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a b s t r a c t

Aim: The formation of a secondary liver is expected in ectopic transplants in liver therapy. It is reported
that the transplantation of hepatocyte sheets constitutes one of the techniques used to form a secondary
liver. Accordingly, we established a subcutaneous transplant for hepatocyte/fibroblast sheets in previous
studies. In this development study with hepatocyte/fibroblast sheets, we evaluated the differences in
transplantation sites to promote the maturation of transplanted tissue in a liver injury model.
Methods: A cocultured hepatocyte sheet of fibroblasts (TIG-118 cells) and human hepatocytes (PXB cells)
was prepared on a temperature-responsive culture dish. The prepared cocultured hepatocyte sheet was
either transplanted subcutaneously or on the liver surface of a persistent liver injury model (cDNA-uPA/
SCID mouse: uPA mouse), and was evaluated by the human albumin concentration in mouse blood. As a
control group, hepatocyte cell sheets were used that were transplanted to both areas and compared.
Results: Although the cocultured hepatocyte sheet led to functional improvements in the early stages of
culture in subcutaneous transplantation, these did not last in the long-term after transplantation.
Although coculture effects were not observed in the liver surface transplantation case, long-term
functional expressions in mono- and cocultured sheets in the case of liver surface transplantation
were exhibited compared with subcutaneous administration.
Conclusion: These results suggest that sustained stimulation of liver regenerationvaries depending on
the transplant site and is largely involved in the maturation of hepatocyte tissue.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The liver is an organ that performs many functions, and the
hepatocyte is an important cell source for regenerative therapy.
Recently, the transplantation of hepatocytes and/or hepatic tissue is
expected to resolve donor shortage problems [1]. It is reported that
hepatocyte sheets can be used as hepatocyte transplants [2,3].
chi).
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However, it is known that the hepatocyte properties are dependent
on material supply, such as oxygen and/or growth factors, and on
cellecell interactions [4,5]. Thus, numerous techniques have been
reported to control the culture environment that surrounds hepa-
tocytes in vitro [6e8]. This concept is important in the transplanted
hepatocyte sheets because the oxygen supply attributed to angio-
genesis from the recipient is important for the engraftment and
maturity of the cell sheet.

Various techniques have been recently used to control the ox-
ygen supply to hepatocyte tissues in culture. Takebe et al. reported
the generation of blood-vessel-like structures in hepatic tissue to
supply oxygen by combining the blood vessels of the recipient and
hepatic tissue [9]. We previously reported that hepatic sheets with
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fibroblasts were used as scaffolds to induce angiogenesis based on
the secretion of various growth factors from fibroblasts [10].
Therefore, many reports have been performed on the development
of tissue engineering technology that induces angiogenesis in the
transplanted tissue. Conversely, Ohashi et al. reported a technique
for the subcutaneous addition of various growth factors to induce
angiogenesis and aid the transplantation of hepatocytes [11]. This
technique focused on the control of the environment of the trans-
plantation site used for the hepatocyte sheet. In recent years, the
hepatocyte sheet was transplanted to various tissues and organs to
maintain the oxygen supply [12,13]. However, the differences of the
transplant sites and their effects on cell sheet properties have not
been sufficiently evaluated.

In this study, we focused on the differences of oxygen supply
depending on the transplant site. The original hepatocyte sheet was
transplanted subcutaneously and on the liver surface of a chronic
liver disease mouse model, and the effect of the supply of the liver
regeneration stimulating factor on the hepatocyte sheet perfor-
mance was evaluated based on the differences of the transplant
sites.

2. Materials and methods

2.1. TIG-118 cell culture

Normal human fibroblast TIG-118 cells (JCRB0535) were pro-
vided by Health Science Research Resources (Osaka, Japan). TIG-
118 cells were cultured as a uniform monolayer in a 55 cm2 tissue
culture dish that contained 10 mL minimum essential medium
(Gibco) supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 mg/mL streptomycin, and 29.2 mg/mL gluta-
mine. TIG-118 cells grown to confluence in the tissue culture dish
were trypsinized (0.25% trypsin, Wako, Japan) and resuspended in
culturemedium. The culture mediumwas changed every other day.
The cells were cultured in a humidified atmosphere of 5% CO2 at
37 �C.

2.2. Cocultured hepatic sheet consisted of PXB and TIG-118 cells

Fibroblasts that had been cryopreserved at 1 � 106 cells were
thawed and seeded evenly in 6-well temperature-responsive cul-
ture dishes. After 4 days of culture, it was confirmed that the cells
became confluent. Human hepatocytes (PXB cells, PhoenixBio Co.
Ltd.) [14,15] isolated from chimeric mice with murine hepatocytes
(PXBmice) were seeded on fibroblasts. As a control experiment, the
temperature-responsive culture dish was coated with FBS the day
before, and PXB cell-seeded conditions were established. The
seeding density of the PXB cells was 1 � 106 cells per well.

2.3. Transplant of cell sheets in cDNA-uPA/SCID mouse

All experimental procedures were approved by the Animal Care
and Use Committee of PhoenixBio Co., Ltd. Before transplantation,
an analgesic agent (butorphanol tartrate) was subcutaneously
administered to a chronic liver injury model (cDNA-uPA/SCID
mouse: males, 2e4 weeks old). Subcutaneous transplantations of
cell sheets were performed in the presence of isoflurane anesthesia
into the cDNA-uPA/SCID mouse [10]. Additionally, the abdomen of
the host mouse was opened upward, the liver surface was peeled
off with a cotton swabwith scratches or tweezers, and the cell sheet
was transplanted after hemostasis under isoflurane anesthesia
(Fig. 1). After the treatment, it was confirmed that hemostasis was
achieved. Two weeks after the transplantation, blood was collected
every week for 12 weeks, and was stored at �30 �C until serum
component analysis was performed.
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2.4. Albumin and aminotransferase (AST) assays

Human albumin concentration in each uPA mouse was evalu-
ated as an index of cell function. The concentration of albumin in
the culture medium was determined by the enzyme-linked
immunosorbent assay (Human Albumin ELISA Quantitation Kit,
Bethyl Laboratories, Montgomery, TX, USA). Human aspartate
aminotransferase (hAST) concentration was evaluated as an index
of liver damage. The concentrations of hAST in the serum of uPA
mouse was measured by the SRL company.

2.5. Immunohistochemistry

Each tissue in in cDNA-uPA/SCID were fixed with 4%para-
formaldehyde phosphate buffer solution (Wako Pure Chemi-cal).
Fixed samples were embedded in paraffin, cut into 5 mm cross-
sections. For immunostaining, sections were heated in citrate
buffer (pH 6.0) using amicrowave for antigen retrieval, incubated in
3% hydrogen peroxide solution for 10 min to quench endogenous
peroxidase activity-blocking system (Dako Japan, Kyoto), and then
blocked in Tris-buffered saline (TBS) containing 5% bovine serum
albumin (BSA) for 15 min at room temperature. Blocked sections
were incubated overnight at 4 �C in TBS, and the following anti-
bodies: rabbit anti-human albumin (hALB) (abcam; 1:8000) and
rabbit anti-human alpha 1-antitrypsin (hA1AT) (SigmaeAldrich; 1:
500). Sections were visualized using the Dako liquid DAB substrate
chromogen system (Dako Japan). Bright-field images were captured
using an optical microscope (BX53; Olympus, Tokyo).

2.6. Statistical analysis

Data are presented as mean ± standard deviation. All experi-
ments were performed at least three times and showed reliable
reproducibility. Statistical differences of cell number, albumin,
glucose, and lactate assays were evaluated by a repeated-measures
analysis of variance. Statistical analyses were performed using 2-
way ANOVA. P-value of <0.05 was considered statistically
significant.

3. Results

3.1. Formation of PXB cell sheets

The PXB cells in FBS-coated dished exhibited a spreading
morphology on the first day of culture (Fig. 2). When both cell
sheets were peeled off, PXB cells alone did not show cell contrac-
tility. Conversely, cell sheets in the cocultured sheet exhibited
strong contractility and formed a relatively small cell sheet.
Comparing the cross-sections of these cell sheets, PXB/TIG-118 cells
had a thicker tissue than the PXB sheet that was only formed by
single cells. The presence of fibroblast scaffolds greatly influenced
the formation of hepatocyte sheets.

3.2. Hepatic function of PXB cell sheets

To analyze the improvement of liver function in the cell sheets,
body weight gain ratio, human aspartate aminotransferase (hAST)
and the blood albumin concentrations were compared in the mice
that were transplanted with each sheet. Although there was no
significant difference in changes in weight gain ratio and hAST
concentrations in blood (Fig. 3A and B), albumin levels changed
depending on the conditions. In the case of subcutaneous trans-
plantation, a drastic decrease in functional expression was
observed two weeks after transplantation on the sheet that only
contained PXB. The cell sheet cocultured with TIG-118 was



Fig. 1. Schematic of transplantation of PXB cells sheet or PXB/TIG118 cells sheet in cDNA-uPA/SCID mouse on subcutaneous space and liver surface.

Fig. 2. Morphology of hepatocytes at different stages of the culture and tissue morphology based on sheet formation. Scale bar: 100 mm.
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tampered with for periods up to 6 weeks after transplantation, but
a decrease in functional expression was confirmed after 7 weeks.
Conversely, in the case of the surface transplantation of the liver, a
constant functional expression was maintained for 12 weeks after
transplantation, regardless of the presence or absence of TIG-
118 cells (Fig. 4). Although they were not present on subcutaneous
space, human hepatocyte-positive cells could be seen on the liver
surface on 12 weeks of transplantation (Fig. 5).

These results suggested that the influence from the transplant
sitewas very large and the coculture effect was almost ineffective in
the liver surface compared with the subcutaneous transplant.
9

4. Discussion

Hepatocyte sheet transplantation is expected to be an effective
treatment for various liver disease patients [2,3]. However, the
environment surrounding the cells affects their function in the
cases of cells with high-oxygen demand, such as hepatocytes [6,7].
In this study, we evaluated the effect of the differences of the
transplant environment on the function for the cocultured hepa-
tocyte sheet that was transplanted to each site.

Although there were a few damages in hepatocyte trans-
plantation, there was almost no effect on growth owing to the



Fig. 3. Effect for uPA mouse by transplant of each hepatocyte sheet. Change in (A) body weight gain ratio, (B) concentration of human aspartate aminotransferase (AST). in PXB cells
sheet transplanted in the liver surface (open circles), PXB/TIG118 cells sheet transplanted in the liver surface (closed circles), PXB cells sheet transplanted in the subcutaneous (open
squares), and PXB/TIG118 cells sheet transplanted in the subcutaneous (closed squares) conditions. Error bars represent the SD.

Fig. 4. Human albumin concentration after transplant of each hepatocyte cells sheets
in PXB cells sheet transplanted in the liver surface (open circles), PXB/TIG118 cells
sheet transplanted in the liver surface (closed circles), PXB cells sheet transplanted in
the subcutaneous (open squares), and PXB/TIG118 cells sheet transplanted in the
subcutaneous (closed squares) conditions. Error bars represent the SD. *P < 0.05 (two-
way ANOVA).
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damage after transplantation (Fig. 3A, B). Conversely, the albumin
concentration in blood was dependent on the transplant site, and
the significance of this effect was confirmed in liver transplantation
cases (Fig. 4). Those growth factors such as HGF and IL-6 were
secreted from various non-parenchymal cells in the chronic liver
damage [16,17], and it is suggested that the hepatocyte sheets in
liver transplantation were stimulated by those cytokines to pro-
mote hepatic function expression. In other words, the subcutane-
ous site has a poor capacity to supply substances from blood
vessels, and hepatocyte sheet in subcutaneous transplantation can
not constitute an environment in which hepatocytes work suffi-
ciently. In other words, the subcutaneous site has a poor capacity to
supply substances from blood vessels, and hepatocyte sheet in
subcutaneous transplantation can not constitute an environment in
which hepatocytes work sufficiently. In fact, subcutaneous trans-
plantation requires the induction of angiogenesis by growth factors,
such as bFGF and VEGF [11]. We found that cocultured hepatocyte
sheets have angiogenic potential [10], and the difference in this
10
capacity may cause differences in functional expressions under the
subcutaneous with poor supply.

Conversely, the hepatocyte sheet on the liver surface main-
tained functional response on the long-term. It was suggested that
the hepatocyte sheet transplanted on the liver surface was supplied
with factors necessary for themaintenance of liver function and cell
engraftment by the intestinal blood flow that is rich in oxygen and
growth factors. In fact, it has been reported that cell sheets have
enhanced engraftment capacity in tissues with abundant blood
flow, such as the liver. It was reported that the pancreatic b-cell
sheet maintains high functionality when transplanted in the liver
surface [18]. However, the effects in co-culture conditions were not
evident for hepatocyte sheets in the liver surface transplant. In
addition, the mono-culture sheet engrafted better than co-culture
sheets (Fig. 5). It is considered that the factor that supports
cellecell interaction functions at the transplant site where the
substance supply is poor, such as subcutaneous tissue, but the
supply of substances from the host animal is more involved than
the effects of cellecell interactions. The detailed mechanism is
unknown, but hepatocytes alonemay have a higher affinity for liver
surface transplantation. However, the effects of co-culture with
other cells were not observed in liver surface transplantations. It is
considered that the factor responsible for the support of cellecell
interaction functions at transplant site where the supply of sub-
stance is poor, such as subcutaneous tissue (Fig. 4). However, the
supply of substances from the host animal is more involved than
the effects of cellecell interactions. It is known that the various
substances are provided for transplanted hepatocytes when liver
regeneration occurs [19,20]. Furthermore, it is considered that
sufficient liver regeneration-related factors were supplied even in
the hepatocyte sheets because liver regeneration always occurs in
uPA mice with chronic liver damage (Supporting Fig. 1).

Thus, it was suggested that the biological environment sur-
rounding the cell sheet is involved considerably in the performance
of the transplanted tissue, and that an organ with an enhanced
substance supply, such as the liver surface, becomes an effective
scaffold for cell tissue transplantation. However, only specific
functional expressions such as albumin have been evaluated in this
study. It is necessary to evaluate coagulation factor secretion and
the drug metabolic ability in the future. In this study, we have a
special transplant environment wherein chronic liver regeneration
occurs. In addition, of the fact that the mice were immunodeficient



Fig. 5. Engraftment of each hepatocyte sheet into the Subcutaneous and liver surface of uPA mice at 12weeks after transplantation. Human hepatocyte engraftment was evaluated
by immunostaining of human albumin (Human ALB) and human a1-antitrypsin (Human A1AT). Scale bar: 200 mm.
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did not facilitate the applicability of the technique and its trans-
lation to the clinic. However, it is expected that it will be applied to
hepatocyte transplantation therapy for patients with liver diseases
given that it is feasible to use laparoscopic surgery in liver surface
transplantation.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.reth.2021.02.004.
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