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Abstract

Liver transplantation is the ultimate treatment for severe hepatic failure to date. However, the
limited supply of donor organs has severely hampered this treatment. So far, great potentials of
using mesenchymal stem cells (MSCs) to replenish the hepatic cell population have been shown;
nevertheless, there still is a lack of an optimal three-dimensional scaffold for generation of well-
transplantable hepatic tissues. In this study, we utilized a cryo-chemical decellularization method
which combines physical and chemical approach to generate acellular liver scaffolds (ALS) from
the whole liver. The produced ALS provides a biomimetic three-dimensional environment to
support hepatic differentiation of MSCs, evidenced by expression of hepatic-associated genes and
marker protein, glycogen storage, albumin secretion, and urea production. It is also found that
hepatic differentiation of MSCs within the ALS is much more efficient than two-dimensional
culture invitro. Importantly, the hepatic-like tissues (HLT) generated by repopulating ALS with
MSCs are able to act as functional grafts and rescue lethal hepatic failure after transplantation in
vivo. In summary, the cryo-chemical method used in this study is suitable for decellularization of
liver and create acellular scaffolds that can support hepatic differentiation of MSCs and be used to
fabricate functional tissue-engineered liver constructs.
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1. Introduction

Liver diseases are one of the leading causes of death worldwide and account for
approximately 1-2 million deaths per annum according to the World Health Organization.
The only curative mode of management for end-stage chronic hepatic diseases is liver
transplantation. However, the limited availability of donor organs for transplantation is a
major issue in this context [1]. Alternative approaches, such as a stem cell-based
regenerative medicine, offer possibilities that help to overcome problems related to the
shortage of livers for transplantation [2]. In our previous study, we were able to successfully
induce human mesenchymal stem cells (MSCs) to differentiate into hepatocyte-like cells
using a two-step protocol in vitro [3]. MSCs possess significant potential for hepatic tissue
engineering because autologous MSCs can easily be isolated and extensively scaled up
[4,5]. In addition, the technique of differentiation of MSCs into hepatocyte-like cells using a
two-dimensional (2D) culture system has been well established. However, it has been
challenging to find a suitable environment that will allow these multipotent cells to develop
toward a more specific state and allow the formation of an implant construct that is able to
function well in vivo.

Tissue engineering is developing into an advanced area of research that aims at generating
biological substitutes which can be used to repair, regenerate or even replace malfunctioning
tissues [6]. Scaffolds play a crucial role in providing an appropriate biological environment
that includes structural support for cell attachment and subsequent tissue development [7].
Therefore, the scaffold materials must have the chemical and physical properties that
support the clinical usefulness of the final tissue. However, the selections of an ideal
scaffold for hepatic tissue engineering remains an open question. Previous studies have
utilized both synthetic (e.g. polylactic acid, polyglycolic acid, and polyethylene glycol
hydrogels) [8-10] and natural (e.g. collagen, alginate and chitosan) [11-14] three-
dimensional (3D) scaffolds that provide an environment supporting the maintenance and
growth of hepatocytes. More recently, studies have shown that organ decellularization is an
attractive strategy because it allows the creation of a naturally occurring 3D biomimetic
scaffold that is available for tissue engineering [15,16]. Using this approach, organs such as
heart [17], lung [18] and kidney [19] etc, are able to retain most of their native extracellular
matrix proteins, bio-molecules and spatial organization. In addition, this 3D architecture
provides an optimum vascular structure for oxygen and nutrient diffusion.

In this study, we aim to fabricate acellular liver scaffolds (ALS) from the whole liver using a
cryo-chemical decellularized procedure, which is capable of preserving most of the major
components of the native liver extracellular matrix and retaining the intact vascular
framework [20,21]. Subsequently, by employing a previously developed hepatic
differentiation platform [3], the ALS is used as a scaffold for MSCs to differentiate into
hepatic-like cells; the functions of MSC-differentiated hepatic-like cells are compared with
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the traditional 2D cell culture system. Moreover, in vivo functionality of MSC-laden ALS is
to be tested in a carbon tetrachloride (CCly) induced fulminant hepatic failure mice models.

2. Materials and methods

2.1. Fabrication of ALS

The whole livers were harvested from Balb/c mice, which were purchased from the National
Laboratory Animal Center (Taipei, Taiwan). After anesthesia with 2.5% Avertin (Sigma-—
Aldrich, 10 ml/kg body weight), a longitudinal abdominal incision was made in order to
expose the liver. The portal vein was cannulated with Polyethylene Tubing-50 and attached
to a peristaltic pump (EYELA, Japan). Deionized water was perfused through the portal vein
at a rate of approximately 1 ml/min for 1 h and then the liver was frozen at —80 °C for 24 h.
Next, the frozen livers were thawed at room temperature and perfused with deionizer water
at 1 ml/min for 1 h. Subsequently, 1% Triton-X 100 (Sigma—Aldrich) plus 0.1% ammonium
hydroxide (Sigma—Aldrich) in deionizer water was perfused throughout the livers to bring
about decellularization and at the rate of 1 ml/min until the perfusate became clarity. Finally,
prior to sterilization by gamma irradiation, the acellular liver scaffold that had been created
by the above procedures was rinsed with sterile water to remove the remaining
decellularization detergent.

2.2. Repopulation of ALS by MSCs

MSCs used in this study were isolated from the bone marrow of Balb/c mice. For
repopulation of ALS, 10th- to 12th-passage cells, at 1.0-1.2 x 10 cells/cm?, were
maintained in low-glucose Dulbecco's Modified Eagle Medium (Sigma—Aldrich)
supplemented with 10% fetal bovine serum and 100 units of penicillin, 1000 units of
streptomycin, and 2 mmol/L .-glutamine (Gibco BRL). MSCs were introduced into ALS via
portal vein which was retained in ALS and cannulated with Polyethylene Tubing-50 ex vivo.
Each ALS had culture medium circulated through it via the portal vein by the peristaltic
pump (EYELA, Japan) at 1 ml/min for 1 h prior to recellularization. To allow total
recellularization using 50 million cells, MSCs were infused into ALS using five steps at 10
min intervals; each step consisting of 10 million cells. After 40 min, the perfusate was
collected, and cell viability and retention in the scaffold were determined. The flow rate of
medium was used at 1 ml/min for culture of the HLT.

2.3. In vitro hepatic differentiation

To induce hepatic differentiation, MSCs were cultured in ALS and tissue culture dish.
Differentiation was induced by treating the MSCs for 4 weeks with a 2-step protocol that we
had previously reported [3]. Thereafter, medium replacements were performed twice
weekly. Each of study group was following the above procedure for hepatic differentiation.

2.4. Histological analysis

Liver tissues were fixed in 3.7% formaldehyde (Sigma—Aldrich) in phosphate buffered

saline (PBS, Gibco BRL) solution overnight. Samples were dehydrated in 30% sucrose in
PBS overnight, embedded in O.C.T compound (Sakura), frozen quickly in liquid nitrogen
and sectioned at 5 pm thickness. Sample sections were stained using Mayers hematoxylin
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(Sigma—Aldrich) and counterstained with Eosin-Y (Sigma—Aldrich). Stained sections were
observed using an Olympus AX80 microscope (Olympus).

2.5. Scanning electron microscopy

Samples were fixed with 2% glutaraldehyde in PBS for 2 h and post-fixed with 1% osmium
tetroxide (Electron Microscopy Sciences) for 1 h and rinsed three times in PBS. The tissue
samples were dehydrated through a graded series of ethanol washes, beginning with 50%
and progressing through 70%, 90% and 100% absolute ethanol, which were followed by
critical point drying using an Emscope CPD 750. Samples were sputter coated with a 7-nm
layer of gold-palladium (Cressington 108 sputter coater) and visualized at a voltage of 12
kV using a JEM 6335F field emission gun SEM (JEOL, Peabody, MA).

2.6. DNA content assay

DNA was extracted from a small piece of excised normal livers and ALS using the
illustraTM tissue and cells genomic Prep Mini Spin Kit (GE Healthcare) according to the
manufacturer's instructions. DNA concentration was determined by spectrophotometer.

2.7. Sirius red/fast green staining for collagen content

Sirius red/fast green solution was prepared using a saturated solution of picric acid (Sigma—
Aldrich) in deionizer water (1.2 g per 100 ml) that contained 0.1 g of Direct Red (Sigma-—
Aldrich) and 0.1 g of Fast Green FCF (Sigma—Aldrich). The solution was allowed to stand
for 15 min at room temperature before filtration. After immersing in deionizer water for 5
min, 0.2 ml Sirius Red/Fast Green solution was added to the frozen sections for 30 min.
Sections were washed with deionizer water, scraped off the slides, incubated in 2 ml 0.1 N
NaOH (Sigma—Aldrich) in methanol for 1 min, and centrifuged. The absorbance of the
supernatant was determined at 605 and 540 nm. The value corresponding to 26% of the
optical density at 605 nm was calculated, representing the contribution of Fast Green to the
absorbance of Sirius Red at 540 nm. The above value was subtracted from the absorbance at
540 nm to obtain the corrected absorbance. Subsequently, the absorbance at 605 nm was
divided by 2.08 and the corrected absorbance was divided by 38.4 to obtain the net amount
of collagen and non-collagen protein in the section. Total protein was the sum of both
values. Results were expressed as the ratio of collagen (ug) to total protein (mg) in order to
remove any differences due to variations in the weight of the slices. All analyses were
performed in triplicate.

2.8. RNA extraction

Total RNA was isolated using Trizol Reagent (Sigma—Aldrich) as described by the
manufacturer's instructions. RNA concentration was determined by spectrophotometer at
260 nm. The purity of the RNA was determined by spectrophotometry at 280 nm and the
samples were stored at —80 °C until further use. RNA samples (2 ug) were reverse
transcribed to cDNA using Moloney murine leukemia virus reverse transcriptase (MMLV
Reverse Transcriptase, Promega).
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2.9. Real time RT-polymerase chain reaction

Real time quantitative PCR was performed using an ABI PRISM 7700 (Applied
Biosystems) and analyzed using the accompanying software. Target genes that were
regulated at the mRNA level during MSCs differentiation were pinpointed and then specific
primers targeting these genes were designed using the Primer Express software (Applied
Biosystems). DNA-intercalating SYBR green Master Mix reagent (Applied Biosystems)
was used to detect the reverse transcribed PCR product. For the reverse-transcription
polymerase chain reaction (RT-PCR), the following conditions were used: 50 °C for 2 min,
95 °C for 10 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min. Quantitative
real-time RT-PCR (Q-PCR) was performed using the StepOnePlus™ Real-Time PCR
System (Applied Biosystems). The alteration in gene expression was obtained using the A A
Ct method in which all samples were first normalized against the level of glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) present in the same sample.

2.10. Periodic acid-schiff (PAS) staining

The differentiated cells were fixed with 3.7% formaldehyde and permeabilized with 0.1%
Triton X-100 in PBS for 15 min. Samples were then oxidized in 1% periodic acid (Sigma—
Aldrich) for 5 min, rinsed three times with deionizer water, treated with Schiff's reagent
(Sigma—Aldrich) for 30 min, and then rinsed three times with deionizer water for 5-10 min.
Finally, the samples were observed using an Olympus AX80 microscope (Olympus).

2.11. Immunofluorescence staining

The differentiated cells from 2D culture and ALS groups were fixed in 3.7% formaldehyde
in PBS and permeabilized in 0.1% Triton X-100 for 15 min at room temperature. After
permeabilization, the samples were blocked with 2% bovine serum albumin (BSA, Sigma—
Aldrich) in PBS for 1 h and thereafter treated with primary antibodies overnight at 4 °C
diluted in blocking buffer. The antibodies used in this study were mouse polyclonal anti-
collagen type | (COL-I, 1:250 Abcam), mouse polyclonal anti-collagen type IV (COL-1V,
1:250 Abonva), mouse polyclonal anti-fibronectin (FN, 1:250 Abonva), mouse polyclonal
anti-laminin (1:250 Abonva), mouse monoclonal anti-serum albumin (ALB, 1:250 R&D
Systems), alpha-fetoprotein (AFP, 1:250 R&D System) and rabbit polyclonal anti-
cytokeratin-19 (CK-19, 1:50 Abcam). Following three washes with PBS, the samples were
incubated at room temperature for 1 h with goat anti-mouse Alexa fluor 594, goat anti-
mouse Alexa fluor 488 and goat anti-rabbit Alexa fluor 488 conjugated secondary antibodies
(Jackson ImmunoResearch). After incubation in the secondary antibody, the samples were
then placed in PBS and incubated with 4/,6-Diamidino-2-phenylindole dihydrochloride
(DAPI, 1:5000 Sigma-Aldrich) for 5 min to stain nuclear DNA. Finally, the samples were
rinsed three times with PBS and mounted with mounting medium before imaging. Samples
were imaged using an inverted Olympus AX80 microscope (Olympus).

2.12. Western blot analysis

Protein concentration was determined and 25 pg of protein was separated on 10% sodium
dodecylsulfate/polyacrylamide gel electrophoresis and blotted onto a PVDF membrane (Bio-
Rad Laboratories, Inc.). The membranes were blocked with HyBlock blocking buffer
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(HyCell Biotechnology, Inc.) for 30 min. The membrane was sequentially hybridized with
the primary antibody. The antibodies used in this study were rabbit polyclonal anti-albumin
(ALB, 1:100 Abcam), rabbit polyclonal anti-alpha-fetoprotein (AFP, 1:1000 Cell Signaling),
rabbit polyclonal anti-cytokeratin 19 (CK19, 1:100 Abcam) and mouse monoclonal anti-
beta-actin (1:2000 Sigma-Aldrich). Following three washes with TBST, the membrane were
incubated at room temperature for 1 h with HRP-conjugated secondary antibodies (Sigma—
Aldrich). After incubation in the secondary antibody, the membranes were washed three
times with TBST. Protein intensity was determined with Immobilon Western (Millipore
Corporation).

2.13. Animal model

Non-obese diabetic severe combined immunodeficient (NOD-SCID) mice were purchased
from National Laboratory Animal Center (Taipei, Taiwan). All animal experiments were
performed with the approval of the Animal Care Committee of the Taipei Veterans General
Hospital. Carbon tetrachloride (CCly, Sigma—Aldrich) was dissolved in olive oil to give a
10% concentration and then administered to the animals by intraperitoneal injection.
Treatment with a dose of 10 ml CCl,/kg body weight was tested for hepatotoxicity and
lethality. Transplants were performed at 24 h after administration of CCly.

2.14. Intrahepatic transplantation

Prior to transplantation, HLT was cut to generate 1 x 1 mm pieces in sterile PBS. The liver
injured mice model was performed under general anesthesia (2.5% Avertin, 10 ml/kg
intraperitoneally). After a mid-abdominal incision, the left lobe of the liver was exposed and
a 2-mm incision was introduced into the lobe to make space for transplantation. The
following groups of transplantation were carried out: (1) 200 pl of PBS (Placebo), (2) 2 x
108 undifferentiated MSCs suspended in 200 pul of PBS, (3) 2 x 106 MSC-derived
hepatocyte-like cells (MDHSs) obtained in 2D culture in 200 pl of PBS, (4) ALS only and (5)
HLT containing 2 x 108 MSCs. Transplants in each group was directly embedded into the
liver parenchyma and were secured by hemostatic mesh and the application of biological
glue (Histoacryl, Sigma—Aldrich). The mid-abdominal incision then was sutured. Regular
post-operative care was administered.

2.15. Biochemical analysis

Conditioned media from the differentiated cells cultured from both the 2D culture and ALS
groups were collected after hepatic induction for four weeks; and stored at —20 °C until
further assay. The various media were assessed for albumin secretion using an
immunoperoxidase assay that was able to determine albumin (Immunology Consultants
Laboratory Inc) and using a urea assay kit (BioVision) that was able to measure urea
production; both assays were carried out according to manufacturer's recommendations.

2.16. Liver function tests

The serum concentrations of serum glutamyl oxaloacetic transaminase (SGOT), serum
glutamyl pyruvic transaminase (SGPT), albumin and total bilirubin were determined using a
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SPOTCHEM SP-4410 automated dry chemistry analyzer system (Kyoto Daiichi-Kagaku,
Kyoto) as per the manufacturer's instructions.

2.17. Immunohistochemistry

Samples were fixed in 3.7% formaldehyde in PBS solution overnight. These samples were
then dehydrated in 30% sucrose in PBS overnight, which was followed by embedding in
O.C.T compound. The embedded samples were frozen quickly in liquid nitrogen and then
sectioned to 5 um thickness. Staining was carried out according to the DakoCytomation
EnVision + Dual Link System-HRP detection system protocol. Sections were treated with
superblock and mouse-to-mouse block (ScyTek Laboratories) at each blocking step.
Sections were then incubated with mouse monoclonal anti-albumin (ALB, 1:250 R&D
Systems) antibody at 4 °C overnight, followed by staining with goat anti-mouse 19G
antibody (Dako) for another 1 h at room temperature before DAB (Dako) was applied. Each
slide was counterstained with hematoxylin.

2.18. Statistical analysis

KaplanMeier survival analysis was used to analyze the animal experiments and the results
were statistically compared by log-rank tests. Data were performed as mean + SD, and P-
values less than 0.05 was considered to be statistically significant.

3. Results

3.1. Construction of the ALS

We carried out whole liver decellularization by our cryo-chemical method. This treatment
effectively lyses cell membranes, disrupts intracellular organelles and removes most cellular
debris from the tissue. During the decellularization process, a translucent acellular scaffold,
which retained the complete shape of liver, was generated (Fig. 1A). The liver parenchyma
became semi-transparent. The main and minor vascular structures were retained and were
clearly visible when viewed under bright light (Fig. 1B).

3.2. Biochemical composition of the ALS

Histochemical staining was carried out to further characterize the composition of the ALS.
H&E staining showed the presence of pink eosinophilic staining that is typical of collagen;
however, no basophilic staining, which is a typical of cellular nuclear material, was detected
(Fig. 2A). Scanning electron microscopy (SEM) images confirmed the presence of large
vessels composed of collagen fibers within the ALS (Fig. 2B). We also observed free spaces
that were about the size of hepatocytes. This cobweb of acellular material, consisting of 10—
20-um diameter gaps in the major extracellular matrix (ECM), was thought to be the
remnants of the mouse hepatocytes that were removed by decellularization (Fig. 2B).
Immunostaining for four ECM proteins, type I collagen, type IV collagen, fibronectin and
laminin, indicated that the structural components and basement membrane composition of
the ECM had been retained and were similar to that of a normal liver (Fig. 2C). No DAPI-
positive nuclei (blue) were found in the ALS, which confirmed the absence of cellular
material (Fig. 2C). DNA content in normal livers (588.3 + 37.5 ng/mg) was significantly
decreased when compared with ALS (22.9 + 1.0 ng/mg) (P = 0.000697) (Fig. 2D). In
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addition, Sirius Red/Fast Green staining was used to confirm the above results, and also
revealed the preservation of collagen within the intact liver scaffold. When quantitatively
measured, the relative collagen content in the ALS (43.2 £+ 1.8 pug/mg) was found by
colorimetric assay to show no significant difference when compared with normal livers
(44.3 £ 2.4 ug/mg) (P = 0.289) (Fig. 2E).

3.3. Recellularization of MSCs within the whole ALS

A representative image of the construct before and after recellularization process was shown
(Fig. 3A). In order to accelerate gas and nutrient exchange, a simple perfusion system at a
low flow rate was used for the in vitro culture of the HLT (Fig. 3B).

3.4. In vitro functional analysis of the hepatic differentiation of the MSCs in 2D and within

the ALS

A comparison of gene expression during hepatic differentiation of MSCs within the ALS
(HD in ALS) and 2D culture (HD in 2D) were carried out by qRT-PCR. To do this, the
transcription levels of various hepatic development associated genes, namely hepatocyte
nuclear factor 1 alpha (HNF1A), hepatocyte nuclear factor 1 beta (HNF1B), hepatocyte
nuclear factor 3 beta (HNF3B), hepatocyte nuclear factor 4 alpha (HNF4A), alpha-
fetoprotein (AFP), cytokeratin-19 (CK19), glucose-6-phosphatase (G6P), tyrosine
aminotransferase (TAT), GATA binding protein 4 (GATAA4), and epithelial cell adhesion
molecule (EpCAM) were examined and found the gene expression levels of differentiating
MSCs within the ALS after four weeks of hepatic induction were significantly higher than
the those after four weeks of hepatic induction that were in culture dish (Fig. 4).
Furthermore, we observed that the MSCs had altered their morphology from spindle to
cuboidal shape after four weeks hepatic induction in 2D culture, while the cells in the ALS
had dispersed into the parenchyma sites (Fig. 5A). Periodic Acid-Schiff (PAS) staining
revealed that after hepatic differentiation in the ALS, there was higher glycogen storage
capability than after HD in 2D (Fig. 5B). Immunofluorescence analysis was then used to
reveal that the expression of various hepatic progenitor markers, namely albumin, alpha
fetoprotein (AFP) and cytokeratin-19 (CK19). High AFP and CK19 expression observed
from the cells in ALS may represent the phenotype of hepatic progenitors (Fig. 5C- E).
Similarly, it was found that the expression levels of these proteins in the MSCs were higher
in the ALS compared to the MSCs in monolayer culture after four weeks of induction (Fig.
5F). To evaluate metabolic activity, we quantified albumin secretion and urea production by
the MSC-derived differentiated cells using the 2D system and the ALS after four weeks of
hepatic induction. The cumulative albumin level of the differentiated cells in the ALS (1.13
+ 0.18 pg/cell) was statistically significantly higher than in 2D culture system (0.48 + 0.32
pa/cell) over a 3 day culture period (P = 0.0148). The urea concentration in the media
produced by differentiated cells in the ALS (18.74 + 3.05 pg/cell) was remarkably higher
that of the 2D culture (10.37 £ 1.71 pg/cell) media over the same 3 day period (P = 0.0194)
(Fig. 5G). Taken together, the above results clearly demonstrate the superiority of the ALS
scaffold over 2D culture in terms of supporting the hepatic differentiation of MSCs.
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3.5. Transplantation of HLT in chemical liver injured mice

A fulminant hepatic failure mouse model involving the intraperitoneal injection of CCly,
which was known to induce hepatotoxicity by oxidative damage, cellular necrosis and
extensive vacuolar degeneration, was used to evaluate the therapeutic potential of grafts.
This involved the treatment of mice with placebo (PBS), ALS only, undifferentiated MSCs,
MSC-derived hepatocyte-like cells using 2D approach and HLT. All the animals either
infused with placebo or had received the ALS only had died of hepatic failure; 2 out of 8
mice survived by transplantation of MSCs; 1 out of 8 mice survived by transplantation of
MDHs; 5 out of 8 mice survived by transplantation of HLT (Fig. 6A). The survival rate was
significantly higher in this group (P = 0.017). These results suggested that the
transplantation of HLT significantly prolonged the survival of mice that had received a
lethal dose of CCl, compared to transplantation of ALS only, MSCs, MDHs and placebo.
Biochemical analysis showed a dramatic increase after 24 h in the concentrations of marker
proteins such as albumin, serum glutamic oxaloacetic transaminase (SGOT), serum glutamic
pyruvic transaminase (SGPT) and total bilirubin (TB) in the serum of the CCl, treated mice,
which confirms that CCly liver damage had been induced. Liver functions were improved
after the transplantation of HLT, and recovery was completely achieved at 7 days after
transplantation (Table 1). The appearance and histological analysis of the liver revealed the
presence of serious liver necrosis after CCl, treatment and necrosis was attenuated by
transplantation of HLT compared with transplantation of ALS with no cells, MSCs, MDHs
and placebo (Fig. 6B). After transplantation of HLT for four weeks, we harvested the
transplanted site of liver to validate. Histochemical staining revealed that the HLT indeed
engrafted into the region of lobule. In addition, in the liver failure mice at four weeks after
transplantation, it was found that the HLT grafts possessed functional hepatic abilities, as
well as exhibiting glycogen storage and albumin production (Fig. 6C).

4. Discussion

The challenge of tissue engineering is the supply of gas and nutrients into the cells seeded in
the scaffolds [7,22]. Indeed, decellularization provides a new milestone in the engineering of
a bioartificial liver [23]. In order to prepare an ideal liver scaffold, we adopt a sequential
approach consisting of a combination of physical and chemical methods to decellularize the
whole liver [20,21,24-27]. In our method, deionized water is used instead of PBS for
washing to maintain most of the collagen within the ECM, followed by sequential freezing
and thawing to physically disrupt cell membranes and to avoid disruptions of ECM
ultrastructures. Subsequently, chemical treatment with Triton X-100 and ammonium
hydroxide is used to facilitate the decellularized process. The reason of using Triton X-100
is that it is a relatively mild nonionic detergent and allows better extracellular matrix
retention compared to SDS [24]. Furthermore, a unique perfusion system is generated to
promote continuous flow and diffusion of chemical reagents to remove cellular components
during the decellularization process of the whole liver. Finally, 50 million MSCs are seeded
into the matrix, which is roughly the number of hepatocytes present in a native mouse liver.
This is done via a multistep infusion strategy that gives the greatest seeding efficiency and
facilitates cell repopulation [28]. The decellularized liver by the cryo-chemical
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decellularization method also preserves the intact vascular tree (Fig. 1), which is favorable
for recellularization and revascularization after transplantation.

Previous studies have suggested that decellularized liver is able to maintain the
physiological functioning of primary hepatocytes or precursor cells [23,29], Because of the
shortage of hepatocyte from donor livers, we use MSCs, which possess the potential to
differentiate into functional hepatocyte-like cells [5,13]. In addition, the use of MSCs can
also bypasses the ethical controversies [30]. Our previous study has shown that MSCs can
differentiate into hepatocyte-like cells in 2D culture dish by a defined protocol [3]. In this
study, we further demonstrate that hepatic differentiation of MSCs in our 3D liver scaffolds
is superior to the conventional 2D culture. The ALS generated in this study is able to
efficiently promote hepatic differentiation of MSCs, implying its high efficiency in mass
transfer.

A previous study has shown that decellularized liver matrix can indeed promote hepatic
differentiation of MSCs in vitro [31]. In our study, we use a more effective liver
decellularization process which can maintain inherent structure and matrix but can also
eliminate the cellular debris (Fig. 2), and preserve the intact vascular architecture, which
will facilitate cell seeding and nutrients exchange (Fig. 1). Also, we maximize the use of the
whole organ perfusion culture to allow continuous flow and optimize mass transfer (Fig. 3),
thus enhancing the hepatic differentiation of MSCs. Most importantly, the in vivo function
of our HLT has been demonstrated by transplanting into in site injured livers. The advantage
of directly transplanting the graft into the injured liver is that loss of cells can be minimized
compared to intravenous injection [31].

To investigate the effect of ALS on MSCs under hepatic differentiation, we have cultured
MSCs in tissue culture dish and ALS with the same hepatic induction medium and further
validated the expression of liver development genes [32,33]. Up-regulation of hepatic-
specific transcription factors (HNF1A, HNF1B, HNF3B and HNF4A), hepatic progenitor
marker protein (AFP and CK19), liver-associated enzyme (G6P and TAT), transcription
factor of fetal liver (GATA4) and epithelial marker (EpCAM) is found in MSCs cultured in
ALS and the expression level is significantly higher than in 2D culture (Fig. 4). This result
suggests that the liver scaffold perform the independent inductive potential for the
differentiation of MSCs into the hepatic lineage.

According to our result, MSCs in whole ALS after four weeks of hepatic induction express
high levels of AFP and CK19 (Fig. 5), suggesting that these cells, at least some of them are
in the progenitor state. Previous studies have indicated that hepatic progenitor cells (or fetal
liver cells) possess greater regenerate potential than fully matured hepatocytes in
experimental liver failure models [34,35]; therefore, MSCs may be a better source for HLT
compared to mature hepatocytes. It have also been shown that transplantation of fetal liver
fragments or implants are functional at the intrahepatic implantation site [36]. Our findings
clearly indicate that orthotopic intrahepatic transplantation of HLT in vivo can not only
preserve liver function but can also potentially contribute to the restoration of liver function
in the animal model of lethal fulminant hepatic failure (Fig. 6).
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5. Conclusions

Our study proves that ALS made by cryo-chemical decellularization methods is able to
effectively remove the cellular materials from the liver, whilst maintain the physical
structure and the ECM components. ALS fabricated in this method promotes the
differentiation of MSCs into functional hepatocyte-like cells under the whole organ
perfusion culture system. HLT generated by re-seeding of MSCs into ALS severe as a
transplantation source to rescue lethal fulminant hepatic failure. In conclusion, HLT
generated by decellularization with cryo-chemical method by re-seeding of MSCs restore
liver functions after transplantation. Such approach can be further translated into clinical
application to overcome the current need of donor liver shortage.
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Fig. 1.
Features of the whole liver scaffolds before and after decellularization. (A) Phase contrast

microscopic analysis during perfusion with the decellularization reagents via the portal vein
at0h,0.5h,1hand 1.5 h. (B) The main (red arrow) and branch (blue arrow) vascular
structures can be seen to have remained intact after decellularization. Scale bar: 10 mm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 2.
Ultra-structural analysis of normal and acellular livers. (A) H&E staining showed the

cellular material and proteinous extracellular matrix in acellular liver section. (B) Scanning
electron micrograph of normal and acellular livers at 500x magnification showing vessels
composed of collagen networks together with free spaces of approximately hepatocyte size.
(C) Immunofluorescent staining showed various ECM components, namely type | collagen
(red), type 1V collagen (red), fibronectin (green) and laminin (green). All samples were
counterstained with DAPI. (D) DNA content in liver scaffold after decellularization was
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normalized to initial weight of the sample (P = 0.00697). (E) Analysis and quantification of
the collagen content of acellular liver scaffolds were performed using Sirius Red/Fast Green
assay (P = 0.289). Data are presented as a mean + SD from three independent experiments
as histograms (*, P < 0.05). Scale bar: 100 um. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.
Recellularization of ALS with MSCs. (A) The representative photograph of ALS before and

after repopulation with MSCs. (B) The perfusion culture system used for MSCs repopulation
and hepatic differentiation over 4 weeks via dynamic circulation in incubator. Scale bar: 10
mm.
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Fig. 4.

Hepatic-related genes expression analysis by real-time PCR. Comparison of gene
transcription levels after four weeks of hepatic induction between culturing in culture dish
(HD in 2D) and ALS (HD in ALS). Statistically significant differences relative to levels of

undifferentiated MSCs using the 2D approach, which were arbitrarily set to 1.0, are
indicated.
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Fig. 5.

Ingvitro analysis of liver function markers. (A) Phase of hepatic differentiation of MSCs
using the 2D and ALS approaches compared to normal liver. (B) PAS staining showed the
glycogen storage capability after four weeks of hepatic differentiation using the 2D and ALS
approaches. (C)(D)(E) Immunofluorescence analysis of aloumin (red), AFP (green) and
CK19 (green) expression in undifferentiated MSCs and after four weeks of hepatic
differentiation using the 2D and ALS approaches. (F) Western blot analysis showed the
expression of albumin, AFP and CK19 in undifferentiated MSCs and after four weeks of
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hepatic differentiation using the 2D and ALS approaches. (G) Albumin secretion (P = 0.015)
and urea production (P = 0.019) after hepatic differentiation for four weeks using the 2D and
ALS approaches. Data are presented as means + SD from three independent experiments (*,
P < 0.05). Scale bar: 100 pm. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 6.

Ar?alysis of liver function after transplantation. (A) Survival curves of the NOD-SCID mice
that had undergone intrahepatic transplantation with placebo (n=6), ALS (n=8) (P =
0.447), MSCs (n=8) (P =0.177), MDHs (n=8) (P = 0.446) and HLT (n=8) (P =0.017) at
24 h after administration of 10 ml/kg CCl,. (B) Appearance and histological sections of liver
from normal mice, CCly-treated mice, HLT, ALS, MSCs and MDHs recipient mice after
four weeks of transplantation. Scale bar: 10 mm (top panels); 100 um (bottom panels). (C)
Morphology and functionality of the HLT graft after transplantation in comparison to
normal liver as demonstrated by PAS staining and immunohistological staining for albumin.
Scale bar: 100 pm.
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Liver function analysis of NOD-SCID mice that were administered 10 ml/kg CCl, and intrahepatic

Table 1

transplantation with hepatic-like tissue.

Albumin (g/dL) SGOT (IU/L) SGPT (IU/L) TB (mg/dL)
Normal 28+0.12 73+12 13+3.0 05+0.2
Post CCl, day 1 (Transplantation) 3.2 + 0.058 > 1000 > 1000 1.4+0.20
Post IH-HLT day 3 28+0.21 316 + 146 218+ 121 0.7+0.2
Post IH-HLT day 7 2.8 +0.058 97 £18 27+15 02+0.1
Post IH-HLT day 14 29+0.10 73+£5.7 16+4.2 0.4+0.2
Post IH-HLT day 21 2.7 +0.058 58 + 14 12+29 02+0.1
Post IH-HLT day 28 2.7+0.10 72+21 17+15 0.2+0.0

NOTE. Data are presented as mean + SD of three determinations.

Page 22

IH, intrahepatic transplantation; HLT, hepatic-like tissue; SGOT, Serum glutamic oxaloacetic transaminase; SGPT, serum glutamic pyruvic
transaminase; TB, total bilirubin.
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