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Abstract
Purpose: The purposes of this study were to construct immortalized human bone marrow
mesenchymal stem cells (UE7T-13) with overexpression of the hepatocyte nuclear factor4α
(hHNF4α) and luciferase2-mKate2 dual-fusion reporter gene, further investigate their impact on
treating acute liver injury (ALI) in rats, and track their biodistribution and survival by
bioluminescence imaging (BLI).
Procedures: The hHNF4α and luciferase2-mKate2 genes were transduced by a lentiviral vector
into UE7T-13 cells (named E7-hHNF4α-R cells), and expression was verified by immunofluo-
rescence, RT-PCR, and flow cytometry. E7-hGFP-R cells expressing the luciferase2-mKate2/
hGFP gene served as a negative group. A correlation between the bioluminescence signal and
cell number was detected by BLI. The ALI rats were established and divided into three groups:
PBS, E7-hGFP-R, and E7-hHNF4α-R. After transplantation of 2.0 × 106 cells, BLI was used to
dynamically track their biodistribution and survival. The restoration of biological functions was
assessed by serum biochemical and histological analyses.
Results: Stable high-level expression of hHNF4α and mKate2 protein was established in the E7-
hHNF4α-R cells in vitro. The E7-hHNF4α-R cells strongly expressed hGFP, hHNF4α, and
mKate2 proteins, and the hHNF4α gene. hGFP-mKate2 dual-positive cell expression reached
approximately 93 %. BLI verified that a linear relationship existed between the cell number and
bioluminescence signal (R2 = 0.9991). The cells improved liver function in vivo after transplan-
tation into the ALI rat liver, as evidenced by the fact that AST and ALT temporarily returned to
normal levels in the recipient ALI rats. The presence of the transplanted E7-hGFP-R and E7-
hHNF4α-R cells in recipient rat livers was confirmed by BLI and immunohistochemistry.
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However, the cells were cleared by the immune system a short time after transplantation into ALI
rats with a normal immune system.
Conclusion: Our data revealed that the E7-hHNF4α-R cells can transiently improve damaged
liver function and were rapidly cleared by the immune system. In addition, BLI is a useful tool to
track transplanted cell biodistribution and survival.
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Introduction
In recent years, cell transplantation has attracted increasing
attention as an important supplement for liver transplantation
[1–3]. Therefore, finding a promptly available source of
hepatocyte-like cells to replace the lost or defective cells
affected by end-stage liver diseases has become crucial. One
attractive approach is the directed differentiation of mesen-
chymal stem cells (MSCs) into hepatocyte-like cells (HLCs)
by overexpression of liver-enriched transcription factors
(LETFs) [4–6]. LETFs play an important role in fetal liver
maturation, hepatic differentiation, and the process of
maintaining cell morphology and function [7]. In particular,
hepatocyte nuclear factor (HNF) is a transcription factor that
regulates liver-specific gene expression and is essential for
the differentiation and maturation process in liver [8].
HNF4α contributes greatly to the liver development and
maturation processes [9, 10]. HNF4α regulates the expres-
sion of a large number of functional genes that are associated
with hepatocyte differentiation, glycolysis, gluconeogenesis,
urea generation, liver fatty acid metabolism, bile acid
synthesis, apolipoprotein drug metabolism, coagulation
factors, and others and plays a critical role in maintaining
the unique polarizing structure of liver [11–13]. Addition-
ally, HNF4α promotes the hepatocyte benign phenotype and
prevents malignant liver cell transformation [14–16]. In our
previous study [17], we transduced a lentiviral vector
containing HNF4α into UE7T-13 immortalized human
BM-MSC (named E7-hHNF4α cells). The E7-hHNF4α cells
acquired hepatocyte-like cell functions such as indocyanine
green (ICG) uptake and release, glycogen storage, urea
production, and ALB secretion and expressed some liver-
specific genes, including FOXA2, ALB, CYP2B6, and AAT
in vitro.

There are numerous questions regarding the viability and
biology of transplanted cells in vivo, such as distribution,
localization, engraftment, and repopulation. Recent develop-
ments in molecular imaging may provide an efficient and
noninvasive imaging tool to monitor transplanted cells
in vivo [18]. Reporter gene-bioluminescence imaging (BLI)
is an optical imaging approach based on light emission and
detection by specific cooled charge-coupled device (CCD)
cameras and can provide qualitative and quantitative
information on cell viability [19]. BLI makes use of the
luciferase reporter gene to label the target cells. BLI is

commonly used for tracking transplanted cell biodistribution
and survival in small living animals using an in vivo imaging
system (IVIS) and is appropriate and sensitive for the long-
term monitoring of stem cells [20, 21].

Based on our previous studies [17, 22], we constructed
E7-hHNF4α-R cells with a stable, high-level expression of
the hHNF4α and luciferase2-mKate2 dual-fusion reporter
gene. The GFP-mKate2-positive cells were further purified
by flow cytometry. Using BLI, we showed that a linear
relationship exists in vitro between the labeled cell number
and the bioluminescence signal. Acute liver injury (ALI)
was established in rats, and the rats were divided into three
groups: PBS, E7-hGFP-R, and E7-hHNF4α-R. After trans-
plantation of 2.0 × 106 cells, BLI was used to dynamically
track the biodistribution and survival. The restoration of
biological functions was assessed by serum biochemical and
histological analysis.

Material and Methods

Lentivirus Production and Generation of the
MSC-Luc2-mKate2-hHNF4α Cells (E7-hHNF4α-
R Cells)

The dual-fusion reporter genes luciferase2 (Luc2, Promega
Inc., Madison, WI, USA) and mKate2 (Evrogen Inc., Moscow,
Russia) were cloned into the lentiviral vector pLenti6.3/V5-
DEST according to a previous report [22]. Based on our
previous study [17], the lentiviral particles (EF1α-hHNF4α-
hrGFP and EF1α-hrGFP) were produced using the three-
plasmid system (Invitrogen). After packaging and concentrat-
ing, the lentiviral particles containing the luciferase2-mKate2/
hHNF4α-hrGFP gene were used to transfect UE7T-13 cells.
After transduction, both the green fluorescent protein (GFP)-
and mKate2-positive cells were expanded in vitro. The
percentage of the GFP- and mKate2-positive cells was
determined, and the cells were further purified by Influx™
FACS (BD Bioscience). We successfully transduced the
luciferase2-mKate2 gene and HNF4α gene into UE7T-13
cells, and the percentage of both the GFP- and mKate2-positive
cells increased to 90 %. These positive cells (E7-hHNF4α-R
cells) were used in further experiments as a stable cell line. The
E7-hGFP-R cells containing the luciferase2-mKate2/hGFP
gene were used as a negative group.
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Cell Culture

The immortalized human bone marrow-derived MSCs
(UE7T-13 cells)were kindly provided by Pro. Mori [22,
23] and were cultured with low-glucose DMEM (HyClone)
containing 10 % fetal bovine serum (FBS) (HyClone),
100 IU/ml penicillin (HyClone), and 100 mg/ml streptomy-
cin (HyClone).The E7-hHNF4α-R cells and E7-hGFP-R
cells were cultured with DMEM-F12 (Invitrogen) containing
10 % FBS, 20 ng/ml oncostatin M (OSM), and 20 ng/ml
HGF (PeproTech) in 6-well plates coated with Matrigel (BD
Bioscience).

Florescence-Activated Cell Sorting Analysis

Both green fluorescent protein (GFP)- and mKate2-positive
cells were identified and further sorted according to the
manufacturer’s instructions by fluorescence-activated cell
sorting analysis (FACS, BD Biosciences).

RT-PCR Assay

Total RNA was extracted with a Total RNA Extraction kit
(Sangon Biotech Co., Ltd). Real-time polymerase chain reaction
(RT-PCR) was performed using the SuperScript®III One-Step
RT-PCR System (Invitrogen) according to the manufacturer’s
instruction. The primer sequences for the target geneHNF4αwere
as follows: forward, 5′-TTAGCCGGCAGTGCGTGGTG-3′;
reverse, 5′-CTGGGAACGCAGCCGCTTGA-3′.The primer se-
quences for the positive control GAPDH were as follows:
forward, 5′-CGGAGTCAACGGATTTGGTCGTAT-3′; reverse,
5′-AGCCTTCTCCATGGTGGT-3′.

Immunofluorescence Analysis

For immunofluorescent staining, the E7-hHNF4α-R and E7-
hGFP-R cells were fixed with 4 % paraformaldehyde (PFA)
for 20 min, washed three times with phosphate-buffered
saline (PBS), and then incubated with PBS containing 0.2 %
Triton X-100 (Sigma), and blocked by 3 % bovine serum
albumin (BSA, Sigma) in PBS for 60 min at room
temperature. Primary antibodies against HNF4α were incu-
bated at 4 °C overnight and then washed three times with
PBS followed by incubation with the appropriate secondary
antibody conjugated to Alexa Fluor 594 (Invitrogen) in the
dark at room temperature for 1 h. Nuclei were stained with
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI, Sigma).

In Vitro Bioluminescence Imaging

The E7-hHNF4α-R and E7-hGFP-R cells (2.5 × 105, 1 × 105,
5 × 104, 2.5 × 104, 1 × 104, and 5 × 103) were placed on black
48-well plates. D-luciferin substrate (150 μg/ml) was added

to each well at room temperature. Cell bioluminescence
signals were detected by the IVIS Spectrum Imaging System
and analyzed by Carestream molecular imaging software
(Caliper Life Sciences, Alameda, CA).

Establishment of the Acute Liver Injury Rat
Models

Female Sprague-Dawley (SD) rats (180–220 g) were
purchased from the animal center of Sun Yat-sen University
(Guangzhou, China). All conditions and experimental
procedures involving animals in this study were conducted
in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and were
approved by the Animal Ethics Committee of Sun Yat-sen
University. The ALI rat models were induced by a single
intraperitoneal injection of D-galactosamine (D-GaIN,
Sigma) at 700 mg/kg [24].

Cell Transplantation and In Vivo and Ex Vivo
Bioluminescence Imaging Analyses

At 24 h after D-GaIN intraperitoneal injection, the ALI rats
were randomly divided into the PBS, E7-hGFP-R, and E7-
hHNF4α-R groups (n = 30 for each group). All rats were
anesthetized with 10 % chloral hydrate (5 μl/g) by
intraperitoneal injection and underwent an abdominal inci-
sion. The prepared cells, 2 × 106 in 200 μl of PBS or PBS,
were slowly administered via the superior mesenteric vein
(SMV). In vivo, bioluminescence imaging was performed
before transplantation and at 1, 3, 6, and 7 days after
transplantation in the rats of each group. The luciferase
substrate (300 mg/kg) was injected into the rats intraperito-
neally. Bioluminescence signals were detected with an
acquisition time of 30 s.

Biochemical Analysis

The rats were sacrificed at multiple time points (1, 3, 6, and
7 days) after cell transplantation. Blood samples were
collected from the inferior vena cava of the rats, and the
plasma levels of aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were measured by an auto-
analyzer (Hitachi 7600, Japan).

Histology and Immunohistochemistry Analysis

For histopathology evaluation, the liver tissue samples
collected at multiple time points (1, 3, 6, and 7 days) were
fixed for 24 h with 4 % paraformaldehyde, embedded in
paraffin and then cut into 2 μm slices. The morphological
changes of the liver were observed by hematoxylin and
eosin (H&E) staining.

46 Xie P. et al.: Tracking MSCs that over express HNF4α using BLI



To detect the liver distribution of luciferase and ALB
after transplantation, the liver tissue samples were prepared
according to the method described above. After
deparaffinization, rehydration, and antigen retrieval, the liver
tissue sections were incubated with rabbit polyclonal anti-
luciferase antibody (1:200, Abcam) or anti-albumin antibody
(1:500, Bethyl) overnight at 4 °C. For primary antibody
detection, the liver tissue sections were further incubated
with HRP-conjugated goat anti-rabbit antibody (ZSGB-BIO,
Beijing, China) and stained using 3,3-diaminobenzidine
(DAB, ZSGB-BIO, Beijing, China). After being washed
with PBS, the liver tissue sections were stained with
hematoxylin, and the liver tissue sections were incubated
by substituting PBS for the primary antibody as negative
controls.

Statistical Analysis

Data are expresssed as the mean ± standard deviation (SD).
Statistical analyses were performed using a statistical
software (SPSS, 22.0) and Student’s t test. The difference
between means was considered to be statistically significant
at P G 0.05 (two-tailed).

Results
Generation of the E7-hHNF4α-R Cells with Stable
High-Level Expression of the hHNF4α/
luciferase2-mKate2 Gene

Schematic diagrams of the lentiviral vectors including E7-
hHNF4α-R cells and E7-hGFP-R cells are shown in Fig. 1a.
A flowchart for the generation of the E7-hHNF4α-R cells is
shown in Fig. 1b and includes the following steps: lentivirus
transduction, GFP-mKate2-positive cell selection, and E7-

hHNF4α-R cell expansion in hepatocyte culture medium.
The empty vector controls (E7-hGFP-R cells) were treated
exactly as described for the E7-hHNF4α-R cells. Immuno-
fluorescence staining showed that GFP, HNF4α, and
mKate2 proteins were expressed in the E7-hHNF4α-R cells
(Fig. 2a, b). Approximately, 93 % of the E7-hHNF4α-R cells
expressed both GFP and mKate2 proteins as determined by
flow cytometry (Fig. 2c). Reverse transcription polymerase
chain reaction (RT-PCR) was performed to verify that the
HNF4α mRNA was robustly expressed in the E7-hHNF4α-R
cells but not in the E7-hGFP-R cells (Fig. 2d). Human
primary hepatocytes were used as the positive control.

In Vitro Bioluminescence Imaging

Bioluminescence imaging was used to analyze the correla-
tion between Luc2 reporter gene activity and cell number.
As shown in Fig. 3a, b, a linear relationship between the
bioluminescence signal and E7-hHNF4α-R cell number was
observed (R2 = 0.999). The E7-hGFP-R cells were used as
the negative control.

Changes of Liver Function and Liver Pathology

At 48 h after intraperitoneal injection of D-GaIN (700 mg/
kg), the plasma levels of AST and ALT were detected to
evaluate liver function. As shown in ESM Fig. 1a, the
plasma levels of AST and ALT following D-GaIN injection
were significantly higher than those in rats without D-GaIN
injection. H&E staining analysis was used to evaluate the
histological changes of the liver induced by D-GaIN
injection. At 48 h after D-GaIN injection, the liver tissues
showed hepatic structural disorders and hepatocyte balloon-
ing degeneration in comparison with those without D-GaIN
injection (ESM Fig. 1b).
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Fig. 1 Schematic diagram of the lentiviral vectors and a flow chart of lentivirus transfection of MSCs. a Empty vector plasmid
and HNF4α plasmid. b The flowchart of generation of E7-hHNF4α-R cells: lentivirus transduction, GFP-mKate2 positive cell
selection, and E7-hHNF4α-R cell expansion in hepatocyte culture medium.



In Vivo and Ex Vivo Bioluminescence Imaging

BLI was used to dynamically detect luciferase reporter
gene expression by bioluminescence light intensity,
which can provide qualitative and quantitative informa-
tion on cell viability in vivo. To monitor the distribution
and location of the E7-hHNF4α-R cells in tissues and
organs, the E7-hHNF4α-R cells labeled with the lucifer-
ase reporter gene were carefully transplanted into the
ALI rat models via SMV. The negative controls were the
E7-hGFP-R cells. We observed the accumulation of the
E7-hHNF4α-R cells in rats by detecting bioluminescence
light intensity before transplantation and at 1, 3, 6, and
7 days after transplantation. As shown in Fig. 4a, b, the
intensity of the bioluminescence signal in the liver region
of the rats at 1 day after transplantation was significantly
higher than before transplantation (P G 0.05). At 3 and
6 days, the intensity of the bioluminescence signal
gradually weakened and declined over time, and it was
almost undetectable at 7 days after E7-hHNF4α-R cell
transplantation in vivo. To identify the distribution of
transplanted cells in specific organs of the ALI rat
models, the liver, heart, spleen, lung, and kidney were
taken from the body of the rats after transplantation with
the E7-hHNF4α-R cells. Ex vivo bioluminescence imag-
ing of the liver, heart, spleen, lung, and kidney was then
performed immediately. As shown in Fig. 4c, d, using

ex vivo BLI, the E7-hHNF4α-R cells were primarily
dispersed in the liver following SMV transplantation.
The results with ex vivo BLI further confirmed the
results obtained with in vivo BLI. Using in vivo and
ex vivo BLI, the results shown in ESM Fig. 2 show that
the distribution and changes following E7-hGFP-R cell
transplantation were exactly as determined in the E7-
hHNF4α-R cells.

Effect of the E7-hHNF4α-R Cells on the Func-
tional Recovery of Rat Liver with ALI

To further clarify that the E7-hHNF4α-R and E7-hGFP-R
cells labeled with the luciferase reporter gene were
present in the liver, the liver tissues were collected 1,
3, 6, and 7 days after E7-hHNF4α-R and E7-hGFP-R
cell transplantation to detect the anti-firefly luciferase by
immunohistochemical staining. As shown in Fig. 5,
luciferase expression in the PBS group, E7-hGFP-R cell
group, and E7-hHNF4α-R cell group was observed at 1,
3, 6, and 7 days after transplantation. The brown-stained
cells represent luciferase-positive cells. Luciferase-
positive cells were primarily distributed near the portal
vein in the liver and gradually decreased at 1, 3, and
6 days after transplantation. At 7 days, almost no brown
luciferase-positive cells were observed.
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Fig. 2 The successful generation of E7-hHNF4α-R cells. a, b Immunofluorescence staining showed that GFP, HNF4α, and
mKate2 proteins were expressed in the E7-hHNF4α-R cells (× 200; scale: 100 μm). c Approximately 93 % of the E7-hHNF4α-R
cells expressed both GFP and mKate2 proteins as determined by flow cytometry. d Reverse transcription polymerase chain
reaction (RT-PCR) was performed to verify that the HNF4α mRNA was robustly expressed in the E7-hHNF4α-R cells but not in
the E7-hGFP-R cells. Human primary hepatocytes were used as the positive control.



To observe the effects of the E7-hHNF4α-R cells on the
functional recovery of rats with ALI, the changes of
plasma AST and ALT levels in the PBS group, E7-

hGFP-R group, and E7-hHNF4α-R group were detected at
each time point. As shown in Fig. 6a, b, the levels of
plasma AST and ALT in the E7-hHNF4α-R group
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Fig. 3 Bioluminescence imaging was used to analyze the correlation between luciferase2 reporter gene activity and cell
number (a E7-hHNF4α-R cells and b E7-hGFP-R cells).

Fig. 4 In vivo and ex vivo bioluminescence imaging of the E7-hHNF4α-R cells. a At 1, 3, 6, and 7 days after transplantation, the
E7-hHNF4α-R cells accumulated in the liver region of the rats by detecting bioluminescence light intensity. b Bioluminescence
signal intensity was quantitatively analyzed in vivo liver region of rats with ALI before and after E7-hHNF4α-R cells
transplantation (mean ± standard deviation; n = 6; *P G 0.05, comparison with before E7-hHNF4α-R cells transplantation;
#P G 0.05, comparison with the liver signal values at the same time point). c In ex vivo BLI, E7-hHNF4α-R cells mainly dispersed
distribution in the liver, which further confirmed that the results in vivo BLI. d Bioluminescence signal intensity was
quantitatively analyzed in ex vivo of rats with ALI (mean ± standard deviation; n = 6; *P G 0.05, comparison with before E7-
hHNF4α-R cells transplantation; #P G 0.05, comparison with the liver signal values at the same time point).



decreased gradually at each time point after transplanta-
tion but were significantly lower than that in the PBS
group (P G 0.05); however, the difference was not
statistically significant compared to that in the E7-
hGFP-R group at 1 and 3 days after transplantation.
The levels of plasma AST and ALT in the E7-hHNF4α-
R group were lower than those in the other two groups
at 6 days after transplantation, and the differences were
not statistically significant. The levels of plasma AST
and ALT in the E7-hGFP-R group decreased gradually at
each time point after transplantation, and there was no
significant difference compared to those in the other two
groups. The levels of plasma AST and ALT in the three
groups were close to normal at 7 days after
transplantation.

Liver injury in the PBS group, E7-hGFP-R group, and E7-
hHNF4α-R group was analyzed by H&E staining at 3 days after
transplantation. In Fig. 6c, the normal liver tissue was used as the
negative control. In Fig. 6d–f, the PBS group, E7-hGFP-R group,
and E7-hHNF4α-R group of liver tissues show hepatocyte
swelling and vacuolar changes to some extent. In the E7-
hHNF4α-R group, the regions of cells were arranged precisely,
and the areas of vacuolar degeneration were smaller than those of
the PBS group and E7-hGFP-R group.

Discussion
Mesenchymal stem cells (MSCs) are widely used in clinical
studies in the treatment of immune diseases such as graft-
versus-host disease (GVHD) and Crohn’s disease [25, 26].
In recent years, MSCs have been attracting increasing
attention in tissue repair and cell transplantation replacement
therapy. Differentiation of MSCs into hepatocyte-like cells

has great potential for cell therapy of liver diseases.
However, the low efficiency and low reproducibility of
MSCs in liver differentiation are still the biggest obstacle to
its clinical use [27, 28].

Previous studies have shown that overexpression of
LETFs plays an important role in the regulation of MSC
differentiation [5, 6, 29]. A variety of LETFs plays an
important role in the process of liver development and
maturation. Hepatocyte nuclear factor (HNF) belongs to a
class of transcription factors that regulate the expression of
liver-specific genes, which is essential for the development
and maturation of the liver. Among the six members of the
HNF family, HNF4α plays a key role in the differentiation
and maturation of hepatocytes [30]. Studies have shown that
HNF4α begins to be expressed in the early stages of
embryonic liver development and is present throughout the
entire development of the liver. HNF4α is highly expressed
in the differentiated mature liver and is the key transcription
protein in regulating hepatocyte differentiation and main-
taining hepatocyte biology [9]. HNF4α regulates the
expression of a large number of liver function genes,
including genes associated with hepatocyte differentiation,
glycolysis, gluconeogenesis, urea production, fatty acid
metabolism, cholic acid synthesis, drug metabolism apoli-
poprotein, and coagulation factors [11–13]. Hepatocytes
lacking HNF4α are small and round, exhibit deep cytoplas-
mic staining and almost no glycogen, cannot express protein
molecules that are associated with cell connections, and
produce cells that are unable to form structures such as
sinusoids [10]. Studies have shown that HNF4α plays a
critical role as a “switch” in bone marrow-derived
hematopoietic stem cells that transdifferentiate into
hepatocytes [31]. These findings strongly suggest that
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Fig. 5 Immunohistochemical staining of the rat liver tissue sections. The luciferase expression in a PBS group, b E7-hGFP-R
group, and c E7-hHNF4α-R group was observed at 1, 3, 6, and 7 days after transplantation. The brown stain cells represented
luciferase-positive cells (× 200; scale: 100 μm).



HNF4α can safely and efficiently promote MSC differ-
entiation into hepatocytes and ensure that the cells
function as normal hepatocytes.

In our previous study [17], we successfully transduced
HNF4α into hMSCs (UE7T-13 cells). E7-hHNF4α cells
carried out partial hepatocyte-like functions such as uptake
and release of ICG, glycogen storage, urea secretion, and
ALB secretion in vitro and exhibited phenobarbital-induced
activation of the CYP3A4 gene, suggesting that E7-hHNF4α
cells have potential for drug development.

However, in vitro experimental conditions for stem cell
proliferation and differentiation do not reflect the in vivo
state. At present, little is known about cell proliferation,
migration, differentiation, and outcomes after stem cell
transplantation in vivo, and current research remains in the
exploratory stage, which is another major obstacle to the
clinical application of stem cells. Therefore, it is important to
promote MSC clinical applications by conducting in-depth

research into cell proliferation, migration, distribution, and
differentiation after transplantation of living stem cells.

Bioluminescence imaging (BLI) is a type of optical
imaging that provides quantitative information about living
cells by detecting the expression of the luciferase reporter
gene by using a noninvasive live imaging system (IVIS).
Luciferase2-mKate2 [22, 32], which is a dual-reporter gene
for firefly luciferase and red fluorescent protein (mKate2)
carried by a nonspecific cytomegalovirus enhancer/promoter
(CMV), was used in this study. In addition, GFP is a
fluorescent reporter gene that we chose for cell labeling,
which is primarily used for tracing and sorting E7-hHNF4α
cells. Therefore, E7-hHNF4α cells harboring the luciferase2-
mKate2 dual-fusion reporter gene can stably and continu-
ously express firefly luciferase and red fluorescent protein.
The former can be used for deep tissue and organ imaging of
small animals and is more advantageous for in vivo tracing
such as dynamic tracing after cell transplantation, while the
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Fig. 6 Effect of the E7-hHNF4α-R cells on the functional recovery of rat liver with ALI. a, b The levels of plasma AST and ALT in
E7-hHNF4α-R cells group decreased gradually at each time point after transplantation but significantly lower than that in PBS
group (P G 0.05), and the difference was not statistically significant than that in E7-hGFP-R cells group at 1 and 3 days after
transplantation. The levels of plasma AST and ALT in E7-hHNF4α-R cells group were lower than those in the other two groups
at 6 days after transplantation, and the difference was not statistically significant. c Normal rat liver examined by H&E staining.
d–f PBS group, E7-hGFP-R group, and E7-hHNF4α-R group of liver tissue showed hepatocytes swelling and vacuolar changes
to some extent. In the E7-hHNF4α-R group, the regions of the cells were arranged neatly, and the area of the vacuolar
degeneration cells was smaller than those of the PBS group and E7-hGFP-R group by H&E staining at 3 days after
transplantation.



latter can be used to determine whether the luciferase2-
mKate2 dual-fusion reporter gene was expressed and to
perform flow cytometry on cells expressing the luciferase2-
mKate2 dual-fusion reporter gene. In our study, the E7-
hHNF4α-R cells were successfully constructed with a stable
and high expression of the HNF4α and luc2-mKate2 genes.
In vitro, BLI confirmed that there was a positive correlation
between the number of the E7-hHNF4α-R cells and E7-
hGFP-R cells and their bioluminescence signals. The
preparation allows for the dynamic tracking and quantitative
study of living cells after cell transplantation. A previous
study with the mouse [22, 32] had explored the quantitative
relationship between the bioluminescent signal intensity and
the number of cells of immortalized human mesenchymal
stem cells (UE7T-13) infected with the luciferase2-mKate2
dual-fusion reporter gene in vitro and in vivo. In our study,
in vivo and ex vivo bioluminescence imaging showed that
the E7-hHNF4α-R cells were distributed into the liver via
the SMV. On the first day after transplantation, the intensity
of the bioluminescence signal in the liver region of the rats
was significantly higher than before transplantation. The
signal intensity gradually decreased after 3 and 6 days and
was almost undetectable after 7 days.

On the first and third days after transplantation, the
plasma AST and ALT levels in the liver area of the rats were
significantly lower than in the PBS group and were lower
than in the E7-hGFP-R group, but the difference was not
statistically significant. Current research suggests that short-
term liver function improvement after embryonic stem cell
(ES) and MSC transplantation may be related to paracrine
effects of the transplanted cells and immunomodulatory
effects [33–36]. The E7-hHNF4α-R cells in this study are
hepatocyte-like cells with partially mature liver cell function,
as we described in detail in our previous study [17]. The
effectiveness of liver transplantation for the treatment of
acute and chronic liver injury in animals after successful
induction in vitro to a functional hepatocyte-like cell has
also been demonstrated in other studies [37–39]. This short-
term liver function improvement with stem cell transplanta-
tion is an effective method to save the lives of fulminant
liver failure (FLF) patients and prolong survival during the
period of waiting for liver transplantation [40]. However, the
E7-hHNF4α-R cells were rapidly cleared by the immune
system (7 days) after being transplanted into ALI rats with a
normal immune system and can temporarily improve the
damaged liver function. A large number of previous studies
have also confirmed that, after transplantation, MSCs are
recognized and cleared by the immune system of the
recipient and have difficulty surviving in the recipients for
long periods of time. One week after stem cell transplanta-
tion, it was difficult to trace the exogenous transplanted cells
in the liver in vivo. Conversely, in the case of human bone
marrow mesenchymal stem cell (hMSC) xenografts for the
treatment of mouse/rat liver injury, the immunological
rejection and clearance of MSCs after transplantation were
more pronounced [32, 34, 41].

There are several limitations to this study. First, the E7-
hHNF4α-R cells were studied only in ALI rats with a normal
immune system, and further investigations were conducted in
an immunodeficient rodent model and chronic liver injury
model such as the liver fibrosis model. Second, the long-term
fate of the transplanted E7-hHNF4α-R cells in vivo is unclear.
Third, it is necessary to further improve the generation
efficiency of functional hepatocyte-like cells from MSCs by
overexpression of liver-enriched transcription factors.

Conclusion
E7-hHNF4α-R cells were successfully obtained by lentivirus
transfection with HNF4α overexpression in human MSCs
and with high expression of the HNF4α and luc2-mKate2
dual-fusion reporter genes. Our previous study showed that
the E7-hHNF4α cells exhibited partial hepatocyte-like
functions and gene expression of mature liver markers. In
vitro, BLI confirmed that there was a positive correlation
between the number of the E7-hHNF4α-R cells and E7-
hGFP-R cells and their bioluminescence signals. In vivo and
ex vivo bioluminescence imaging showed that the E7-
hHNF4α-R cells were distributed into the liver via the
SMV. However, E7-hHNF4α-R cells were rapidly cleared
by the immune system (7 days) after being transplanted into
ALI rats with a normal immune system and improved the
damaged liver function in a short period of time.
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