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The Use of Foxa2-Overexpressing Adipose Tissue-Derived Stem Cells in a
Scaffold System Attenuates Acute Liver Injury
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Background/Aims: For the clinical application of stem cell
therapy, functional enhancement is needed to increase the
survival rate and the engraftment rate. The purpose of this
study was to investigate functional enhancement of the
paracrine effect using stem cells and hepatocyte-like cells
and to minimize stem cell homing by using a scaffold system
in a liver disease model. Methods: A microporator was used
to overexpress Foxa2 in adipose tissue-derived stem cells
(ADSCs), which were cultured in a poly(lactic-co-glycolic acid)
(PLGA) scaffold. Later, the ADSCs were cultured in hepatic
differentiation medium for 2 weeks by a 3-step method.
For in vivo experiments, Foxa2-overexpressing ADSCs were
loaded in the scaffold, cultured in hepatic differentiation
medium and later were implanted in the dorsa of nude mice
subjected to acute liver injury (thioacetamide intraperitoneal
injection). Results: Foxa2-overexpressing ADSCs showed
greater increases in hepatocyte-specific gene markers (alpha
fetoprotein [AFP], cytokeratin 18 [CK18], and albumin), cyto-
plasmic glycogen storage, and cytochrome P450 expression
than cells that underwent the conventional differentiation
method. In vivo experiments using the nude mouse model
showed that 2 weeks after scaffold implantation, the mRNA
expression of AFP, CK18, dipeptidyl peptidase 4 (CD26), and
connexin 32 (CX32) was higher in the Foxa2-overexpressing
ADSCs group than in the ADSCs group. The Foxa2-overex-
pressing ADSCs scaffold treatment group showed attenuated
liver injury without stem cell homing in the thioacetamide-
induced acute liver injury model. Conclusions: Foxa2-over-
expressing ADSCs applied in a scaffold system enhanced
hepatocyte-like differentiation and attenuated acute liver

damage in an acute liver injury model without homing ef-
fects. (Gut Liver 2019;13:450-460)
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INTRODUCTION

Adipose tissue-derived stem cells (ADSCs) are the most easily
and abundantly acquired adult stem cells. ADSCs have differ-
entiation abilities and stem cell characteristics similar to those
of other adult stem cells,' and using an individual’s own ADSCs
yields an important clinical advantage.

Many studies have demonstrated the beneficial effects of
stem cell therapy in various liver diseases; however, stem cell
therapy also has disadvantages, such as the low differentiation
efficiency, short lifespan of stem cells, and the high cost of mass
production.” To overcome these limitations and to enhance the
efficacy of stem cell therapy, various studies have been con-
ducted with different techniques.

Methods involving hypoxic pretreatment states, gene transfer
and pretreatment with cytokines have been reported.”” Some
studies on liver diseases have used hepatocyte nuclear factor
40, (HNF40), forkhead box protein (Foxa2), hepatocyte growth
factor (HGF) and insulin-like growth factor I gene transfer in as-
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sociation with stem cell therapy.” " Foxa2 activates hepatocyte-

specific genes such as albumin (ALB) and transthyretin and is
also known as a major transcription factor for liver differentia-

11,12

tion. *° Foxa2 overexpression in bone marrow-derived stem

cells has been associated with significant increases in hepatocyte
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functional markers such as ALB, Cytochrome P450, and alpha-1
antitrypsin (AAT)."” Moreover, Foxa2-overexpressing rat bone
marrow-derived mesenchymal stem cell (rBM-MSC) therapies
are more effective in treating hepatic fibrosis than conventional
stem cell therapies.” However, safety issues such as off-target
migration of gene-transferred cells have not been resolved in in
vivo models." Moreover, there is a risk of thrombus formation
when stem cells are administered intravascularly because of dif-
ferent stem cell sizes."”” Therefore, to minimize these risks, treat-
ment options without stem cell homing have been considered.
Recent studies have reported that stem cell-secreted cytokines
play a more positive role in tissue recovery and regeneration
than stem cell transfer to tissues and differentiation into healthy

cells.'™"’

The use of stem cell paracrine effects may be an ap-
proach to improve the stability of stem cell therapies by avoid-
ing direct stem cell injection into tissues.

In this study, we investigated whether the use of partially dif-
ferentiated ADSCs overexpressing Foxa2 in a scaffold system
could help maximize the efficacy of ADSCs. We further inves-
tigated the additional benefits of using partially differentiated
hepatocyte-like cells under a scaffold system in an acute liver

injury model.

MATERIALS AND METHODS
1. Cell isolation and culture

Human ADSCs (PT-5006, Lonza, Walkersville, MD, USA) were
purchased from Lonza. Cells from the third passage were used;
the cell pellet was resuspended in complete Dulbecco’s modified
Eagle’s medium with F12 (DMEM F12) containing 10% fetal
bovine serum and 1% penicillin-streptomycin and plated on a
6-mm dish at 37°C in an atmosphere of 5% CO,.

2. Plasmids and molecular cloning

The coding regions of Foxa2, HNF4q, and GATA4 (NM_
021784.4, NM_000457.4, and NM_001308093.1) were amplified
using a ¢cDNA ORF clone (OriGene, Rockville, MD, USA) and
cloned into a pEGFP-C1 vector (Clontech, Palo Alto, CA, USA).
The pEGFP-C1 vector is a green fluorescent protein (GFP)-tagged
plasmid and was used alone as a control (pEGFP-C1 group).
This plasmid does not contain any foreign genes.

3. Transfection using electroporation

ADSCs were resuspended in resuspension buffer R (Invitrogen,
Waltham, MA, USA) at a density of 1x10° cells/mL and mixed
with 1 pg of the constructed plasmids for each gene. Electropor-
ation was performed using a Microporator (Invitrogen) at 1,200
V in two pulses of 20 ms each. After electroporation, the cells
were plated on a 6-well plate at 37°C in an atmosphere of 5%
CO,. The green fluorescence of EGFP-C1 was visualized using
a Leica DMI 14000B inverted microscope (Leica Microsystems,
Wetzlar, Germany) and confirmed by qRT-PCR (Supplementary

Fig. 1).
4. ADSC seeding into PLGA scaffolds

Poly(lactic-co-glycolic acid) (PLGA) scaffolds (MW?: 115 kDa,
Sigma-Aldrich; Pluronic F127) (professor J.H.L: pore size, 100 to
200 pm; @, 7 mm; T, 2 mm) were loaded with 1x10° transfected
ADSCs using a volume of 20 uL on each side. To settle the AD-
SCs, the ADSC-loaded scaffolds were incubated for 2 hours in
complete medium. After 24 hours, the transfection efficiency
was determined using fluorescence microscopy. Later, differen-

tiation was carried out in differentiation medium.
5. Hepatocyte-like cell differentiation methods

Three differentiation media were used for ADSC differentia-
tion into hepatocyte-like cells. For the first (differentiation me-
dium #1), 20 ng/mL epidermal growth factor (EGF) and 10 ng/
mL basic fibroblast growth factor (bFGF) were added to Iscove’s
modified Dulbecco’s medium (IMDM), and differentiation was
carried out for 2 days. In the second (differentiation medium
#2), IMDM was supplemented with a mixture of 20 ng/mL HGF,
10 ng/mL bFGF and 0.61 g/L nicotinamide, and differentiation
was carried out for 1 week. For the third (differentiation medi-
um #3), 20 ng/mL oncostatin M, 1 pmol/L dexamethasone and
50 mg/mL ITS premix were added to IMDM, and differentiation
was carried out for 1 week.

6. RNA isolation, real-time quantitative polymerase chain
reaction (QRT-PCR) and reverse transcription PCR (RT-
PCR)

RNA was extracted from ADSCs and ADSCs/scaffolds using
TRIzol reagent (Invitrogen), and cDNA was synthesized us-
ing a PrimeScript RT Reagent Kit (Takara Bio, Kusatsu, Japan).
The scaffold was frozen in liquid nitrogen and crushed before
TRIzol reagent was used. qRT-PCR was performed using a
LightCycler 480 system (Roche Diagnostics, Mannheim, Ger-
many) with LightCycler 480 SYBR Green I Master Mix (Roche
Diagnostics). All samples were subjected to three repeated tests
for accuracy. The primers for human Foxa2, HNF4o, GATA4,
ALB, cytokeratin 18 (CK18), and alpha fetoprotein (AFP) and
AFP and for mouse tumor necrosis factor-o (TNF-a), inter-
leukin (IL)-1B, monocyte chemotactic protein-1 (MCP1) and
IL-6 are shown in Supplementary Tables 1 and 2. For RT-PCR,
RNA was extracted from each liver tissue sample using TRIzol
reagent (Invitrogen) and cDNA was synthesized with a cDNA
synthesis kit (iNtRON Biotechnology, Seongnam, Korea). The
RT-PCR primers included those for human f2-microglobulin
(forward: 5’-GTGTCTGGGTTTCATCCATC, reverse: 5'-AATG
CGGCATCTTCAACCTC) and mouse B2-microglobulin (for-
ward: 5-TCAGTAACACAGTTCCACCC, reverse: 5'-GTTCAAAT
GAATCTTCAGAGCAT).



452 Gut and Liver, Vol. 13, No. 4, July 2019

7. Immunofluorescence

The scaffold paraffin block was sectioned, and immunofluo-
rescence was performed to determine cytochrome P450 expres-
sion. After deparaffinization using Histo-Clear, permeabilization
was performed with 0.1% Triton X-100 in phosphate-buffered
saline, and the sections were blocked with 10% normal goat
serum and 1% bovine serum albumin. Anti-cytochrome P450
2E1 (ab28146; Abcam, Cambridge, UK) was used, and goat anti-
rabbit IgG H&L (Alexa Fluor 488) (ab150077; Abcam) was used
as the secondary antibody. To identify human-specific markers,
anti-mitochondrial antibody, surface of intact mitochondria,
clone 113-1 (MAB1273; Merck Millipore, Darmstadt, Germany)
was used, and goat anti-mouse IgG (Alexa Fluor 488) (ab150113;
Abcam) was used as the secondary antibody. Immunofluores-
cence quantification was performed with ImageJ software (Na-
tional Institutes of Health, Bethesda, MD, USA).

8. Animals and experimental procedures

(57BL/6 and nude mice (6 weeks old) were purchased from
Orient Animal Laboratory, Seoul, South Korea. Nude mice were
transplanted with ADSCs/scaffolds in their dorsal subcutane-
ous tissue for in vivo cultures (HY-IACUC-16-0015). A liver
injury model was established using C57BL/6 mice to determine
the effects of the transfected ADSCs/scaffolds. All C57BL/6
mice received thioacetamide (TAA; 200 mg/kg, intraperitoneal)
(Sigma-Aldrich, 163678) for the first 2 days, and the scaffold
was implanted in the dorsal subcutaneous tissue of the mice im-
mediately after the first injection. ADSCs/scaffolds and Foxa2-
transfected ADSCs/scaffolds were incubated in differentiation
medium #1 for 1 day before being implanted. The TAA-only
group (group 1) was injected with TAA once daily for 2 consec-
utive days, and scaffolds with no cells were implanted. Group
2 was implanted with pEGFP-C1-transfected ADSCs/scaffolds,
while group 3 was implanted with Foxa2-transfected ADSCs/
scaffolds. The mice in all groups were given dorsal incisions to
minimize surgical variations. After a week, the surviving mice
were anesthetized, liver and blood samples were obtained, and
the scaffolds were retrieved (HY-IACUC-16-0034). All the ex-
perimental procedures were approved by the Hanyang Institu-
tional Animal Care and Use Committee.

9. Histological analysis

The liver tissue and implanted scaffolds were fixed in 4%
paraformaldehyde. The paraffin blocks were prepared by fixa-
tion, washing, dehydration, clearing, paraffin infiltration and
embedding. Liver tissue and the retrieved scaffolds were sec-
tioned (4- and 8-um-thick sections, respectively) and processed
for further experiments. Hematoxylin and eosin (H&E) staining
was performed, and the necrotic area was evaluated by a single
blinded pathologist. For liver function evaluation, periodic acid-
Schiff staining (PAS Staining Kit, 1.01646.0001; Merck Milli-

pore) was performed to analyze glycogen storage capacity. PAS
staining was quantified by the immunoreactive score (IRS). The
intensity of glucose staining was scored as follows: no reaction
received a score of 0, a weak color reaction received a score of
1, a moderate-intensity color reaction received a score of 2, and
an intense reaction received a score of 3. In addition, the extent
of glucose staining (%) was scored as follows: a lack of positive
cells denoted a score of 0, <25% positive cells denoted a score
of 1, 25% to 50% positive cells denoted a score of 2, 51% to
75% positive cells denoted a score of 3, and >75% positive cells
denoted a score of 4. To obtain the final score, the intensity
score was multiplied by the extent score.

10. Magnetic Luminex assay

HGF, EGF, bFGF, vascular endothelial growth factor-A
(VEGF-A), IL-10, IL-4, IL-13, TNF-a, MCP-1, IL-1pB, and IL-6
secretion were assessed using a magnetic Luminex assay kit
(R&D Systems, Minneapolis, MN, USA). The cytokines secreted
by Foxa2-overexpressing ADSCs were assessed using culture
medium collected after 2, 5, or 7 days of differentiation. Differ-
entiation media #1 and #2 were used as controls.

11. Statistical analysis

All experiments were independently repeated three times. The
values are expressed as the mean+standard deviation. Statistical
analysis was performed using SPSS for Windows version 18.0
(SPSS Inc., Chicago, IL, USA). One-way analysis of variance was
performed to compare means, and a p-value <0.05 was consid-
ered significant.

RESULTS

1. Hepatocyte differentiation using hepatic gene overex-
pression in 2D conditions

The mRNA expression of the hepatic differentiation markers
AFP, ALB and CK18 was evaluated after the Foxa2, HNF4q, and
GATA4 genes were overexpressed in ADSCs differentiated using
conventional differentiation medium (Fig. 1A). Foxa2 overex-
pression increased the expression of AFP (18-fold increase),
ALB (10-fold increase) and CK18 (16-fold increase) compared
with normal culture conditions. Moreover, HNF4o. overexpres-
sion also increased the expression of AFP (3-fold increase), ALB
(5-fold increase) and CK18 (3-fold increase) compared with
normal differentiation conditions. The GATA4-overexpressing
ADSC group also showed significantly higher expression of AFP
(107-fold increase) and CK18 (50-fold increase) than the non-
overexpressing group. However, GATA4-overexpressing ADSCs
did not show good viability. PAS staining revealed increased
glycogen storage ability in the transfected cells compared to the
control cells (Fig. 1B).

We therefore selected the Foxa2-overexpressing ADSC group
for subsequent experiments (three-dimensional [3D] culture and



Chae YJ, et al: Foxa2 Overexpression Using PLGA Scaffold Attenuated Liver Injury 453

>

150 A 15+ 60 A
5 5 5 “
T '® l T '® I
3 2100 - 3 $10 8 240
s s I5
< g < & o %
Oo (O S0
oo oo . ® o
.2 . 4.2 . = _ .
<5 % <5 ° 58
4] * [ 0
0 0 - 0
pEGFP-C1 Foxa2 HNF4a GATA4 pEGFP-C1 Foxa2 HNF4a GATA4 pEGFP-C1 Foxa2 HNF4a GATA4
B pEGFP-C1 Foxa2 HNF4o.
RSy s ¥ R~ & [ A T T 1
+a / & A ‘-.,‘
B W O O ff’.é‘\.':-:."‘ e | A=
Npebit S IS e
N oy M RIS i-‘f"}'% Ry : Q
M 3 » - e -
=iy “hipa e, -l‘(:_,.?.r R < s ,:’:’ A ’ \ B
Wiy . . o g B > 5%, va s A &
J "\Q k' —r ‘. ) ?;;‘?H J;i l\ u ’# *% -
: g/ 2,4 :

Fig. 1. Hepatic differentiation ability in two-dimensional (2D) culture. (A) Gene expression of hepatic differentiation markers (AFP, ALB, and
CK18) in transfected ADSCs after 2 weeks measured by gRT-PCR. (B) Amount of cytoplasmic glycogen after the overexpression of various gene in
2D culture measured by periodic acid-Schiff (PAS) staining (PAS staining: blue, nuclei; purple, glycogen in cytoplasm; magnification: x400). The

arrows indicate cytosol.

AFP, alpha fetoprotein, ALB, albumin; CK18, cytokeratin 18; ADSCs, adipose tissue-derived stem cells; qRT-PCR, real-time quantitative poly-

merase chain reaction; Foxa2, forkhead box protein. *p<0.05.

in vivo culture) due to the successful induction of AFP, ALB and
CK18 expression in two-dimensional (2D) cultures.

2. Hepatocyte differentiation using Foxa2 overexpression
in a 3D scaffold system (Foxa2-overexpressing ADSCs/
scaffolds)

Next, we analyzed hepatic differentiation ability after over-
expressing Foxa2 under conventional differentiation conditions
in 3D cultures with PLGA scaffolds (Fig. 2). The mRNA levels
of AFP, CK18, CD26 and CX32 were significantly higher in the
Foxa2-overexpressing ADSC/scaffold group than in the conven-
tional differentiation group (AFP: 4-fold higher, p=0.01; CK18:
2-fold higher, p=0.028; CD26: 3-fold higher, p=0.024; CX32:
28-fold higher, p<0.001) (Fig. 2A). H&E staining confirmed the
presence of cells in the PLGA scaffold. Next, to evaluate hepato-
cyte function in Foxa2-overexpressing ADSCs, glycogen storage
ability and cytochrome P450 expression were determined. The
intensity of PAS staining was 1.7-fold higher (p=0.05) in the
Foxa2-overexpressing ADSC/scaffold group than in the control
group. However, the extent of PAS staining was not significant-
ly different between the two groups. The final score obtained by
multiplying the two scores (the IRS) was 1.8-fold higher (p=0.05)
in the Foxa2-overexpressing ADSC/scaffold group than in the
control group. In 3D culture, cytochrome P450 expression was
2.2-fold higher (p<0.01) in the Foxa2-overexpressing ADSC/
scaffold group than in the control group (Fig. 2B and C).

Thus, Foxa2 overexpression promoted hepatic differentiation

in an in vitro system. Next, we evaluated whether transfection
of ADSCs with Foxa2 also promoted in vivo hepatic differentia-
tion in a nude mouse model.

3. Hepatic differentiation using Foxa2 overexpression and
a PLGA scaffold system in an in vivo model

We next investigated whether Foxa2 overexpression in AD-
SCs promotes differentiation into hepatocyte-like cells in vivo.
Foxa2-overexpressing ADSCs and conventional ADSCs were
injected into PLGA scaffolds and incubated in differentiation
medium #1 for hepatic differentiation. The next day, the PLGA
scaffolds were implanted into mouse subcutaneous tissue (Fig.
3A). Blood vessel formation was observed around scaffolds and
differentiated stem cells were observed through a scanning elec-
tron microscope (SEM) in both groups on day 14 after scaffold
implantation (Fig. 3A and B).

The Foxa2-overexpressing ADSC/scaffold group had 6-fold
higher AFP levels (p<0.001), 5-fold higher CK18 levels (p=0.02),
2.5-fold higher CD26 levels (p=0.001), and 2.8-fold higher CX32
levels (p<0.001) than the group of ADSCs without gene over-
expression (Fig. 3C). After 2 weeks, the cells in the PLGA scaf-
folds implanted in the subcutaneous tissues of nude mice were
identified by SEM and H&E staining. To evaluate hepatocyte
function, glycogen storage ability and cytochrome P450 expres-
sion were determined. The intensity of PAS staining was 1.7-
fold higher (p=0.05) in animals with the Foxa2-overexpressing
ADSC/scaffold system than in control animals. In addition, the
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Fig. 2. Comparison of hepatic differentiation ability in three-dimensional (3D) culture using a scaffold. (A) qRT-PCR expression of hepatic dif-
ferentiation markers (AFP, CK18, CD26, and CX32) in Foxa2-transfected ADSCs after 2 weeks in 3D culture. (B) H&E staining, periodic acid-
Schiff (PAS) and cytochrome P450 immunofluorescence in Foxa2-overexpressing ADSCs in 3D culture (a and b: H&E staining, blue - nuclei, pink
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cytosol, x1,000). (C) Quantification of cytochrome P450 intensity and glucose expression.

gqRT-PCR, real-time quantitative polymerase chain reaction; AFP, alpha fetoprotein; CK18, cytokeratin 18; CD26, dipeptidyl peptidase 4; CX32,
connexin 32; ADSCs, adipose tissue-derived stem cells; Foxa2, forkhead box protein. *p<0.05.

IRS was also 1.5-fold higher (p=0.05) in the Foxa2-overexpress-
ing ADSC/scaffold group than in the control group in vivo. Cy-
tochrome P450 expression was 4.2-fold higher (p<0.01) in the
Foxa2-overexpressing ADSC/scaffold group than in the control
model group (Fig. 3D and E).

Thus, Foxa2 overexpression promoted hepatic differentiation
in an in vivo system. Next, we evaluated whether transfection
of ADSCs with Foxa2 attenuated acute liver damage in an acute
liver injury model.

4. Foxa2 overexpression in ADSCs in a PLGA scaffold sys-
tem attenuated liver injury in acute liver injury model

An acute liver injury model was induced by intraperitoneal
injection of TAA for 2 consecutive days. On day 1 of TAA
injection, Foxa2-overexpressing ADSCs/scaffolds and non-

overexpressing ADSCs/scaffolds were inserted into dorsal sub-
cutaneous tissues of nude mice. Liver tissues and scaffolds were
retrieved after a week. Inflammatory cells and necrotic areas
were observed near the portal triad following TAA injection, but
the necrotic area was significantly lower in the Foxa2-overex-
pressing ADSC/scaffold group than in the non-overexpressing
group (Fig. 4A). Later, liver function tests were performed on
blood samples. ALB synthesis was significantly increased and
total bilirubin was significantly decreased in the Foxa2-overex-
pressing ADSC/scaffold group compared to non-overexpressing
group. However, aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels did not differ between the ADSC/
scaffold group and the Foxa2-overexpressing ADSC/scaffold
group (Fig. 4B). Liver tissue MCP1 mRNA expression was sig-
nificantly lower (p=0.034) in the Foxa2-overexpressing group
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ADSCs, adipose tissue-derived stem cells; PLGA, poly(lactic-co-glycolic acid); qRT-PCR, real-time quantitative polymerase chain reaction; AFP,
alpha fetoprotein; CK18, cytokeratin 18; CD26, dipeptidyl peptidase 4; CX32, connexin 32; Foxa2, forkhead box protein. *p<0.05.
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than in the TAA-only group (Fig. 4C).
5. Stem cell homing and changes in the scaffolds

Stem cell migration into the injured liver in the ADSC/scaf-
fold-implanted groups was evaluated using PCR and immuno-
fluorescence (Fig. 5). Based on human and mouse B2-globulin
housekeeping gene expression and human-specific immuno-

fluorescence staining, no stem cell migration into damaged liver
tissue was observed (Fig. 5A and B).

Immunofluorescence staining using a human-specific anti-
body confirmed that most of the cells in the scaffolds were hu-
man ADSCs. PAS staining was used to analyze the differentia-
tion of injected ADSCs into hepatocyte-like cells, and the results
showed higher glycogen storage ability in the Foxa2-overex-
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tissue-derived stem cells; Foxa2,
forkhead box protein.

pressing ADSC/scaffold group than in the non-overexpressing
group (Fig. 5B).

6. Paracrine effect of Foxa2-overexpressing ADSCs/scaf-
folds

To determine the mechanism underlying improvements in
liver damage, we examined the concentrations of secreted
cytokines and hormones in non-overexpressing ADSC condi-
tional medium and Foxa2-overexpressing ADSC conditional
medium. HGF and bFGF levels were higher in both ADSC treat-
ment groups than in the control group on day 5. However,
HGF, bFGF, and VEGF-A levels increased to higher levels in the
Foxa2-overexpressing ADSC/scaffold group than in the simple
ADSC treatment group (Fig. 6). Cytokine array data showed that
the levels of both anti-inflammatory and inflammatory cyto-
kines were higher in the ADSC groups (the Foxa2-overexpress-
ing ADSC/scaffold group as well as the simple ADSC group)
than in the control group. IL-10, IL-4, IL-6, and IL-13 levels
were also higher in the Foxa2-overexpressing ADSC/scaffold
group than in the simple ADSC group and the control group.
Although IL-1p concentrations were higher in the Foxa2-
overexpressing ADSC/scaffold group than in the simple ADSC
group, TNF-o. and MCP-1 levels did not different significantly
between the groups.

DISCUSSION

The current study showed that Foxa2 gene overexpression
in ADSCs promoted hepatocyte-like cell differentiation and

protected hepatocytes in a liver injury model. The gene delivery
system using scaffolds showed a protective effect in damaged
liver tissue without stem cell migration.

Previous studies using stem cell therapy with gene transfer
have reported that HNF4o,, Foxa2, C/EBPa, and HNF1a gene
overexpression could promote hepatocyte differentiation ef-
ficiency in liver diseases.”®' In addition, some studies have
found that Foxa2-overexpressing rBM-MSCs have enhanced
function and are more effective for anti-inflammatory and anti-
fibrotic treatment than conventional stem cell therapies.” How-
ever, no study has evaluated the protective effects of enhanced
ADSC differentiation into hepatocyte-like cells or the effects
of enhanced ADSC differentiation on liver tissue using a liver
disease model. Moreover, only a few studies have evaluated
whether the enhanced function of Foxa2-overexpressing rBM-
MSCs can aid in restoring liver function or reducing damage in
liver injury animal models.

In the current study, the Foxa2 gene was selected to enhance
stem cell function. Both Foxa2 and GATA4 overexpression
increased the expression of AFP, ALB and CK18 mRNA as well
as the amount of glycogen in the cytoplasm. However, GATA4
overexpression in ADSCs reduced the viability of the cells.
Therefore, in the current study, Foxa2 overexpression was se-
lected for further experiments.

This current study demonstrates, for the first time, how stem
cell function can be enhanced using gene overexpression and
a scaffold system. The efficacy and safety of improving stem
cell function with a scaffold system were confirmed in a mouse
model of acute liver failure. A scaffold is a 3D culture system for
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Fig. 6. Paracrine effects of cytokines. Growth factors and inflammatory cytokines were evaluated using a magnetic Luminex assay kit. On the 2nd
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HGF, hepatocyte growth factor; Foxa2, forkhead box protein; EGF, epidermal growth factor; bFGF, basic fibroblast growth factor; VEGE-A, vas-

cular endothelial growth factor-A; IL-6, interleukin 6; TNF-a, tumor necrosis factor-o.; MCP1, monocyte chemotactic protein-1.

reproducing cell-to-cell and cell-to-environment interactions.
Scaffolds are known to inhibit free migration of stem cells and
to aid in stem cell proliferation and differentiation. Scaffolds
generally control pore size to allow the entry of nutrients and
various factors but prevent cell migration after cell attachment.
As the stem cells are located on all sides of the scaffolds, un-
like in 2D culture, the scaffold system provides an environment
similar to that of the body to promote efficient proliferation and
differentiation.”*”’

One previous study treated liver diseases using scaffolds by
forming 3D cultures and promoting differentiation efficiency,
while another study enhanced stem cell function using hepa-
tocyte cocultures.””” Therefore, we aimed to increase stem cell
stability and differentiation efficiency using nonviral methods

and scaffolds without stem cell homing in a process that can be
applied clinically. Our study highlights the potential of using an
individual’s own ADSCs, which can be programmed to differen-
tiate into hepatocyte-like cells. Moreover, the use of a nonviral
system can also improve safety in humans, and using scaffolds
can improve survival. All these techniques can be used in hu-
mans and can help limit liver injury.

Our research objective was to analyze the potential value of
partially differentiating stem cells using Foxa2 overexpression
in a scaffold system to maximize paracrine effects. In general,
not only Foxa2 but also GATA4 and HNF4A are needed to fully
differentiate stem cells into hepatocyte-like cells. Therefore, we
partially induced differentiation using single Foxa2 gene trans-
fer, culturing cells in differentiation medium for 1 day. We also
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investigated the additional benefits of partially differentiating
hepatocyte-like cells under a scaffold system.

One week later, new blood vessels entering the scaffolds were
observed visually, and red blood cells were also observed in the
scaffolds after staining with several reagents. Accordingly, it is
presumed that various substances secreted from the cells in the
scaffolds implanted into subcutaneous fat caused systemic reac-
tions through blood vessels. AST and ALT are very well-known
biomarkers of liver inflammation; however, AST and ALT levels
did not decrease in our model. Although these biomarkers are
commonly evaluated, they do not always accurately reflect the
degree of inflammation. Histological assessment of tissue dam-
age is the most reliable method of evaluation, and histological
evaluation in the current study suggested that the necrotic area
was decreased in the Foxa2-overexpressing ADSC/scaffold
group compared to the non-overexpressing group (Fig. 4B).
Therefore, we have clarified an anti-inflammatory effect of stem
cells. In addition, the levels of proinflammatory cytokines such
as MCP1 and IL-6 were decreased in the Foxa2-overexpressing
ADSC/scaffold group (Fig. 4D).

We later evaluated and compared cytokine secretion between
the Foxa2-overexpressing ADSC group and the ADSC group
after 14 days using a cytokine array. The results suggested that
there was no significant difference between the ADSC group
and the Foxa2-overexpressing ADSC group (Supplementary
Fig. 2, Supplementary Tables 3 and 4). However, we further
found that acute liver injury was attenuated after 1 week in the
Foxa2-overexpressing ADSC/scaffold group (Fig 4). Therefore,
we evaluated the expression pattern of cytokines in each group
before the end of the first week. The results suggested that
growth factors and anti-inflammatory cytokines were increased
in the Foxa2-overexpressing ADSC group compared to the non-
overexpressing group on the 5th day of differentiation (Fig. 6A
and B). Our results showed that Foxa2 promotes the differentia-
tion of ADSCs into hepatocyte-like cells, which not only act
like hepatocytes but also have increased secretion of several
key growth hormones as well as anti-inflammatory cytokines
(HGF, bFGF, VEGF-A, IL-10, IL-4, IL-6, and IL-13). The reason
that cytokine expression was decreased in the late phase is be-
cause undifferentiated cells lost their stemness, and it is thought
that cytokines are expressed during differentiation rather
than in differentiated hepatocytes. In addition, it is very well
known that serum ALB also has protective effects against acute
liver injury. Not only the expression of various cytokines but
also serum ALB levels were significantly increased in Foxa2-
overexpressing ADSCs compared to non-overexpressing ADSCs.
Notably, buildup of endotoxins during acute liver damage leads
to deterioration of liver function. It has already been clinically
reported that systemic endotoxin levels are increased by acute
liver injury and that ALB can bind to endotoxins. Additionally,
it has been reported that ALB dialysis can alleviate liver damage
and increase survival rates.”*”® We have accordingly shown that

acute liver injury was alleviated by several cytokines and ALB
secreted in the Foxa2-overexpressing ADSC/scaffold group.

In conclusion, the use of Foxa2-overexpressing ADSCs in a
scaffold system demonstrated paracrine signaling-mediated pro-
tective effects without stem cell homing,.
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