure 6: Infusion of CM-Dil-labeled hUC-MSCs enhances homing to livers D-GaIN/LPS-induced ALF at 48 h. (a) Liver sections were
observed by fluorescence microscope. Representative images from NS-treated, P10 hUC-MSC-treated, and P5 hUC-MSC-treated rats.
Bar = 100 μm. (b) Quantification of the accumulated hUC-MSCs by Image-Pro Plus software. Data are reported as mean± SD of the
mean. ∗P < 0 05, ∗∗P < 0 01, ∗∗∗P < 0 001.
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Mesenchymal stem cells (MSCs) and hepatocytes are two attractive sources of cell-based therapies for acute liver failure
(ALF). The cotransplantation of hepatocytes with MSCs can improve the therapeutic performance for the treatment of
ALF. However, the therapeutic potential of conditioned medium (CM) derived from MSCs cocultured with hepatocytes
(MSC-H-CM) remains unclear. The purpose of this study was to investigate the effects of MSC-H-CM on damaged
hepatocytes in vitro and on D-galactosamine-induced ALF in vivo. D-Galactosamine-treated L02 cells cultured in MSC-H-CM
exhibited higher of cell viability and total protein synthesis than L02 cells cultured in MSC-CM, CM derived from hepatocytes
(H-CM), MSC-CM+H-CM, or with nonconditioned medium (NCM). Lactate dehydrogenase and aspartate aminotransferase
levels were lower in the supernatant of damaged L02 cells cultured in MSC-H-CM than in that of L02 cells cultured in other
types of CM. The lowest percentage of apoptotic cells was observed after the MSC-H-CM treatment. When CM was injected
into the tail vein of rats with ALF, MSC-H-CM was the most successful at preventing the release of liver injury
biomarkers and in promoting the recovery of liver structure. The greatest survival rate 7 days after the first treatment was
observed in the MSC-H-CM-treated rats. Our results reveal that the delivery of MSC-H-CM could be a novel strategy for
integrating the therapeutic potentials of hepatocytes and MSCs for the treatment of ALF.

1. Introduction

Liver transplantation is the only long-term effective treat-
ment for acute liver failure (ALF), but it is limited by the
shortage of transplantable organs [1]. With the advancement
of regenerative medicine, alternatives to liver transplantation
are becoming distinct possibilities—be it through hepatocyte
transplantation, stem cell therapy, or tissue-engineered grafts
[2–4]. The liver is particularly amenable to these cell-based
therapies due to its innate capacity for intense regeneration
and self-repair [5]. Therefore, cell-based therapies have been
proposed as a promising avenue for bridging a patient to

either liver transplantation or to native liver recovery
through endogenous regeneration [2].

Hepatocytes and mesenchymal stem cells (MSCs) are two
attractive sources of cell-based therapies for ALF. Previous
studies have demonstrated that hepatocyte transplantation
can compensate for liver dysfunction, which plays an impor-
tant role in cell-based therapies for ALF [6]. However,
hepatocyte transplantation is hampered by graft versus host
reactions and a shortage of transplantable hepatocytes. In
addition, transplanted hepatocytes are unavoidably exposed
to the inflammatory conditions of ALF, which could suppress
their viability and functions [3]. The transplantation of MSCs
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derived from different tissues can efficiently rescue ALF
through suppressing of liver destruction, supporting resi-
dent hepatocyte function, enhancing liver regeneration,
and modulating inflammatory and immune reactions by
paracrine secretions [7], but MSCs cannot provide timely
supportive liver function. Therefore, integrating their ther-
apeutic potentials of hepatocytes and MSCs may be a
promising method for the treatment of ALF based on
the advantages of timely supportive liver functions, immu-
nosuppression, supported resident hepatocyte functions,
and enhanced liver regeneration [8].

Recently, our studies have indicated that hepatocytes
cotransplanted with MSCs exhibit superior performance for
the treatment of ALF compared with the transplantation of
hepatocytes or MSCs alone [9]. MSCs can not only reduce
the immune rejection of hepatocytes by the host but also
improve viability and function of hepatocytes. Cotransplanted
hepatocytes can provide timely support of liver functions. Sys-
temic infusion of conditioned medium (CM) derived from
MSCs (MSC-CM) has been shown to exhibit a therapeutic
potential similar to that of MSC therapy for the treatment of
ALF [10, 11]. However, the effects of CM derived from
MSCs cocultured with hepatocytes (MSC-H-CM) on ALF
and on resident liver cells have not been explored.

In the present study, we evaluated the effect of MSC-
H-CM on D-galactosamine-treated L02 cells in vitro.
Furthermore, the in vivo therapeutic potential of MSC-
H-CM was analyzed through administration to rats with
D-galactosamine-induced ALF and was compared to that
of MSC-CM, CM derived from hepatocytes (H-CM), or
MSC-CM+H-CM. Our study attempts to explore the
novel strategy of delivering MSC-H-CM, which integrates
the therapeutic potentials of hepatocytes and MSCs for
the treatment of ALF.

2. Materials and Methods

2.1. Animals. Male Sprague-Dawley rats weighing 250 to
300 g were used for the ALF experiments. MSCs and
hepatocytes were isolated from female Sprague-Dawley
rats weighing 60 g to 80 g. Animals were provided by the
Laboratory Animal Center of Army Medical University. All
procedures followed ethical guidelines and were approved
by the Institutional Animal Care and Use Committee of
the Army Medical University.

2.2. Isolation, Culture, and Coculture of MSCs and
Hepatocytes. Bone marrow-derived MSCs were isolated,
cultured, and characterized for surface marker expression
and adipocytic and osteogenic differentiation capacity as
described previously [9]. After 3-4 passages, these cells were
used for experiments. Hepatocytes were isolated from
Sprague-Dawley rats using a two-step collagenase perfu-
sion procedure as previously described [6]. Six-well plates
were used for the coculture system, in which freshly iso-
lated hepatocytes (1× 106/well) were cocultured with MSCs
(0.2× 106/well) during 3 to 4 passages in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Carlsbad, CA, USA) sup-
plemented with antibiotic-antimycotic solution and 10%

fetal bovine serum (Gibco) at 37°C in 95% humidified air
and 5% CO2. Plates containing 1.2× 106 hepatocytes or
MSCs per well were also cultured under identical conditions
to serve as controls.

2.3. CM Production. For the generation of CM, the above-
mentioned cells were cultured for 24 hours, washed thor-
oughly, and cultured in 2ml of DMEM supplemented with
2% fetal bovine serum and 2mmol/l L-glutamine (Gibco).
The CM was collected 24 hours later and concentrated 25-
fold using ultrafiltration units with a 3 kDa cutoff (Millipore,
Bedford, MA, USA). The concentrated CM was immediately
cryopreserved at −80°C until use. MSC-CM, H-CM, and
MSC-H-CM were derived from MSCs, hepatocytes, and a
coculture of MSCs and hepatocytes, respectively. The control
medium (non-CM or NCM) consisted of a similar medium
without conditioning by human MSCs or hepatocytes.

2.4. Immunophenotyping by Flow Cytometry Analysis. MSCs
were analyzed by flow cytometry, using the following anti-
bodies: CD29-PE, CD45-FITC, and CD34-FITC (all from
eBioscience). Adherent BMSCs were detached with 0.25%
trypsin (Gibco), washed with phosphate-buffered saline
(PBS) three times, centrifuged for 5 minutes at 1200×g, and
resuspended in PBS. Aliquots containing 5× 105 cells were
incubated for 20 minutes at 4°Cwith the previously described
primary antibodies. The cells were washed and incubated
with a corresponding secondary antibody for an additional
20 minutes at 4°C. Finally, the cells were fixed in 10% forma-
lin and analyzed using a cytometer. In each case, 10,000
events were acquired and analyzed by flow cytometry using
CellQuest software.

2.5. Measurement of Cytokines in CM. Rat Cytokine Anti-
body Arrays (G series 2; RayBiotech) were used for the
qualitative assessment of 34 cytokines in MSC-CM, H-CM,
and MSC-H-CM according to the manufacturer’s instruc-
tions. Briefly, after blocking the array for 30 minutes, 100μl
of CM was incubated overnight at 4°C with an array support
labeled with 34 different cytokines. After washing with buffer,
a cocktail of biotin-labeled antibody was added, and the array
was incubated at room temperature for an additional 1 to 2
hours. The secondary antibody was labeled with streptavidin,
and the array was incubated with labeled secondary antibody
at room temperature for 1 hour. Signals were detected using
the GenePix Array Scanner (Axon Instruments Inc.), and the
data were analyzed with a RayBio Analysis Tool and normal-
ized to the average signal intensity of the positive controls for
each array. Cytokines in CM were quantified using com-
mercially available ELISA kits (Invitrogen) for interleukin
(IL)-6, IL-10, monocyte chemotactic protein-1 (MCP-1),
matrix metalloproteinase-8 (MMP-8), tissue inhibitor of
metalloproteinase-1 (TIMP-1), tumor necrosis factor-α
(TNF-α), and vascular endothelial growth factor (VEGF)
according to the manufacturer’s instructions. These exper-
iments were performed with cells from six donors.

2.6. D-Galactosamine-Induced L02 Cell Damage Model. L02
cells (Shanghai Institute for Biological Sciences, CAS) were
suspended in DMEM supplemented with fetal bovine serum
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(10%), glutamine (2mM), penicillin (100 IU/ml), and strep-
tomycin (10mg/ml) and plated in a 96-well plate at a density
of 1× 104 cells per well. After the establishment of mono-
layers, the medium was removed and replaced with fresh
medium containing 5, 10, 20, or 40mM D-galactosamine
(Sigma, St. Louis, MO, USA). L02 cells were cultured in a
5% CO2-humidified incubator at 37°C. Cell morphology
was observed with an Olympus phase-contrast microscope.
Cell proliferation was detected by the methylthiazolyl-
tetrazolium bromide (MTT) method on the following day,
and the LD50 of D-galactosamine, which caused cell damage,
was measured.

2.7. Recovery of Damaged L02 Cells Cultured in Different
CMs. L02 cells were divided into two groups: the normal
L02 cell group and the damaged L02 cell group. After
damaged L02 cells were prepared, they were incubated for
24 hours in fresh DMEM with 20% MSC-CM, H-CM,
MSC-H-CM, MSC-CM+H-CM (1 : 5), or NCM (25-fold
concentrated). Cell viability was assessed by MTT assay. Cell
injury was evaluated by LDH and AST leakage. LDH and
AST leakage into the medium was quantified using diag-
nostic kits for each enzyme. Cell function was assessed
using a total protein assay.

2.8. Annexin V-FITC Assay. The apoptosis of L02 cells was
monitored by FACS analysis using annexin V-propidium
iodide staining. Cultured normal or damaged L02 cells
were detached, centrifuged, and suspended in PBS and
stained with annexin V-FITC and propidium iodide (BD
Pharmingen, CA, USA). Apoptotic cells were identified
as the annexin V-positive/propidium iodide-negative popu-
lation. Analyses were performed by the FACSCalibur cyt-
ometer (BD, USA) using CellQuest software.

2.9. ALF Induction and Treatment. ALF was induced by the
intraperitoneal injection of D-galactosamine. We chose a
dose of 0.8 g D-galactosamine/kg body weight to induce
ALF to achieve an intermediate level of mortality; based on
our previous studies [9], this dose ensures that a subgroup
of vehicle-treated animals will survive long enough to be
analyzed for comparison. After 24 hours, we collected tissue
from four animals per group and performed survival analyses
with 10 animals per group: (1) H-CM group: injected H-CM;
(2) MSC-CM group: injected MSC-CM; (3) MSC-H-CM
group: injected MSC-H-CM; (4) MSC-CM+H-CM group:
injected MSC-CM+H-CM (1 : 5); and (5) NCM group:
injected NCM. Each rat received an injection of 0.8ml of
the corresponding CM three times per day for three consec-
utive days. During the treatment period, behavioral changes
were observed and recorded, and the effect of treatment on
survival was recorded. Blood samples were collected at 0
and 72 hours after treatment by tail snip for the analysis of
liver enzyme levels. Serum was collected and stored at
−20°C for the analysis of AST, ALT, and total bilirubin
levels using the Biochemistry Analyzer (Hitachi, Japan).
After 7 days of treatment, the entire livers were removed
from sacrificed rats and fixed and prepared for hematoxylin-
eosin staining.

2.10. Statistical Analysis. Statistical analyses were performed
using GraphPad Prism 7.01 (GraphPad, San Diego, CA,
USA). The data are presented as the mean± standard devi-
ation. Animal survival was analyzed by log-rank tests, and
P values are shown. All other data were analyzed by Student’s
t-test, and P < 0 05 indicated statistical significance. The
Bonferroni correction was used for multiple comparisons.

3. Results

3.1. Characteristics of Hepatocytes Cocultured with MSCs.
Spindle-shaped cells (Figure 1(a)) were positive for the
MSC-specific marker CD29, but negative for CD34 and
CD45 (Figure 1(b)). In vitro differentiation to adipogenic
and osteogenic cells was also demonstrated (data not shown).
After 24 hours of monoculture, most of the hepatocytes
exhibited compact and round morphology, and few cells
had an extended shape with apparent nuclei and polyhedral
contours (Figure 1(c)). Among hepatocytes cocultured
with MSCs, there were a large number of polyhedral cells
with well-demarcated cell-cell borders, distinct nuclei, and
binucleate, which are typical morphological features of
hepatocytes (Figure 1(d)). These observations suggest that
cocultured hepatocytes have greater viability than that of
monocultured hepatocytes.

3.2. Cytokine Profiles of Different CMs. Studies have demon-
strated that MSC-CM can reverse ALF in mice. Cytokine
profiles play a key role in the therapeutic effects of different
types of CMs. A rat-specific antibody array was used to
examine the expression of cytokines in H-CM, MSC-CM,
MSC-H-CM, and NCM (Figure 2(a)). The cytokine anti-
body array showed that H-CM, MSC-CM, and MSC-H-
CM have abundant levels of cytokines such as VEGF,
TIMP-1, MCP-1, LIX (CXCL5), cytokine-induced neutro-
phil chemoattractant-1 (CINC-1), CINC-2α, and CINC-3
(Figure 2(b)). There were obvious differences in the IL-6
and IL-10 protein levels among the types of CM
(Figure 2(c)). The ELISA results revealed that MSC-H-CM
had 11.3-fold and 48.1-fold increases in IL-6 levels, and
3.2-fold and 39.4-fold increases in IL-10 levels compared to
H-CM and MSC-CM, respectively (Figure 2(d)).

3.3. MSC-H-CM Promotes the Recovery of Damaged L02 Cells
In Vitro. To investigate the effects of each CM on damaged
hepatocytes in vitro, an MTT assay was used to investigate
the viability of L02 cells cultured in different types of CM.
Normal L02 cells cultured in MSC-H-CM exhibited higher
cell viability than those of L02 cells cultured in MSC-CM,
H-CM, MSC-CM+H-CM, or NCM (P < 0 05). Significant
decreases in cell viability were observed for damaged L02
cells cultured in each type of CM compared with normal
L02 cells cultured in the corresponding CM (P < 0 05). How-
ever, greater cell viability was detected in damaged L02 cells
cultured in MSC-H-CM than those cultured in MSC-CM,
H-CM, MSC-CM+H-CM, or NCM (P < 0 05), suggesting
that MSC-H-CM possesses the greatest capacity to improve
the viability of injured hepatocytes (Figure 3(a)).
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Injured hepatocytes can release LDH and AST into
culture medium. LDH and AST levels were higher in the
supernatant from damaged L02 cells than in that from nor-
mal L02 cells (P < 0 01). LDH and AST levels in the superna-
tant from damaged L02 cells cultured in MSC-H-CM were
lower than those in the supernatant from damaged L02 cells
cultured with other types of CM (P < 0 05) (Figures 3(b) and
3(c)). In addition, total protein synthesis was higher in
damaged or normal L02 cells cultured in MSC-H-CM than
in corresponding cells cultured in MSC-CM, H-CM, MSC-
CM+H-CM, or NCM (P < 0 05) (Figure 3(d)). These results
indicate that MSC-H-CM is the most effective at enhancing
the recovery of damaged hepatocytes.

3.4. MSC-H-CM Inhibits the Apoptosis of Damaged L02 Cells
In Vitro. To evaluate the effect of CM on apoptosis, L02 cells
were stained with annexin V-FITC and propidium iodide.

Flow cytometric analysis showed that the percentage of apo-
ptotic or necrotic cells was lowest for L02 cells cultured in
MSC-H-CM among those cultured in each types of CM.
The number of apoptotic L02 cells after culture in MSC-
H-CM, MSC-CM, MSC-CM+H-CM, or H-CM was signif-
icantly decreased compared with that after culture in NCM
(P < 0 05). The percentage of apoptotic damaged L02 cells
cultured in MSC-H-CM was lower than that of damaged
L02 cells cultured in H-CM, MSC-CM, or MSC-CM+H-
CM (P < 0 05). The lowest number of apoptotic cells was
observed in MSC-H-CM, demonstrating the strongest inhib-
itory effect of MSC-H-CM on the apoptosis of damaged
hepatocytes in vitro (Figure 3(e)).

3.5. MSC-H-CM Administration Reverses ALF. Liver enzyme
levels in the peripheral blood provide a good estimate
of ongoing liver damage. Animal serum was collected at
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Figure 1: Characterization of isolated MSCs and hepatocytes and cocultured MSCs and hepatocytes. (a) Phase-contrast micrographs of rat
MSCs from passage 4 at day 3 of culture. (b) Expression of MSC markers. MSCs were positive for CD29 and negative for CD34 and CD45.
(c) Primary hepatocytes exhibited compact and round morphology after 24 hours of monoculture. (d) Hepatocytes cocultured with MSCs
displayed a polyhedral shape with well-demarcated cell-cell borders, distinct nuclei, and binucleate. Bar = 100μm.
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72 hours after the first CM treatment. As shown in
Figure 4(a), serum ALT and AST levels in D-galactosamine-
induced ALF rats were increased to 1100 and 1600 IU,
respectively, at 72 hours after the administration of
NCM, while ALT and AST levels in the rats treated with
other types of CM were reduced to below 300 IU. Significant

decreases in ALT and AST levels were observed in rats
treated with H-CM, MSC-CM, MSC-H-CM, or MSC-CM+
H-CM compared with NCM-treated rats (P < 0 01). The
lowest ALT and AST levels among rats treated with differ-
ent types of CM were detected in MSC-H-CM-treated
rats (P < 0 05) (Figure 4(a)). The concentration of total
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Figure 2: Analysis of cytokines in H-CM, MSC-CM, and MSC-H-CM. (a) Map of 34 cytokines in the rat-specific antibody array.
(b) Proteome profile images of cytokines in NCM, H-CM, MSC-CM, and MSC-H-CM. (c) Expression levels of cytokines in H-CM,
MSC-CM, and MSC-H-CM relative NCM using a rat-specific antibody array. Protein signals were quantified by the RayBio Analysis
Tool and normalized to the average signal intensity of the positive controls for each array. These assays were performed in
duplicate. (d) Quantitative results of IL-6, IL-10, MCP-1, MMP-8, TIMP-1, TNF-α, and VEGF levels in H-CM, MSC-CM, and
MSC-H-CM using ELISA (n = 6, ∗∗P < 0 01).
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Figure 3: The effects of different CM treatments on damaged hepatocytes in vitro. (a) The viability of normal and damaged L02 cells cultured
in each CM was examined by MTT assay (n = 6, ∗P < 0 05, and ∗∗P < 0 01). (b) LDH level in L02 cells cultured in each types of CM. (c) AST
level in L02 cells cultured in each types of CM (n = 6, ∗P < 0 05, and ∗∗P < 0 01). (d) Total protein secreted by L02 cells cultured in each types
of CM (n = 6, ∗P < 0 05, and ∗∗P < 0 01). (e) Comparison of the number of apoptotic L02 cells cultured with different types of CM (n = 6,
∗P < 0 05, and ∗∗P < 0 01). The apoptosis of L02 cells cultured in different types of CM was determined by FACS analysis using annexin
V-propidium iodide staining.
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bilirubin was lower in rats treated with MSC-H-CM or
MSC-CM than in those treated with H-CM, MSC-CM+H-
CM, or NCM (P < 0 05). No differences in total bilirubin
levels were observed between MSC-H-CM-treated rats
and MSC-CM-treated rats (Figure 4(b)). These data dem-
onstrate that the hepatoprotective effect of MSC-H-CM
in ALF is greater than that of the other types of CM.

Histological analysis of liver sections revealed massive
necrosis and hepatic lobule damage in rat livers at 24 hours
after D-galactosamine administration (Figure 4(c)). Cell
necrosis was suppressed in the livers of rats treated with

H-CM (Figure 4(d)), MSC-CM (Figure 4(e)), MSC-H-CM
(Figure 4(f)), or MSC-CM+H-CM (Figure 4(g)) at 7 days
after CM injection. By contrast, hepatocellular death with
cytoplasmic vacuolization and severe distortion of tissue
architecture was observed in NCM-treated rat livers
(Figure 4(h)). Furthermore, the liver structure of MSC-
H-CM-treated rats recovered from abnormality at 7 days
after treatment.

At 7 days after treatment, 80% of the rats treated with
MSC-H-CM recovered from ALF, while 50.0%, 50.0%, and
60% of the rats treated with H-CM, MSC-CM+H-CM, or
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Figure 4: Therapeutic potential of MSC-H-CM for D-galactosamine-induced ALF in rats. (a) and (b) AST and ALT levels (a) release levels
and total bilirubin (b) in peripheral blood samples collected 72 hours after the first administration of each type of CM (n = 4, ∗P < 0 05, and
∗∗P < 0 01). (c–g) Histopathological recovery from D-galactosamine-induced ALF after treatment with each CM. Hematoxylin and eosin
staining revealed massive necrosis and hepatic lobule damage in the rat liver after 24 hours of D-galactosamine administration (c). Cell
necrosis was completely suppressed in the livers of rat treated with H-CM (d), MSC-CM (e), MSC-H-CM (f), and MSC-CM+H-CM (g)
at 7 days after CM injection, compared with those treated with NCM (h). Bar = 50μm.
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MSC-CM, respectively, recovered from ALF (Figure 5). A
significant survival benefit was observed for the H-CM,
MSC-CM, MSC-H-CM, and MSC-CM+H-CM groups
when compared to the NCM group (P < 0 01). The survival
rate of the MSC-H-CM group was higher than that of
both the H-CM, MSC-CM+H-CM, and MSC-CM groups
(P < 0 05). There was no significant difference in the
survival rate between the H-CM, MSC-CM+H-CM, and
MSC-CM groups. Collectively, these data demonstrate that
MSC-H-CM is an optimal CM to reverse ALF that exerts
a survival benefit.

4. Discussion

Cell-based therapies have been proposed as a tangible alter-
native to liver transplantation for ALF because they are the
simpler and less invasive procedures [12]. Paracrine factors
derived from MSCs are primarily responsible for the benefi-
cial effects of cell-based therapies in the treatment of ALF
[13, 14]. Our previous study demonstrated that MSCs
efficiently rescue ALF through paracrine effects rather than
hepatic differentiation [6]. Further study showed that the
transplantation of cocultured MSCs and hepatocytes pro-
vides better restoration of liver function and comparatively
less hyperacute rejection in ALF mice [9]. MSC-CM, includ-
ing their secreted factors, microvesicles and exosomes,
exhibits an effect similar to that of MSCs for the treatment
of ALF [11, 15–18]. The administration of CM can overcome
the genomic instability, immune reactivity, and tumorigenic
potential of stem cell transplantation [14]. Thus, the
therapeutic potential of CM derived from different cells is
attracting increased attention in the field of cell-based
therapy [19, 20]. However, the therapeutic potential of
MSC-H-CM has not been reported for ALF. In this study,
we demonstrated that MSC-H-CM not only promoted the
recovery of damaged hepatocytes in vitro but also exhibited
superior performance in rescuing D-galactosamine-induced
ALF, suggesting that MSC-H-CM can be used as a novel tool

for integrating the therapeutic potentials of hepatocytes and
MSCs for the treatment of ALF.

ALF is typically associated with numerous damaged
hepatocytes and massive hepatocellular necrosis [21]. Conse-
quently, the recovery of damaged hepatocytes and the inhibi-
tion of cell death should play an important role in cell-based
therapies for ALF [22]. Our results indicate that among
MSC-CM, H-CM, MSC-CM+H-CM, MSC-H-CM, and
NCM treatments, MSC-H-CM has the greatest capacity to
enhance the recovery of damaged L02 cells and inhibit the
apoptosis of damaged L02 cells in vitro. The observed benefi-
cial effects of MSC-H-CM on damaged hepatocytes indicate
that it is a potential treatment for ALF.

In our in vivo study, the levels of AST, ALT, and total
bilirubin, three important indicators of liver injury, were sig-
nificantly decreased after the administration of MSC-H-CM,
MSC-CM, MSC-CM+H-CM, or H-CM. The magnitude of
the improved liver functions was higher in MSC-H-CM-
treated rats than in rats treated with other types of CM, indi-
cating that the therapeutic potential of CM as a cell-based
therapy of ALF was enhanced by coculturing MSCs with
hepatocytes. Histological evaluation of liver tissue after
CM treatment provided initial insights into the cellular
target. A striking recovery of liver structure was seen after
MSC-H-CM injection, suggesting that MSC-H-CM may
facilitate endogenous liver regeneration. These results are
consistent with our in vitro data that MSC-H-CM can inhibit
the necrosis of damaged hepatocytes and can promote
endogenous liver regeneration. Furthermore, MSC-H-CM
showed more potential than MSC-CM, H-CM, or MSC-
CM+H-CM to reverse liver failure in a rat model of
D-galactosamine-induced ALF. The therapeutic potential of
CM can be improved by coculturing MSCs with hepatocytes.

The therapeutic benefit of CM is attributed to the para-
crine effects of cells in the cell-based therapy of ALF [23].
Different components of CM from different cell types may
have different effects in the treatment of ALF [19, 20, 24].
We found high protein levels of VEGF, TIMP-1, MCP-1,
LIX, CINC-1, CINC-2α, and CINC-3 in all of the studied
types of CM. Previous studies have demonstrated that the
ability of MSCs or MSC-CM to treat ALF can be attributed
to several cytokines, including VEGF, TIMP-1, and MCP-1
[17, 25–27]. However, IL-6 and IL-10 protein levels were
significantly increased in MSC-H-CM compared with
H-CM or MSC-CM. Studies have indicated that IL-6
and IL-10 secreted from MSCs are responsible for liver
recovery in mice with ALF [23, 28]. Studies blocking IL-10
or IL-6 secretion from these cells confirmed the therapeutic
potential of the indicated cytokines in mouse ALF models
[23]. Therefore, the differences in these cytokines in MSC-
H-CM may result in a greater therapeutic effect against
ALF than observed with H-CM or MSC-CM, suggesting that
the coculture of MSCs with hepatocytes can improve the
capacity of CM to reverse ALF.

In summary, the present study shows that MSC-H-CM,
which integrates the therapeutic potentials of hepatocytes
and MSCs, has superior performance at promoting the
recovery of damaged hepatocytes in vitro and reversing
D-galactosamine-induced ALF in vivo. This work provides
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the first evidence that the delivery of MSC-H-CM may be
a novel strategy for integrating the therapeutic potentials
of hepatocytes and MSCs for the treatment of ALF,
thereby avoiding the shortcomings of cell transplantation.
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