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ABSTRACT

Liver fibrosis represents the end stage of chronic liver inflammatory diseases and is defined by the
abnormal accumulation of extracellular matrix in the liver. Advanced liver fibrosis results in cirrhosis,
liver failure, and portal hypertension. Liver transplantation has been the most effective treatment for
these diseases, but the procedure is limited by the shortage of suitable donors. Mesenchymal stromal
cells (MSCs) have shown great potential in the treatment of chronic inflammatory diseases associated
with fibrosis. This study aimed to evaluate the therapeutic effect of MSC-based cell transplantation as
an alternative treatment for liver fibrosis. A CD34-positive subpopulation of human placental amnion
membrane-derived stem/progenitor cells (CD34" AMSPCs) was isolated through the depletion of
CD34-negative stromal fibroblasts (CD34~ AMSFCs) facilitated by CD34 fluorescence-activated cell
sorting, enriched and expanded ex vivo. These cells express pluripotency markers and demonstrate
multidirectional differentiation potentials. Comparative analysis was made between CD34* AMSPCs
and CD34~ AMSFCs in terms of the expressions of stemness surface markers, embryonic surface an-
tigens, and multilineage differentiation potentials. A mouse model of liver fibrosis was established by
thioacetamide (TAA) administration. When injected into the spleen of TAA-injured mice, human pla-
cental amnion membrane-derived MSCs (hAM-MSCs) can engraft into the injury site, ameliorate liver
fibrosis, and restore liver function, as shown by pathological and blood biochemical analysis and
downregulated gene expressions associated with liver damage. CD34* AMSPCs represent a more prim-
itive subset of hAM-MSCs and could be a suitable candidate with a potentially better safety profile
for cell-based therapy in treatment of liver diseases associated with fibrosis. STEM CELLS
TRANSLATIONAL MEDICINE 2016;5:1473-1484

SIGNIFICANCE

In this study, a CD34" subpopulation of stem/progenitor cells derived from neonatal placental amnion
membrane, denoted as CD34* AMSPCs, were identified, enriched, and characterized. These cells are
highly proliferative, express mesenchymal stromal cells and pluripotent stem cell markers, and dem-
onstrate multidirectional differentiation potentials, indicating their promising application in clinical
regenerative therapies. CD34" AMSPC transplantation ameliorated liver fibrosis in mice with drug-
induced liver injury. These cells represent a potential therapeutic agent for treating liver diseases
associated with fibrosis.

causes are removed or treated with therapeu-
tic agents to attenuate the inflammation and
promote ECM degradation and endogenous
healing. The use of stem/progenitor cells as
therapeutic agents is deemed promising, ow-
ing not only to their highly proliferative capac-
ity and multilineage differentiation potential

INTRODUCTION

Liver fibrosis is a histological change caused by
liver inflammation and is characterized by the
disturbed balance between extracellular ma-
trix (ECM) synthesis and degradation resulting
in excessive accumulation of ECM components

in the extracellular space in the liver [1]. Once
considered unidirectional, liver fibrosis is now
viewed as reversible when the underlining

but also to their functionality in secretion of
trophic molecules to promote cell survival and
growth.
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Despite the isolation of human embryonic stem cells and the
more recently discovered induced pluripotent stem cells [2, 3],
many critical issues still preclude prevalent clinical use of these
pluripotent stem cells, including the ethical concerns of human
embryonic stem cells and tumorigenic potential of pluripotent
stem cells.

To efficiently repair or regenerate defective organs, one
would expect the stem/progenitor cells to possess desirable ther-
apeutic properties, for example, minimum side effects, ability to
integrate into host tissue, differentiation into desired cell line-
ages, paracrine effect, immunomodulation, regulation of tissue
remodeling, and activation of endogenous repair/regeneration
mechanisms.

Several studies have reported that bone marrow-derived
mesenchymal stem cells (BM-MSCs) can differentiate into
hepatocyte-like cells, restoring liver function after injury or chronic
fibrogenesis [4—11]. Although BM-MSCs provide an attractive ther-
apeutic candidate for treating liver diseases, their use is limited by
several factors, such as low cell yields from donor BM, lack of
donors, dependence on donor age, and invasive procedure for pa-
tients [4, 12, 13]. Searching for alternative cell sources to overcome
the drawbacks of BM-MSCs is therefore warranted.

The multipotent differentiation capacity of human amniotic
membrane-derived mesenchymal stem cells (hRAM-MSCs) has
been reported recently, and studies support their candidacy as
a suitable source for cell-based therapy [14-18]. Analogous to
bone marrow-derived cells, hAAM-MSCs exhibit self-renewal abil-
ity, strong immunosuppressive function, freedom from ethical
concerns, and easy accessibility and can be induced to various cell
types, including the hepatic lineage [19]. Furthermore, superior
to bone marrow-derived cells, they can be obtained noninvasively
from the amnion membrane of the placenta and cultured. An-
other good source of cell-based therapy is adipose tissue-
derived stem cells. The adipose tissue represents an accessible,
abundant pool of adult stem cells for potential applications in re-
generative medicine. Adipose tissue-derived mesenchymal stem
cells (ADMSCs) are very similar to bone marrow-derived mesen-
chymal stem cells (BM-MSCs), and they share many common
traits [20-23].

BM-MSCs have been explored in a number of clinical trials for
several indications [24]. More recent and ongoing human studies
are using marrow MSCs, bone marrow mononuclear cells, skeletal
myoblasts, endothelial progenitor cells (EPCs), and ADMSCs. Some
of these studies have yielded promising results [25-31], but applica-
tions in clinical trials have been controversial, with potential risk of
tumorigenicity [32]. The mixed results indicate that the heterogene-
ity of MSCs may play a role in the outcome of MSC-based therapy.

MSCs in tissues are represented by a mixture of the stem/
progenitor cells (MSPCs) and the mature mesenchymal stromal
fibroblast populations (MSFs). The mature MSFs have been
shown to cause tumor activation and cancer metastasis [32]. In
order to increase the safety and efficacy of MSC-based therapy,
it is conceptually rational to deplete the MSFs from MSCs.

CD34 hematopoietic stem/progenitor marker has been found
expressed in most of blood vessel-rich mesenchymal connective
tissues, as shown by the existence of a CD34* common mesoder-
mal stem/progenitor cell population in the human blood vessel
tissues [33, 34]. Previously, we identified and characterized
a CD34-positive subpopulation of stem/progenitor cells from hu-
man neonatal placental amnion membrane (CD34* AMSPCs) with
multipotent differentiation potentials [35]. But maintaining CD34
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expression during in vitro expansion has been a challenge, as man-
ifested by the quick loss of its expression during early passages.
Recently, we have further demonstrated that CD34-positive mesen-
chymal stem/progenitor cells (CD34* MSPCs) isolated from various
human neonatal and adult somatic stromal tissues can be success-
fully sustained during extensive in vitro culture [36].

In this study, CD34* AMSPCs were separated from the CD34-
negagive mesenchymal stromal fibroblasts (CD34~ AMSFCs)inan
effort to increase safety and efficacy. We present evidence that
CD34* AMSPCs represent the more primitive subpopulation in
hAM-MSCs with multidirectional differentiation potentials, including
adipogenic, osteogenic, chondrogenic, neurogenic, myogenic, and
hepatogenic differentiations. The highly proliferative property
and plasticity of CD34" AMSPCs indicate their promising applica-
tionin clinical regenerative therapies. To further explore their ther-
apeutic potential, we investigated the antifibrotic activities of
CD34" AMSPC transplantation in thioacetamide (TAA)-treated NOD.
CB17-Prkdcscid/NcrCrl (NOD-SCID) mice. Attempts were made to
compare the preclinical therapeutic potentials among transplanta-
tions with CD34* AMSPCs, CD34~ AMSFCs, and ADMSCs in liver re-
generation in the injured mice.

MATERIALS AND METHODS

Isolation of Amnion Mesenchymal Cells and Adipose
Tissue MSCs

Human tissues for this study were obtained by a protocol approved
by the institutional review boards of Cathay General Hospital and
Taipei Medical University. Primary amnion mesenchymal cells were
essentially isolated from the membranes of donors by using a mod-
ified method [37-39]. Amnion membrane (approximately 300 cm?;
n =9) was stripped from chorion and washed in 3X 150 ml of 1X
Hanks’ buffer to remove blood. To deplete the amnion epithelial
cells (Am-EPCs), we cut washed amnion membrane into 2- to
3-cm? fragments, dispensed in 100 ml 1X Hanks’ balanced
saltsolution with 0.1% Trypsin-EDTA (Sigma-Aldrich, St. Louis,
MO, http://www.sigmaaldrich.com; catalog no. 14185-052,
Thermo Fisher Scientific, Grand Island, NY, https://www.
thermofisher.com) and incubated in a water bath at 37°C
for 15 minutes. The process was repeated four times.

For the isolation of the amnion mesenchymal cells (AM-MSCs),
the Am-EPC depleted amnion membrane was subjected to wash-
ing with Hanks” buffer 1 time and digested with collagenase 1A
(1 mg/ml in Hank’s balanced salt solution) (catalog no. C9891;
Sigma-Aldrich) at 37°C for 45—60 minutes. An appropriate amount
of Hanks’ buffer and a 40-um nylon cell strainer (catalog no.
352235, Becton, Dickinson and Company, Detroit MI, http://
www.bd.com) were used to collect the AM-MSCs. Adipose
tissue-derived MSCs were isolated, expanded, and characterized,
as has been previously reported [40].

Enrichment and Expansion of CD34" AMSPCs in Culture

After centrifugation at 170g, AM-MSCs were plated in CELL-BIND
T75 flasks (catalog no. 3290, Corning, Corning, NY, http://
www.corning.com) at a density of 5 X 10* cells per cm? and
incubated at 37°C in Medium199 (catalog no. 12-118F, Lonza,
Basel, Switzerland, http://www.lonza.com), supplemented
with fetal bovine serum (FBS) (10%) (catalog no. SH
30071.03, GE Life Sciences/Hyclone, Logan, UT), epidermal
growth factor (EGF) (20 ng/ml) (catalog no. 236-EG, R&D
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Systems, Minneapolis, MN, https://www.rndsystems.com),
and hydrocortisone (0.4 ug/ml) (catalog no. 07904; StemCell
Technologies, St. Katharinen, Germany, https://www.stemcell.
com), with 5% CO,. Primary AM-MSCs were put into fresh medium
on day 5 after isolation, and cells were expanded to 80% confluence
in 7 days. They were then harvested with 0.1% Trypsin-EDTA
(a 4-minute digestion) and split into the new passage culture at
the seeding density of 100,000 cells per T75 flask after quantification
under the microscope. Alternatively, the collected AM-MSCs could
be cultured in phenol red-free RPMI-1640 (catalog no. 11835-030;
Thermo Fisher), supplemented with FBS (10%) (catalog no.
SH30071.03; GE Life Sciences/Hyclone), sodium pyruvate (0.1 miM)
(catalog no. S8636; Sigma-Aldrich), fibroblast growth factor basic
(bFGF) (10 ng/ml), and EGF (10 ng/ml) (catalog nos; 233 FBand 236
EG, R&D Systems). Cells were split when they reached 70%~80%
confluence, the culture medium was changed every 3~4 days.

CD34* AMSPC Flow Cytometry Sorting

To separate the CD34* AMSPC subpopulation, we labeled the ex-
panded primary AM-MSCs cultured at passages 2—3 with CD34 an-
tibody. Up to 3 X 10° cells were sorted by the FACSAria flow cytometer
(BD Biosciences, San Jose, CA, http://www.bdbiosciences.com), follow-
ing the manufacturer’s instructions. CD34-positive (CD34") and
CD34-negative (CD34 ) cells were then analyzed, sorted, and
collected. In brief, 3-4 X 10° harvested third-passage AM-
MSCs were trypsinized and labeled with PE-conjugated CD34
in 100 ul phosphate buffer at room temperature for 15 minutes,
as suggested by the manufacturer. Cells were then filtered
through a 40-um nylon cell strainer (catalog no. 352235, Becton,
Dickinson and Company), and CD34" AMSPC and CD34~ AMSFC
subpopulations were separated by BD Biosciences FACSAria. After
sorting, the CD34* AMSPC and CD34~ AMSFC subpopulations were
reanalyzed for the positive fraction and expanded in M199 condi-
tion or RPMI condition, as described above. The CD34 expression
of CD34" AMSPCs was checked every five passages in the following
days.

Flow Cytometry Analysis

For FACS analysis, freshly harvested AM-MSCs were trypsinized and
incubated with aliquot fluorescein (or R-phycoerythrin) conjugated
monoclonal antibodies for 30 minutes at 4°C in 100 ul phosphate
buffer, following the manufacturer’s suggestion. Cells were analyzed
using the FACS autoflow cytometry system (BD Bioscience). The flow-
cytometric data were processed with FCS Express V3 software (De
Novo Software, Glendale, CA, http://www.denovosoftware.com).

Induction of Adipogenic, Osteogenic, Chondrogenic,
Neurogenic, Cardiomyogenic, and
Hepatic Differentiations

Sorted CD34" AMSPCs from passages 5—-6 were used for multiline-
age differentiation inductions. The adipogenic, osteogenic, and
chondrogenic differentiation protocols were adopted from the
work of Zuk et al. [41], as briefly described below. The CD34" AMSPCs
and CD34~ AMSFCs preconditioned in Dulbecco’s modified
Eagle’s medium (DMEM/LG, Thermo Fisher), supplemented with
10% FBS (GE Life Sciences/Hyclone), were used for the following
lineage differentiations: (a) Adipogenesis: DMEM/LG medium
supplemented with 10% FBS, 0.5 mM isobutyl-methylxanthine,
1 uM dexamethasone, 10 M insulin, and 200 M indomethacin;
(b) Osteogenesis: DMEM/LG medium supplemented with 10% FBS,
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0.1 uM dexamethasone, 50 uM ascorbate-2-phosphate, and
10 mM B-glycerolphosphate; (c) Chondrogenesis: DMEM/LG me-
dium supplemented with 1% FBS, 6.25 ug/ml insulin, 10 ng/ml
transforming growth factor (TGF)-381 (R&D Systems), and 50 nM
ascorbate-2-phosphate; (d) Neurogenesis: cells were cultured in
preinduction medium containing serum-free DMEM-HG/F12
(1:1) supplement with 1X B27, 20 ng/ml EGF, 20 ng/ml bFGF,
and 2 ug/ml heparin for 7 days at 37°C 5% CO,. The formed
sphere-like cell clusters were dissociated into single cells by
HyQtase. The cells were then cultured in a poly-p-lysine (PDL)-
coated chamber slide with DMEM-HG/F12 (1:1) supplement with
10 ng/ml platelet-derived growth factor (PDGF)-BB, 50 ng/ml
brain-derived neurotrophic factor (BDNF), and 50 ng/ml glial
cell line-derived neurotrophic factor (GDNF) for 7 to 10 days at
5% CO,, 37°C. The medium was changed every 3-4 days.
Expression of neuron-specific marker TuJ1 was identified by im-
munofluorescent staining. (All reagents used for the differentia-
tion were from Sigma-Aldrich.) For adipogenic, osteogenic, and
neurogenic differentiations, the cell density was 3 X 10* cells
per square centimeter. For chondrogenic differentiation, a higher
cell density of 1-2 X 10° per 10 ul was used for chondrosphere
formation. Medium was changed every 3 to 4 days for all differen-
tiation assays, and cells were fixed for histochemical staining after
14 days for adipogenic, osteogenic, and chondrogenic differentia-
tions, and 28 days for neurogenic differentiation, respectively; (e)
Cardiomyogenesis: Sorted CD34* AMSPC cells at passages 4—6 were
harvested for induction of cardiomyogenic differentiation, as de-
scribed by Smits et al. [42]. The CD34" AMSPCs were incubated
overnight in the growth medium (EGM-2:M199 [vol/vol 1:3], sup-
plemented with 10% FBS, and MEM nonessential amino acids [1X];
Thermo Fisher). The following morning, cells were transferred into
the cardiomyogenic differentiation medium (Iscove’s modified Dul-
becco’s medium [IMDM] [Thermo Fisher], Ham’s F12 nutrient mix-
ture with GlutaMAX-1 [Thermo Fisher] [vol/vol 1:1], supplemented
with 2% horse serum [Thermo Fisher], 1X MEM nonessential
amino acids and 1 X insulin-transferring-selenium [Thermo Fisher])
at a cell density of 10% per square centimeter. After 6-8 hours, a
cardiomyogenic differentiation agent, 5-azacytidine (Sigma-Aldrich)
was added into the medium at the final concentration of 5 uM/ml.
Four microliters of 5-azacytidine (0.25 mM) stock solution was added
into the differentiation medium daily and was changed back to the
differentiation medium without 5-azacytidine on day 4. On day 6
of the differentiation assay, ascorbic acid (10~* M) (Sigma-Aldrich)
and TGF-B1 (1 ng/ml) (PeproTech, Rocky Hill, NJ, http://www.
peprotech.com) were added to the medium. From this point for-
ward, ascorbic acid and TGF-B1 were supplemented every other
day and twice weekly, respectively. The medium was changed ev-
ery 2-3 days, depending on the medium pH changes. When chang-
ing the medium, cell debris was removed by phosphate-buffered
saline (PBS) washes. The cardiomyogenic AM-MSCs were fixed
for histochemical staining after 28 days in the differentiation cul-
ture; (f) Hepatic differentiation: AM-MSCs were seeded at a density
0f 0.75 X 10° cells per well in DMEM Std + 10% FBS + 10 ng/ml EGF
and kept for 24 hours. The cultures were then each overlaid with
0.44 mg/ml of the respective matrix and kept for another 24 hours.
Atday 2, the medium was switched to IMDM Std + 10% FBS + 10 ng/ml
EGF + 10 ng/ml FGF-2 for 48 hours and then supplemented with
20 ng/ml hepatocyte growth factor (HGF), 1 uM Dex, 1X insulin/
transferrin/selenium (Thermo Fisher) for the following 5 days. The
treatment was maintained for an additional week with the excep-
tion of FGF-2, which was replaced by 20 ng/ml Oncostatin-M.
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Figure 1. Comparison of cell phenotype between CD34" amnion membrane-derived stem/progenitor cells and CD34~ amnion membrane-
derived stromal fibroblast cells. Flow cytometry analysis of common mesenchymal stromal cell makers (CD29, CD44, CD73, CD90, and
CD105), stem cell transcription factors (Nanog and Oct-3/4), embryonic antigens (SSEA-1, SSEA-3, SSEA-4, SSEA-5, and GloboH), stem cell bio-
markers (CD34, CD133,CD117,CD146, and CD201), and other cell surface markers and receptors (CD31, CD56, CD271, EGFR, and PDGFR). n=3;
*,p < .05. Abbreviations: CD34", CD34* amnion membrane-derived stem/progenitor cells; CD34~, CD34~ amnion membrane-derived stromal
fibroblast cells; EGFR, epidermal growth factor receptor; PDGFR, platelet-derived growth factor receptor.

Generation of Mouse Liver Fibrosis Model

All animal experimental protocols were approved by the National
Taiwan University College of Medicine and the College of Public
Health’s Institutional Animal Care and Use Committee. Four- to
6-week-old NOD-SCID mice were injected intraperitoneally with
TAA (200 mg/kg, twice a week) for 8 weeks. An equal volume
of 1 X PBS was administered to animals in the normal control
group. After final TAA injection at week 8, animals were randomly
divided into four groups (six mice in each group): control group
(nontransplantation [TP]), CD34" group (TP with CD34* AMSPCs),
CD34™ group (TP with CD34~ AMSFCs), and adipose group (TP
with ADMSCs). One day after the final injection of TAA, 1 X 10°
human MSCs or equal volume of saline for the control were in-
jected into the spleen under anesthesia with isoflurane.

Liver Histology

Liver tissue was fixed in 10% formaldehyde, embedded in paraf-
fin, and sectioned to thickness of 5 um. The tissue sections were

©AlphaMed Press 2016

stained with Masson trichrome for collagen deposition analysis.
Liver fibrosis in TAA-injured mice was scored according to the his-
topathological criteria of Nanji et al. and Goodman [43, 44] with
modifications: 0, no fibrosis; 1, fibrosis confined to enlarged por-
tal zones; 2, periportal or portal-portal septa with intact architec-
ture; 3, distorted architecture (septal fibrosis, bridging) without
obvious cirrhosis; and 4, probable or definite cirrhosis.

Quantification of Liver Fibrosis

In order to quantify the fibrosis level, we used BioVision Hydroxypro-
line Elisa Assay Kit (Biovision, Milpitas, CA, http://www.biovision.com)
to measure the absorbance of hydroxyproline at 560 nm by SpetraMax
multidetection Elisa Reader (Molecular Devices, Sunnyvale, CA, http://
www.moleculardevices.com), following the manufacturer’s instructions.

Blood Biochemistry Analysis

The levels of glutamate-oxaloacetate transaminase/aspartate
transaminase (GOT/AST), glutamate-pyruvate transaminase/alanine

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 2. Mesenchymal differentiation capacities of CD34" amnion membrane-derived stem/progenitor cells and CD34~ amnion membrane-
derived stromal fibroblast cells. After 14 days’ induction in respective differentiation medium, histochemical staining and quantitative reverse
transcription-polymerase chain reaction (RT-gPCR) were performed to confirm the differentiation and quantify the relative gene expressions
representative to each lineage. (A): Adipogenic: intracelluar oil droplets were seen under Oil Red O staining; osteogenic: calcified extracellular
matrix was observed by Von Kossa staining; chondrogenic: chondrosphere was formed and photographed. (B): Relative expression of adipo-
genic, osteogenic, and chondrogenic lineage-specific genes by RT-gPCR. n = 3; *, p < .05. Abbreviations: AP, alkaline phosphatase; BM-MSC,
bone marrow mesenchymal stromal cells; cbfA, core binding factor-a; CD34", CD34" amnion membrane-derived stem/progenitor cells; CD34

CD34~ amnion membrane-derived stromal fibroblast cells.

transaminase (GPT/ALT), and total bilirubin (TBIL) in the blood
collected from the animals at 3 weeks posttransplantation were
measured using a SPOTCHEM Auto Dry Chemistry Analyzer SP-
4410. In addition, albumin level was examined by SpetraMax
multidetection Elisa Reader using the AIPCO Mouse Albumin
Elisa Kit (ALPCO, Salem, NH, http://www.alpco.com).

Detection of Transplanted PKH26 Red-Labeled
Mesenchymal Stem Cells (PKH26-Labeled MSCs)

In order to track the transplanted MSCs in TAA-injured mice, we
labeled MSCs by using a PKH26 Red Fluorescent Cell Linker kit
(Sigma-Aldrich) according to the manufacturer’s instructions.
The PKH26-labeled MSCs (1 X 10°) were directly transplanted in-
to the spleen of each TAA-injured mouse by injection at a depth of
5 mm. Liver tissues were collected at 3 weeks posttransplantation
and were embedded in Tissue-Tek O.C.T. compound. The presence
of grafted MSCs in the liver sections of TAA-injured mice was ob-
served and pictured by AXIO Imager A1, AX10 microscope (Zeiss,
Oberkochen, Germany, http://www.zeiss.com).

RNA Isolation and Quantitative Reverse Transcription-
Polymerase Chain Reaction Analysis

Total RNA was isolated from sorted or differentiated cells us-
ing the RNAqueous-Micro RNA isolation kit (Thermo Fisher/

www.StemCellsTM.com

Ambion), as per kit protocol. Quantitative reverse transcription-
polymerase chain reaction (RT-qPCR) was done to analyze the
relative expression of the following genes: transcription fac-
tors: Oct-4, Nanog, Rex-1, and Sox-2; lineage-specific markers:
adipogenic (PPAR-y and GLUT4), osteogenic (c-module binding
factor-1 and alkaline phosphatase), and chondrogenic (collagen
Il and aggrecan). Primer sequences are shown in supplemental
online Figure 3.

Mouse liver tissue was homogenized and lysed. Total RNA was
prepared using TRIzol reagent (Thermo Fisher). Total RNA sam-
ples (1 mg) were reverse transcribed using RevertAid Reverse
Transcriptase (Thermo Fisher). The resulting cDNA was ampli-
fied in an Applied Biosystem machine with RT-qPCR using
purchased Tagman primers for the following genes: a-smooth mus-
cle actin (@-SMA), collagen |, TGF-B, HGF, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). The settings were 2 minutes
at 50°C, 10 minutes at 95°C, followed by 40 cycles of 95°C for
15 seconds and 60°C for 1 minute. Relative gene expression levels
were determined using the comparative threshold cycle CT
(AACT) method with GAPDH used as an endogenous control
and normal control as calibrator. The results were collected
and analyzed by StepOne Software version 2.2.2 (Thermo
Fisher/Applied Biosystems).
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Figure 3. Comparison of multidirectional differentiation capacities between CD34" AMSPCs and CD34~ amnion membrane-derived stromal
fibroblast cells. Immunohistostaining analysis was done to detect markers for cell types from three germ layers. TuJ1: marker for neuron dif-
ferentiation (ectoderm); troponin T and major histocompatibility complex: markers for cardiomyogenic differentiation (mesoderm); secretory
albumin and cytokeratin 18: markers for hepatic differentiation (endoderm). Integrated morphometry analysis was done to quantify the fluo-
rescence intensity. Scale bar = 100 um. *, p < .05. Abbreviations: AMSPCs, amnion membrane-derived stem/progenitor cells; CD34", CD34"
amnion membrane-derived stem/progenitor cells; CD34~, CD34~ amnion membrane-derived stromal fibroblast cells; DAPI, 4’,6-diamidino-2-
phenylindole; GFAP, glial fibrillary acidic protein; MHC, major histocompatibility complex; TUJ1, neuron-specific class Il 8 tubulin.

Statistical Analysis

Data are presented as the mean = SD. Unpaired Student’s t test
was used when comparisons were made between only two
groups, whereas a one-way analysis of variance (ANOVA) fol-
lowed by post hoc Tukey’s test were applied when comparing
more than two groups. Difference was considered statistically
significant at p < .05.

RESULTS

The Multipotent Stem/Progenitor Characteristics of
CD34" AMSPCs

Cell phenotype of CD34" AMSPCs and CD34~ AMSFCs: Both
CD34" AMSPCs and CD34~ AMSFCs express common MSC sur-
face markers (CD29, CD44, CD73, CD90, and CD105) (Fig. 1). In
comparison with CD34~ AMSFCs, the isolated CD34* AMSPCs
express higher levels of (a) stem cell transcription factors Oct-
3/4,Nanog, Sox-2, and Rex-1 (FLOW datain Fig. 1 and RT-qPCR
data in supplemental online Fig. 2); (b) embryonic antigens

©AlphaMed Press 2016

(SSEA-1, SSEA-3, and SSEA-4, but not SSEA-5); (c) stem cell bio-
markers (CD34,CD133,CD117,CD146,CD201, and CD271); and (d)
other cell surface markers and receptors (CD56, EGFR, and PDGF
receptor) (Fig. 1; supplemental online Fig. 1).

Mesenchymal and multidirectional differentiation capac-
ities of CD34" AMSPCs and CD34~ AMSFCs: (a) Both CD34"
AMSPCs and CD34~ AMSFCs have demonstrated similar charac-
teristic MSC mesenchymal (adipogenic, osteogenic, and chondro-
genic) differentiation capacities as shown by the histochemical
staining and RT-gPCR. Relative expressions of some lineage-
specific genes (alkaline phosphatase for osteogenesis; collagen
Il and aggrecan for chondrogenesis) are slightly higher in CD34"
AMSPCs (Fig. 2); (b) CD34" AMSPCs exhibited better multidi-
rectional differentiation capacities than did CD34~ AMSFCs,
as shown by immunohistostaining studies, including ectodermal
neuron differentiation, mesodermal cardiomyogenic differentia-
tion, and endodermal hepatic differentiations (Fig. 3). These data
suggest that CD34" AMSPCs represent a more primitive popula-
tion than do CD34 AMSFCs with higher transdifferentiation
potentials.
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Figure4. Human mesenchymal stromal cell transplantation alleviated thioacetamide (TAA)-induced liver fibrosis. (A): The degree of liver injury
from TAA-treated mice scored as 0—4 by histopathological criteria (Masson trichome staining), modified from Nanji et al. [43] as follows: O rep-
resenting no fibrosis, 1 representing fibrosis confined to enlarged portal zones, 2 representing periportal or portal septa with intact architecture,
3 representing architectural distortion (septal fibrosis, bridging) without obvious cirrhosis, and 4 representing probable or definite cirrhosis. (B):
The collagen accumulation in the mice quantified by hydroxyproline assay. (C): Histopathological analysis of the livers from CD34*, CD34 ™, and
adipose tissue-derived mesenchymal stem cell-transplanted mice by Masson'’s trichrome staining. One-way analysis of variance, followed by
Tukey’s multiple-comparisons test, was used to analyze the data; statistical significances were identified by adjusted p values; p < .05 was
considered statistically different. Scale bar = 100 um. ¢4 44 and ####, p < .0001; ###, :=x and AAA, p < .001. Abbreviations: adipose,
adipose tissue-derived mesenchymal stem cells transplantation; CD34*, CD34" amnion membrane-derived stem/progenitor cells; CD34 ",
CD34~ amnion membrane-derived stromal fibroblast cells; Control: nontransplantation.

Generation of the TAA-Induced Liver Fibrosis Model experimental groups. The results showed that hAM-MSC trans-
To evaluate the regenerative function of CD34* AMSPCs, we in- plantations have significantly reversed the progression of liver
fibrosis.

troduced an in vivo model of chronic liver damage, the induced
liver injury in mice through repeated administrations of a high
concentration of TAA (approximately 200 mg/kg, twice a week)  Recovery and Restoration of the Liver Function in TAA-
over the course of 8 weeks (supplemental online Fig. 4A). By Injured Mice by CD34" hAMSPC Transplantation
comparison with the livers of normal control animals, the livers
of TAA-injured mice displayed a range of severe damages, in-
cluding bridging fibrosis, connecting neighboring portal veins
to central veins, various lipid changes, and increased inflamma-
tion (supplemental online Fig. 4B).

Mice treated with TAA alone had more than a 10-fold increase of
serum GOT and more than a 20-fold increase of serum GPT in
comparison with the normal group (Fig. 5A, 5B). In comparison
with the control group, both hAM-MSC and ADMSC transplanta-
tions lowered serum GOT and GTP, but ADMSCs’ effect on GOT
did not reach statistically significant levels (Fig. 5A, 5B). Only

h‘MSC .Trans.plantation Alleviated TAA-Induced transplantation of CD34" AMSPCs could effectively elevate albu-
Liver Fibrosis min level to normal in comparison with TPs of CD34~ AMSFCs and
Liver damage scores assigned according to the four-tiered cir- ADMSCs (Fig. 5C). All TP mice were able to restore serum TBIL

rhosis criteria were significantly lower in CD34" AMSPC- and level to normal (Fig. 5D). These results suggested that human
CD34~ AMSFC-transplanted (TP) mice but not in ADMSC TP MSC transplantation ameliorated the TAA-induced deterioration
mice (Fig. 4A). In comparison with the control, the collagen ac- of liver function. Under our current experimental settings, hAM-
cumulation levels were significantly lower in CD34* AMSPC- and MSCs have better therapeutic effect than does ADMSC, and CD34"
CD34~ AMSFC-transplanted mice but not in ADMSC TP mice, as AMSPCs have a slight edge over CD34~ AMSFCs in terms of restor-
quantified by hydroxyproline assay (Fig. 4B), with a 50% reduction ing serum albumin level. In summary, we confirmed the suitability
from CD34" AMSPC and CD34~ AMSFC transplantations in com- of MSC treatment on the TAA-induced liver failure as a model for
parison with the control. The fibrosis scores obtained through studying fibrosis by pathological analyses and functional blood
Masson’s trichrome staining are shown in Figure 4C for all biochemistry.
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Figure 5. Human mesenchymal stromal cell transplantation improved the hepatic function of thioacetamide-injured mice. Liver function was
evaluated by biochemical parameters. (A): Glutamate-oxaloacetate transaminase; (B): glutamate-pyruvate transaminase; (C): aloumin; (D):
total bilirubin. One-way analysis of variance, followed by Tukey’s multiple-comparisons test, was used to analyze the data; statistical signifi-
cances were identified by adjusted p value; p < .05 was considered as statistically different. ¢ ®® and **#x, p << .0001; ¢4 and s,
p <.001; 4, = and ##, p < .01; ®,* and #, p < .05. Abbreviations: Adipose, transplantation with adipose tissue-derived mesenchymal stem
cells; CD34", transplantation with CD34" amnion membrane-derived stem/progenitor cells; CD34 ™, transplantation with CD34~ amnion membrane-de-
rived stromal fibroblast cells; Control, nontransplantation; GOT, glutamate oxaloacetate transaminase; T-bil, total bilirubin.

hMSCs Engraftment in TAA-Injured Liver and Effects of
Transplanted hMSCs on Gene Expression Associated
With Liver Damage and Suppression of Hepatic Stellate
Cell Activation

Three weeks after hMSC transplantation, PKH26-labeled stem cells
were found around the portal tracts, in the fibrotic areas and around
inflammatory sites of the liver (Fig. 6). These observations suggest
that the transplanted cells had migrated through the blood circula-
tion from the spleen into the sinusoid and liver parenchymal tissue.

To further determine whether hMSCs can induce regenera-
tion of damaged liver tissues, we analyzed the expressions of
Col I, «-SMA, TGF-B, and HGF, which are markers of liver damage,
inthe livers of TP and non-TP mice (Fig. 7). The expressions of both
Col land a-SMA were dramatically increased in TAA-injured livers
in comparison with those in the normal group. Col | and a-SMA
mRNA expressions were significantly lower in CD34* AMSPC
and CD34~ AMSFC mice than in non-TP animals at 3 weeks
posttransplantation (p < .05; Fig. 7A, 7B). a-SMA is a marker
of activated hepatic stellate cell (HSC). Thus, human amnion
membrane- derived MSC transplantation hasinhibited the ac-
tivation of HSC. TGF-8 mRNA expression was also significantly
lower in hAM-MSCs TP mice than in non-TP mice at 3 weeks
posttransplantation (p < .05; Fig. 7C). TGF-8 has been shown to
activate hepatic stellate cells to stimulate Col | synthesis by in-
ducing the transcription factor Snaill and activating Smad2/3
signaling [45]. On the basis of these data, we concluded that ac-
tivation of hepatic stellate cells was suppressed in mice with
hAM-MSC transplantation. When liver damage occurs, HGF is

©AlphaMed Press 2016

activated to stimulate hepatocyte to replicate and inhibit apo-
ptosis. HGF expression was downregulated in hAM-MSC TP
groups in comparison with the control, as shown in Figure 7D,
indicating that the liver damage had been alleviated through
hAM-MSC transplantation. The effect of ADMSC transplanta-
tion did not reach statistically significant levels in three of the
four genes that we investigated.

DiscussION

HSC activation is the earliest step in hepatic fibrogenesis, collagen
deposition, and progressive fibrosis leading to cirrhosis. When ac-
tivated, HSCs transform into myofibroblast-like cells, the major
producers of extracellular matrix collagen in the liver. The expres-
sion of @-SMA is a reliable and widely used marker for the activa-
tion of HSCs [46, 47]. In this study, we investigated the effect of
three sets of MSC transplantation on HSC activation in TAA-
injured mice. Our results have shown that both CD34" AMSPCs
and CD34~ AMSFCs dramatically inhibited HSC activation after
transplantation, as indicated by the downregulated expressions
of a-SMA and Col I.

BM-MSCs had been shown to engraft into damaged tissues of
bone marrow, lung, liver, heart, and brain and to facilitate the re-
covery of tissue function by reducing inflammation and remodel-
ing the tissue [48, 49]. Although a significant reversion of liver
fibrosis was observed in CCl4-injured rats treated with BM-
MSCs [4], the underlying mechanism remains poorly understood.
Furthermore, some reports claimed that BM-MSCs had no

STEM CELLS TRANSLATIONAL MEDICINE
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Figure 6. Engraftment of human mesenchymal stromal cells in the thioacetamide (TAA)-injured mice liver. The frozen sections of normal liver
(A=C), CD34"* amnion membrane-derived stem/progenitor cells (AMSPC) liver (D-F), CD34~ amnion membrane-derived stromal fibroblast cell
(AMSFC) liver (G-1), and adipose tissue-derived mesenchymal stem cells (ADMSC) liver (J-L) were shown under a bright field (A, D, G, J), a fluo-
rescent field (B, E, H, K), and a merged field (C, F, I, L). PKH26-labeled CD34* AMSPCs, CD34~ AMSFCs, and ADMSCs engrafted into TAA-injured
mice tissues were shown in (E), (H), and (K). The dashed lines in (J) and (K) showed the exemplified bridging fibrosis area of the stem/progenitor

cells homing. Scale bar = 100 wm. Abbreviation: TP, transplantation.

therapeutic effect on liver injury in a rat model [50]. They had the
potential to transform into fibrogenic liver cells [51] and may be
involved in the development of cancer [52]. However, MSCs de-
rived from the umbilical cord had shown therapeutic potentialina
rat model of liver fibrosis [53].

In this TAA-injured mice study, we investigated the effect
of transplantation of CD34" AMSPCs, which express stem cell
markers and embryonic antigens, display multidifferentiation po-
tentials, and show ability to diminish the fibrosis in the injured
liver. The major findings are as follows [1]: The administration
of neonatal amnion stem cells into TAA-induced fibrosis mouse
by the spleen delayed disease progression and restored liver func-
tion [2]; human amnion stem cell transplantation inhibited the
HSC activation [3]; transplanted hMSCs migrated intoinjured liver
and restored hepatic albumin expression [4]. The therapeutic ef-
fect of CD34" AMSPCs in the fibrotic liver was slightly better than
that of CD34~ AMSFCs. The antifibrotic effect of the CD34" AMSPC
transplantation was proven to alleviate the injury in the mice with
severely damaged livers. It is worth noting that ADMSCs have been
reported to exert beneficial effects in other animal models of
acute liver failure when infused through the tail vein [54]. Admin-
istration through the spleen may not be the ideal route for
ADMSCs. This could possibly explain the limited therapeutic ben-
efits we observed in our study for ADMSC transplantation.

www.StemCellsTM.com

Of note, the CD34-sorted MSPCs coexpress multiepitopes
GloboH_CD133_CD117_CD144_CD201 surface markers, charac-
teristic of the stem/progenitor cells, indicating their highly prolif-
erative and multipotent differentiation potential. These findings
suggest that CD34* AMSPCs may mediate the healing process of
damaged hepatocytes and improve the function of the injured
liver through antifibrotic effects. Taken together, CD34* AMSPCs
would be a superior cell source for transplantation in treating liver
disease associated with fibrosis.

Two major mechanisms are proposed to be underlying the
therapeutic effect of CD34" AMSPC transplantation on the he-
patic fibrosis: replacement of damaged cells and local delivery
of bioactive molecules [55]. Replacement of cells is the goal of cell
therapy for regenerative medicine, and the release of biological
signals, as mediators or receptors, is the basis for many cellular
processes, including immunomodulation induced by mesenchy-
mal stem cells. Study reported that the hepatic progenitors can
be raised by exposing the MSPCs to the hepatic progenitor factors
such as Hnf4a and Faxa [56]. Our study has also shown that CD34"
AMSPCs can differentiate into hepatocyte-like cells in vitro, indi-
cating their potential contribution to replace the damaged liver
cells. MSC-derived growth factors and cytokines have been exten-
sively investigated [57]. These MSC-derived bioactive molecules ex-
ert a wide range of functions, including anti-inflammatory (IL-1R

©AlphaMed Press 2016
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Figure 7. The effects of human mesenchymal stromal cell transplantation on the mRNA expressions of Col | (A), a-smooth muscle actin (B),
transforming growth factor-8 (C), and hepatocyte growth factor (D) in the livers of thioacetamide-injured mice. The relative mRNA levels were
measured by quantitative reverse-transcription polymerase chain reaction using glyceraldehyde-3-phosphate dehydrogenase as endogenous
control. One-way analysis of variance, followed by Tukey’s multiple-comparisons test, was used to analyze the data; statistical significance was
identified by adjusted p value; p < .05 was considered statistically different. ¢ @ @@ sk, and AAA/, p <.0001; 44 and ***, p < .001;
46,0 <.01; ¢, # and /\, p <.05. Abbreviations: @-SMA, a-smooth muscle actin; Adipose, transplantation with adipose tissue-derived mes-
enchymal stem cells; CD34", transplantation with CD34* amnion membrane-derived stem/progenitor cells; CD34 ™, transplantation with CD34 ™
amnion membrane-derived stromal fibroblast cell; Control, nontransplantation; HGF, hepatocyte growth factor; TGF-S, transforming growth

factor-.

antagonist), liver regeneration (HGF), reducing hepatocyte ap-
optosis (vascular endothelial growth factor and insulin-like
growth factor-binding protein), suppressing HSC activation (tu-
mor necrosis factor-a [TNF-a] and nerve growth factor), and
degrading ECM (MMP9). It is very likely that both mechanisms
attributed to the reported antifibrotic effects after infusion of
allogeneic MSCs.

Liver fibrosis is caused by various injuries. After injury, blood
mononuclear cells migrate to the injured site. The activated
monocytes may differentiate into M1 macrophages and dendritic
cells. Along with recruited neutrophils, they phagocytose the
dead cells and debris. In coordination with pericyte activation,
they transform into myofibroblasts by secreting TGF-3, platelet-
derived growth factor subunit B, TNF-«, and Galactin-3 to initiate
tissue repairing. After the innate and adaptive immune system
insults and M1-to-M2 conversion, the MSCs are recruited to re-
pair and regenerate the damaged tissue. Blood monocytes are
converted into EPCs. Together with MSCs, they facilitate the
neurogenic and vascular regeneration under the EGF stimulation,
mediated by the plasma cytokines [58]. Thus, the antifibrotic regen-
erative effect involves the integration of both circulating hemato-
poietic and stromal stem/progenitor cells.

CONCLUSION

In conclusion, our current study has demonstrated that the multi-
potent neonatal CD34" AMSPCs are a superior cell candidate for

©AlphaMed Press 2016

application in regenerative medicine. Their transplantation can
effectively ameliorate hepatic fibrosis and restore liver function
to normal by deactivating hepatic stellate cells and reducing
the net collagen deposition. These findings will contribute
to the development of safe and effective therapeutic treat-
ment for liver injury associated with fibrosis and potentially
other inflammatory diseases.
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