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ABSTRACT. Cells isolated from human first trimester umbilical
cord perivascular layer (hFTM-PV) tissues display the pluripotent
characteristics of stem cells. In this study, we examined whether hFTM-PV
cells can differentiate into islet-like clusters (ILCs) in vitro, and whether
transplantation of the hFTM-PV cells with and without differentiation in vitro
can alleviate diabetes in nude mice. The hFTM-PV cells were differentiated
into ILCs in vitro through a simple stepwise culture protocol. To examine
the in vivo effects of the cells, the hFTM-PV cells with and without
differentiation in vitro were transplanted into the abdominal cavity of nude
mice with streptozotocin (STZ)-induced diabetes. Blood glucose levels,
body weight, and the survival probability of the diabetic nude mice were
then statistically analyzed. The hFTM-PV cells were successfully induced
into ILCs that could release insulin in response to elevated concentrations
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of glucose in vitro. In transplantation experiments, we observed that mice
transplanted with the undifferentiated hFTM-PV cells, embryonic body-like
cell aggregations, or ILCs all demonstrated normalized hyperglycemia
and showed improved survival rate compared with those without cell
transplantation. The hFTM-PV cells have the ability to differentiate into
ILCs in vitro and transplantations of undifferentiated and differentiated cells
can alleviate STZ-induced diabetes in nude mice. This may offer a potential
cell source for stem cell-based therapy for treating diabetes in the future.
Key words: Human first trimester umbilical cord; Stem cell; Diabetes

INTRODUCTION
Type I diabetes is a lifelong disease that is accompanied by hyperglycemia and results from
the destruction of the insulin-producing beta cells of the pancreas. Standard treatment strategies
for type I diabetes are based on different regimes of insulin injections with careful blood glucose
monitoring. However, such treatment is frequently associated with severe hypoglycemic episodes
because exogenous insulin cannot exactly mimic the physiology of insulin secretion (Efrat, 2008).
While whole pancreas or islet transplantation is often considered a promising long-term solution for
diabetes treatment, the benefits are limited by the difficulty of obtaining transplant materials and
organ donations (Pileggi et al., 2006).
Therefore, generation of insulin-producing cells from various stem cell sources has
become an important objective in the development of a cure for diabetes (Gangaram-Panday et
al., 2007). Many studies have suggested that human embryonic stem cells (hESCs) (D’Amour et
al., 2006), induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007), and mesenchymal stem
cells (MSCs) (Vija et al., 2009) may be possible cell sources for the generation of insulin-secreting
cells. However, they have some problems associated with tumorigenicity, immunogenicity, etc.
(Pappas and Yang, 2008; Sahu et al., 2009; Gutierrez-Aranda et al., 2010).
MSCs are multipotent stem cells that can differentiate into a variety of cell types including
insulin-secreting cells, and can reduce blood glucose levels (Chao et al., 2008). One of the two
important aspects of MSCs is that systemically administered MSCs home in on sites of ischemia
or injury (Yagi et al., 2010). Therefore, it has also been reported that the transplantation of
undifferentiated MSCs can reduce hyperglycemia in diabetic murines (Dong et al., 2008), as well
as enhance all ogeneic islet engraftment in non-human primates (Berman et al., 2010), although
the mechanisms by which this takes place remain undetermined. MSCs can be obtained from a
variety of organs/tissues. In general, MSCs isolated from developmentally less mature tissues may
be advantageous over those from mature sources (Baksh et al., 2007; Guillot et al., 2007).
We previously found that stem cells can be isolated from human first trimester umbilical
cord perivascular layer (hFTM-PV) tissues. These hFTM-PV cells exhibit certain features of
pluripotent stem cells that include expression of pluripotent stem cell markers and formation of
embryoid body (EB)-like cell aggregations (Librach et al., 2009). A research group based in Canada
has further discovered that hFTM-PV cells exhibit significantly greater proliferative potential and
are more efficient in their in vitro differentiation towards selective mesenchymal cell types including
chondrogenic and adipogenic lineages, as well as towards neuronal- and hepatocyte-like lineages
when compared with TERM-PV cells (Hong et al., 2013).
Drawing on this evidence, we hypothesized that hFTM-PV cells are able to differentiate
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into insulin-secreting cells in vitro, and that the transplantation of hFTM-PV cells can alleviate
diabetic hyperglycemia.

MATERIAL AND METHODS
Isolation and culture of hFTM-PV cells
Human first trimester umbilical cords were collected following spontaneous or therapeutic
pregnancy interruptions after obtaining written consent from patients, which was approved by the
Sichuan Provincial People’s Hospital Institutional Review Board (IRB). To isolate umbilical cord stem
cells, we followed a procedure outlined in the references (Librach et al., 2009; Hong et al., 2013).

In vitro differentiation of ILCs from undifferentiated hFTM-PV cells
Undifferentiated hFTM-PV cells were first cultured and expanded in 10% fetal bovine serum/
Dulbecco’s modiﬁed Eagle medium (Gibco, Carlsbad, CA, USA) for 3-6 days in a 75-cm2 culture
flask. Next, the cells were transferred into ultra-low-attachment 6-well plates (Corning, USA) to form
EB-like cell aggregations in an EB formation medium (Invitrogen, USA). After 7 days of culture, the
cell aggregations were transferred to a 10-cm2 culture plate with 1:1 DMEM/F12 medium and 1:100
insulin-transferrin-selenium (ITS), 1 mM glutamine, and 5 µg/mL fibronectin (Roche, Germany) for 7
days. Subsequently, the cells were cultured in 1:1 DMEM/F12 with 10 ng/mL basic fibroblast growth
factor (bFGF) (Gibco) for 7 days and with 10 mM nicotinamide (Gibco) for another 5 days. Figure 1A
summarizes the schematic procedure for the generation of ILCs from hFTM-PV cells.

Figure 1. A. Schematic representation of the procedure for generating islet-like clusters from human first trimester
umbilical cord perivascular layer (hFTM-PV) cells. The differentiated cells were transferred into ultra-low-attachment sixwell plates to form embryonic body (EB)-like cell aggregations in an EB formation medium. Next, the cell aggregations
were transferred into Dulbecco’s modiﬁed Eagle medium (DMEM)/F12 islet maturation medium with insulin-transferrinselenium (ITS), glutamine, and fibronectin, and cultured on an adhesion plate for 7 days. Afterwards, the cells were
cultured for 6-7 days in 1:1 DMEM/F12 with nicotinamide, glutamine, and basic fibroblast growth factor (bFGF) to
form insulin-producing islet-like clusters, which were detected by immunocytochemical (ICC) staining (see Figure
2C). B. (a) The cell morphology of undifferentiated human hFTM-PV cells; (b) formation of EB-like cell aggregations;
(c) differentiating aggregations; and (d) islet-like clusters (ILCs). C. The EB-like cell aggregations were characterized
by the detection of markers of three germ lineages: alpha-fetoglobulin (AFP) for endoderm, nestin for ectoderm, and
smooth muscle actin (SMA) for mesoderm. The scale bar is set to 100 µm.
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Immunocytochemical staining
The cultured hFTM-PV cells, EB-like cell aggregations, or ILCs were investigated
by immunocytochemical staining. Source and dilution information for the primary antibodies is
provided in Table 1. The cells were incubated with horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (1:1000) for 1 h at room temperature. Pancreases known to be positive for islet
endocrine cell markers were used as positive controls. Negative controls for immunostaining were
prepared by omission of the primary antibodies.
Table 1. Source and dilution of primary antibodies used in this study.
Antibodies

Clone

Manufacturer

AFP
Nestin
SMA
c-peptide
Glucagon
Insulin
HLA-G

Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal (HGY)

Sigma-Aldrich
Millipore
MyBioSource
Millipore
ZhongShanJinQiao
ZhongShanJinQiao
SichuanXinChuang

Dilution
1:200
1:200
1:200
1:200
1:200
1:200
1:200

AFP = alpha-fetoglobulin; SMA = smooth muscle actin; HLA-G = human leukocyte antigen G.

Reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from the hFTM-UC cells, EB-like cell aggregations, and ILCs.
mRNA expression of PDX1, NGN3, PAX6, and glyceraldehyde 3-phosphate dehydrogenase
(GAPGH) in the cells was determined by PCR using previously reported primer sequences and
amplification protocols (Segev et al., 2004).

Glucose-stimulated insulin release
The hFTM-PV cell-derived ILCs were plated onto a 48-well plate in triplicate. The
ILCs were first incubated in Roswell Park Memorial Institute (RPMI) 1640 medium containing
5 mM glucose (0.5 mL per well) at 37°C for 3.5 h. The supernatants were collected, and the
same ILCs were further treated with 0.5 mL RPMI 1640 medium containing 25 mM glucose
and incubated at 37°C for another 3.5 h. Finally, the supernatants were again collected for
determination of insulin concentrations.

Streptozotocin-induced diabetes in nude mice and cell transplantation therapy
The Institutional Animal Care and Use Committees at the Sichuan Academy of Medical
Sciences approved all animal procedures as protocol #2010JY0043. Every effort was made to
minimize animal suffering.
First, streptozotocin (STZ, Sigma) was intraperitoneally (ip) injected at 40 mg/kg/day into
4-6-week-old male nude mice for 5 days to induce experimental diabetes. Blood glucose was
measured by a glucometer (Accu-Chek, Roche Diagnostics, USA) from snipped tails. Only mice with
stable blood glucose levels above 13 mM after the STZ treatments were used in the transplantation
experiments. We transferred the cells with and without differentiation of ILCs in vitro into the STZtreated nude mice to observe whether all the transplantations could alleviate type I diabetes.
Genetics and Molecular Research 14 (4): 12505-12519 (2015)
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The animals were randomly divided into four groups that were ip injected with 1)
undifferentiated hFTM-PV cells (N = 16), 2) EB-like cell aggregations (N = 11), 3) ILCs (N = 10), and
4) saline (N = 8). Blood glucose levels were monitored every 3 days. At the same time, animals with
healthy conditions and body weight were monitored until death or sacrificed for sample collection.

Enzyme-linked immunosorbent assay (ELISA) for measuring insulin in cultureconditioned medium and serum
Insulin production in both low- and high-glucose-treated ILC supernatants was analyzed
using a human insulin-specific ELISA kit (Millipore, USA). Whole mouse blood samples were
collected from the retro-orbital vein upon euthanasia, and serum was isolated by centrifugation.
Serum insulin levels were simultaneously measured using a mouse insulin ELISA kit (Millipore,
USA) and a human insulin-specific ELISA kit. All the analyses were performed according to the
manufacturer instructions.

Statistical analysis
All statistical analyses were carried out using the SPSS software program (version 14), and
the data are presented as mean + SEM. Statistical analysis of the data was performed by a one-way
analysis of variance followed by Tukey’s test. The Kaplan-Meier method was used to estimate the
overall survival rate as a function of time. A P value of < 0.05 was regarded as significant.

RESULTS
Stem cell properties of hFTM-PV cells
The primary isolates were heterogeneous, that is, most of the cells were spindle-shaped,
resembling fibroblasts, and reached confluence every 5-7 days. After 2-3 passages, adherent
cells comprised homogeneous cell layers with a fibroblasts-like morphology (Figure 1B-a). The
cells consistently and strongly expressed OCT4, NANOG, SOX2, SSEA3, SSEA-4, TRA160, and
TRA181 through passages 0 to 15, over 11 weeks of culture (Librach et al., 2009). The cells
were able to form EB-like cell aggregations in the EB formation medium (Figure 1B-b). The cell
aggregations expressed specific markers for three germ layers (alpha-fetoglobulin (AFP) for
endoderm, nestin for ectoderm, and smooth muscle actin (SMA) for mesoderm cells (Sidhu et al.,
2008), Figure 1C), suggesting that the cells have the potential to differentiate into various types of
cell raised from these three germ layers.

Differentiation of hFTM-PV cells into insulin-secreting ILCs in vitro
Although the hFTM-PV cells per se are mainly a mesenchymal lineage with pericyte-like
properties (Hong et al., 2013), the cells can form EB-like aggregations in which a large number of
cells can express the endodermal marker AFP (Figure 1C). We modified a differentiation protocol
without the steps of activin A and retinoic acid treatment, and used it to differentiate ES cells into
definitive endoderm and pancreatic fates (Jiang et al., 2007; Mayhew and Wells, 2010). Furthermore,
in our protocol, no N2/B27 supplements, which are used to enrich nestin-positive cells (Lumelsky
et al., 2001), were used. However, both bFGF, which acts to expand pancreatic progenitors and/
Genetics and Molecular Research 14 (4): 12505-12519 (2015)
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or promote a pancreatic fate, and nicotinamide, which acts as a late-stage ‘maturation’ factor in
DMEM/F12 (Ohgawara et al., 1993; Otonkoski et al., 1993) were included in our protocol. Under
differentiation conditions, ILCs can be formed following the formation of EB-like cell aggregations
and induction of differentiation/maturation (Figure 1B-c and -d).
RT-PCR analysis (Figure 2A) confirmed the expression of pancreatic and duodenal
homeobox-1 (PDX1), which encodes for a transcription factor that is necessary for pancreatic
development (Zhou et al., 2008), neurogenin-3 (NGN3), basic helix-loop-helix (bHLH) transcription
factor, which is critical for the specification of endocrine cells in the pancreatic islets (Villasenor et
al., 2008), and homeodomain transcription factor PAX6, which is an important factor in pancreatic
islet beta-cell development (Schisler et al., 2008), in the undifferentiated hFTM-PV cells, EB-like
cell aggregations, and ILCs. However, the expression of PDX1 and PAX6 was significantly higher
in ILCs than in the hFTM-PV cells and EB-like cell aggregations. Additionally, expression of NGN3
was higher in hFTM-PV cells and EB-like cell aggregations compared with ILCs (Figure 2B).

Figure 2. A. Reverse transcription polymerase chain reaction (RT-PCR) analysis of PDX1, NGN3, and PAX6 expression
during the islet differentiation in which glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference
gene. PCR products were separated by gel electrophoresis. B. Relative abundance of the gene transcripts. *Indicates
significant (P < 0.05) differences in transcript levels during the differentiation. C. Immunocytochemical analysis of
the expression of islet endocrine cell markers c-peptide, glucagon, and insulin in the first trimester umbilical cord
perivascular layer (FTM-PV) cells, embryonic body (EB)-like cell aggregations, and islet-like clusters (ILCs). The scale
bar is set to 100 µm.
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Immunohistochemical staining was performed to investigate the expression of c-peptide,
glucagon, and insulin in undifferentiated hFTM-PV cells, EB-like cell aggregations, and ILCs. Data
from one representative experiment are presented in Figure 2C. The undifferentiated FTM-PV cells
did not express c-peptide, glucagon, or insulin (Figure 2C, column 1). The EB-like cell aggregations
showed weak but detectable expression of c-peptide, glucagon, and insulin (Figure 2C, column 2).
The cells in mature ILCs strongly expressed all markers (Figure 2C, panel 3), suggesting that these
cells represent an endocrine cell type similar to islets in the pancreas.
The hFTM-PV cell-derived ILC’s ability to secrete insulin in response to glucose stimulation
was tested in the next experiment. Here, ILCs derived from hFTM-PV cells released insulin in
a glucose-dependent manner (Figure 3), while the undifferentiated cells and the EB-like cell
aggregations did not release a measurable amount of insulin into the medium (data not show). Five
separate ILC preparations were subjected to a glucose-stimulated insulin release analysis. The
average insulin concentration in a medium containing 25 mM glucose was 23.2 + 5.3 mIU (mean
+ SE) and the average insulin concentration in a medium containing 5 mM glucose was 7.0 + 0.5
mIU (mean + SE). Comparing these results, P = 0.002, which indicates that the ILCs generated by
our protocol were able to secrete insulin in response to high concentrations of glucose.

Figure 3. The islet-like cell clusters (ILCs) released insulin in response to glucose in vitro. After the induction of ILCs,
the amount of insulin in the culture media was measured by an enzyme-linked immunosorbent assay (ELISA) after the
cells had been exposed to low or high concentrations of glucose. The Student’s t-test showed significant differences
between the groups (P < 0.05). The asterisk denotes a significant difference between the two groups.

Effect of transplantation in vivo
Normal blood glucose levels in nude mice ranged from 3.8 to 7.5 mM with a mean value
of 5.5 mM. The blood glucose levels were monitored every 3 days. After STZ treatment, the blood
glucose levels dramatically increased to 16.4 + 2.9 mM (mean + SE) and continued to rise until the
animals died. At the same time, animals not subjected to STZ treatment had normal blood glucose
levels during the entire experimental period (Figure 4A).
Genetics and Molecular Research 14 (4): 12505-12519 (2015)
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Figure 4. Effects on blood glucose levels of the transplantation of human first trimester umbilical cord perivascular
layer (hFTM-PV) cells with and without differentiation in vitro. A. Statistical analysis revealed that the transplantations
significantly alleviated diabetic hyperglycemia (F = 3.14, P = 0.009 for the transplantation of undifferentiated FTM-PV
cells, F = 15.6, P = 0.0001 for the transplantation of embryonic body (EB)-like cell aggregations and F = 6.59, P =
0.0001 for islet-like cell clusters (ILCs), respectively). B. Cumulative curative effect of transplantation of hFTM-PV cells
with and without differentiation in vitro on hyperglycemia in nude mice with streptozotocin (STZ)-induced diabetes.
There was no significant difference among the three groups.

In the ILC transplantation group, the average blood glucose levels were 16.3 + 1.24 mM
before transplantation. After transplantation, hyperglycemia gradually decreased (F = 6.59, P =
0.0001, Figure 4A). By the second week after transplantation, the blood glucose levels had been
revised to near normal ranges (7.81 + 0.74 mM), although there were slight increasing fluctuations
between the fourth and sixth weeks. Transplantation of the undifferentiated cells also progressively
alleviated hyperglycemia, starting from 3-7 days after transplantation until the end of the experiments
(F = 3.14, P = 0.009, Figure 4A). In this group, initial blood glucose levels were 16.4 + 2.9 mM after
STZ treatment. At the sixth week of transplantation, the blood glucose concentrations in the animals
reached normal ranges (7.22 + 2.74 mM). In the EB-like cell aggregations transplantation group,
STZ induced hyperglycemia with an average level of 21.2 + 0.73 mM blood glucose concentration.
Similar to the ILCs group, the transplantation of EB-like cell aggregations dramatically decreased
blood glucose levels in the first transplantation week by 53.8% from initial hyperglycemia. The
decrease continued and reached normal ranges of blood glucose levels (7.6 + 1.48 mM) at the
sixth week (F = 15.6, P = 0.0001, Figure 4A).
There was no significant difference in terms of cumulative curative effect among
the three groups by a log-rank analysis (χ2 = 0.908, P = 0.635, Figure 4B). These results
Genetics and Molecular Research 14 (4): 12505-12519 (2015)
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demonstrate that all types of transplantation are able to ease hyperglycemia induced by STZ
treatment for more than 2 months.
In addition, glucose tolerance tests were performed after the sixth week of transplantation,
and showed that blood glucose levels of both normal and cell-treated mice dropped to initial levels
within 150 min (data not show).
The body weight of the mice at Weeks 0 and 1 after transplantation was similar in all
groups. The weight of diabetic mice treated with saline was significantly lower than those with
the three types of transplantation after 2 weeks (P = 0.047). The body weight of diabetic mice
treated with saline was further reduced before death (around 4 weeks), and was also significantly
lower than in those that had received the three types of transplantation before death (around 9
weeks) (P = 0.001). Although body weight in the transplantation groups also decreased gradually
compared with before the diabetes inductions, no significant differences in body weight changes
were observed among the three transplantation groups (Figure 5).

Figure 5. Effects of the transplantation of human first trimester umbilical cord perivascular layer (hFTM-PV) cells with
and without differentiation in vitro on the body weight of nude mice with streptozotocin (STZ)-induced diabetes. The
gray line indicates significant differences of body weight among the treatment groups after 14 days (P = 0.047), and
the dark line indicates significant differences in body weight among the treatment groups before death (P = 0.001).

Moreover, serum mouse insulin levels were less than 0.2 ng/mL with an average of 0.102
ng/mL in the mice with STZ-induced diabetes. In the mice with STZ-induced diabetes treated with
cell transplantations, serum mouse insulin levels were still less than 0.2 ng/mL with an average of
0.119 ng/mL. In contrast, human serum insulin levels were 5.70 + 0.31, 5.56 + 0.06, and 5.18 +
0.42 mU/L in the groups with undifferentiated FTM-PV cells, EB-like cell aggregations, and ILCs,
respectively. These results suggest that the effect of transplantation on hyperglycemia in vivo is
mainly exerted by human insulin, which may be secreted by donor cells.
The mice in each group were observed for their survival periods. All the diabetic mice
without cell transplantations died 4 weeks after the STZ treatment, while most of the diabetic mice
with cell transplantations survived for more than 9 weeks (N = 9, 6, and 6 for the transplantation
groups with undifferentiated FTM-PV cells, EB-like cell aggregations, and ILCs, respectively).
The data shown in Figure 6A indicate that the survival ratio in mice with STZ-induced diabetes
was significantly lower compared with diabetic mice with cell transplantations (P < 0.05), and the
Genetics and Molecular Research 14 (4): 12505-12519 (2015)
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survival ratio of the undifferentiated cell group at 3 weeks after transplantation was lower than in
the EB-like cell aggregations and ILCs groups (P < 0.05). After 3 weeks, however, the survival ratio
in the undifferentiated cell group remained until 9 weeks and showed no significant difference from
the EB-like cell aggregations and ILC groups. Further, in the entire cohort, the overall survival rates
of the diabetic mice with cell transplantations were significantly higher compared with those mice
that had not received cell transplantations (P = 0.005, log-rank test, Figure 6B). However, there
was no significant difference among the cell treatment groups.

Figure 6. Effects of the transplantation of human first trimester umbilical cord perivascular layer (hFTM-PV) cells
with and without differentiation in vitro on the survival ratio (A), and the survival probability (B) of nude mice with
streptozotocin (STZ)-induced diabetes. In the entire cohort, the overall survival rates of the diabetic mice with cell
transplantations were significantly higher compared with those without cell transplantations (P = 0.005, log-rank test).
However, there was no significant difference among the cell treatment groups.
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HLA-G is expressed in undifferentiated hFTM-PV cells, EB-like cell aggregations,
and ILCs
Since MSCs possess potent immunoregulatory properties (Gebler et al., 2012), and
human leukocyte antigen G (HLA-G) is a key molecule of the MSC immunoregulatory function
(Selmani et al., 2009), we performed immunocytochemical staining with an anti-HLA-G-specific
antibody (HGY) that specifically recognizes HLA-G1 and its soluble counterpart HLA-G5 (Yie et al.,
2007; Cao et al., 2011) to investigate the expression of HLA-G proteins in the hFTM-PV cells, EBlike cell aggregations, and ILCs. HLA-G expression was detected in all three types of cell (Figure
7). Interestingly, the expression of HLA-G was detected in the ILCs but not in the surrounding
cells (Figure 7), which suggests that HLA-G is a determinant of the HLA repertoire in the human
pancreas that is uniquely restricted to the endocrine cells.

Figure 7. HLA-G protein expression levels in undifferentiated human first trimester umbilical cord perivascular layer
(hFTM-PV) cells (a), embryonic body (EB)-like aggregations (b) formed from hFTM-PV cells, and the islet-like clusters
(ILCs) (c) induced from EB-like cell aggregations were detected by immunohistochemical analysis. Negative controls
for the immune staining were performed by omission of the primary antibodies (d-f). Original magnification: 40X.

DISCUSSION
It has been unequivocally established that the pancreas arises from the endoderm (Edlund,
2002), and, physiologically, β-cell development can be broken down into four steps. Based on this
understanding of the process of pancreas development, a stepwise process that recapitulates all
the major stages of β-cell development has been successfully used to direct ESCs to differentiate
into endoderm-derived, mature, and glucose-responsive β-cells (Mayhew and Wells, 2010).
hFTM-PV cells can be grown using low-attachment dishes in the presence of a complete
Genetics and Molecular Research 14 (4): 12505-12519 (2015)
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growth medium that lacks leukemia inhibitory factor, and they have the ability to form EB-like
cell aggregations that express markers for the endoderm, ectoderm, and mesoderm (Librach
et al., 2009). However, it is unclear how the cells are converted to their original status under
these conditions. Perhaps this is one of the reasons that the cells keep expressing high levels
of pluripotent stem cell-associated transcripts and/or proteins such as OCT4, NANOG, SOX-2,
SSEA-3, SSEA-4, TRA-1-60, and TRA-1-81 (Librach et al., 2009). Nevertheless, the differentiation
protocol used in the study starts from the EB-like cell aggregations, and is similar to the first stage
of endoderm formation in β-cell development from ESCs (Mayhew and Wells, 2010).
Pancreatic development involves the proliferation of pancreatic progenitors and their
segregation into either exocrine or endocrine cell types. The developmental process is controlled
by a number of signal pathways, in which PDX1, NGN3, and PAX6 may play a critical role (Schisler
et al., 2008; Rukstalis and Habener, 2009). In the present study, the transcripts of the PDX1 and
PAX6 genes increased while the transcript of the NGN3 gene decreased from the undifferentiated
hFTM-PV cells and EB-like cell aggregations to the ILCs. This suggests that the cell source per
se contained pancreatic development and endocrine cell development cell populations, and that
our simple stepwise differentiation protocol can efficiently differentiate the cells into ILCs in vitro.
After the EB-like cell aggregations were re-cultured in non-EB formation media, the cells
were changed into islet cells in the medium containing high glucose, high insulin, nicotinamide, and
bFGF. At the ILC stage, the clusters strongly expressed c-peptide, glucagon, and insulin, implying
that the cell clusters comprised pancreatic endocrine cells. The glucose-stimulated insulin release
test showed a response to high concentrations of glucose, which further implies that these insulinproducing cells were functional and mature islet endocrine cells. Moreover, transplantation of the
ILCs increased general health and reversed hyperglycemia. The survival time of nude mice with
STZ-induced diabetes also demonstrated the functionality and maturity of the clusters in vivo.
The transplantation of undifferentiated MSCs in the Wharton’s jelly of human third trimester
umbilical cord had no effect on the alleviation of hyperglycemia, and decreased the body weight
and survival ratio in rats with STZ-induced diabetes (Chao et al., 2008). However, in the current
study, the transplantation of undifferentiated hFTM-PV cells or EB-like cell aggregations was able
to alleviate diabetic conditions by providing insulin synthesized by the donor cells. This suggests
that the hFTM-PV cells may have more plasticity than MSCs from first trimester umbilical cord in
terms of alleviating diabetes.
However, our results are similar but not identical to those of previous studies reported by
Ezquer et al. and Dong et al. (2008), in which MSC transplantations lowered the blood glucose levels of
the recipients by supporting the regeneration of recipient β-cells rather than providing insulin synthesized
by the donor cells. Unfortunately, in the present study, we injected the cells into the peritoneal cavity of
the animals rather than transplanting the cells into the liver or kidney. As a result, we could not determine
whether the undifferentiated cells and EB-like cell aggregations were differentiated into β-cells under in
vivo diabetic conditions or determine the status of the ILCs. Therefore, in future studies we are planning
to investigate the optimal anatomical sites for cell transplantation to enhance the survival and function
of the ILCs, and determine the fate of undifferentiated cells in vivo.
It has been demonstrated that MSCs possess potent immunoregulatory properties that
could be exploited to suppress allograft rejection following transplantation (Vija et al., 2009; Gebler
et al., 2012). This is because MSCs have the ability to suppress T-cell responses via various
immunomodulatory pathways including the production of the immunomodulatory cytokines TGF-β
and IL-10, as well as enzymatic pathways involving indoleamine 2,3-dioxygenase, nitric oxide
synthase, and heme oxygenase-1 (Brusko, 2009; Vija et al., 2009; Gebler et al., 2012).
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In addition, HLA-G, a non-classical MHC class Ib molecule, has been reported to be
expressed in hES cells and MSCs isolated from either fetal or adult tissues (Weiss et al., 2008;
Giuliani et al., 2011; Verloes et al., 2011). HLA-G is characterized by low polymorphism, restricted
tissue distribution, and immune tolerogenic functions that may contribute to avoiding serious
complications arising from alloimmune rejections in stem cell-based therapy (Gebler et al., 2012;
Soleymaninejadian et al., 2012).
Fetal liver derived-MSCs display remarkably longer-lasting immunomodulatory properties
compared with adult BM-MSCs, and are more efficient at inducing T-cell apoptosis and secretion of
the immunosuppressive cytokine IL-10 (Cirulli et al., 2006). Interestingly, it has been reported that
HLA-G is constitutively expressed in the endocrine compartment of the human pancreas, which
may have potentially important implications for the progression of autoimmunity as well as for
the establishment of transplant tolerance in this tissue (Cirulli et al., 2006). Consistent with these
reports, our results showed that HLA-G is not only expressed in undifferentiated FTM-PV cells and
EB-like cell aggregations, but can also be detected in ISLs restricted to the endocrine cells.
Given the properties of hFTM-PV cells, we hypothesized that they are a favorable source of
stem cells for conversion into insulin-producing cells owing to their greater proliferative potential and
higher differentiation efficiency in vitro (Librach et al., 2009; Hong et al., 2013), their greater capacity
to alleviate diabetes, and the lower risk of rejection they offer compared with other sources of MSCs.
In conclusion, in this study, we demonstrated that hFTM-PV cells are able to differentiate
into mature ISLs through EB-like cell aggregations under in vitro culture conditions. Moreover,
transplantation of the cells with or without differentiation in vitro can alleviate STZ-induced diabetes
in nude mice. Since younger sources of adult stem cell populations show a greater proliferative
potential and plasticity than their older counterparts (Librach et al., 2009; Choumerianou et al.,
2010; Hong et al., 2013), hFTM-PV cells may have more potential as a starting material for the
generation of an unlimited supply of insulin-secreting cells.
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