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Abstract

Harvesting, expansion and directed differentiation of human bone marrow-derived mesenchymal
stem cells (BM-MSCs) could provide an autologous source of surrogate 3-cells that would
alleviate the limitations of availability and/or allogenic rejection following pancreatic or islet
transplantation. Bone marrow cells were obtained from three adult type 2 diabetic volunteers and 3
non-diabetic donors. After 3 days in culture, adherent MSCs were expanded for 2 passages. At
passage 3, differentiation was carried out in a 3-staged procedure. Cells were cultured in a
glucose-rich medium containing several activation and growth factors. Cells were evaluated in-
vitro by flow cytometry, immunolabelling, Rt-PCR and human insulin and c-peptide release in
responses to increasing glucose concentrations. One thousand cell-clusters were inserted under the
renal capsule of diabetic nude mice followed by monitoring of their diabetic status. At the end of
differentiation, ~5-10% of cells were immunofluorescent for insulin, c-peptide or glucagon;
insulin and c-peptide were co-expressed. Nanogold immunolabelling for electron microscopy
demonstrated the presence of c-peptide in the rough endoplasmic reticulum. Insulin-producing
cells (IPCs) expressed transcription factors and genes of pancreatic hormones similar to those
expressed by pancreatic islets. There was a stepwise increase in human insulin and c-peptide
release by IPCs in response to increasing glucose concentrations. Transplantation of IPCs into
nude diabetic mice resulted in control of their diabetic status for 3 months. The sera of IPC-
transplanted mice contained human insulin and c-peptide but negligible levels of mouse insulin.
When the IPCs-bearing kidneys were removed, rapid return of diabetic state was noted. BM-
MSCs from diabetic and non-diabetic human subjects could be differentiated without genetic
manipulation to form IPCs which, when transplanted, could maintain euglycaemia in diabetic
mice for 3 months. Optimization of the culture conditions are required to improve the yield of
IPCs and their functional performance.
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INTRODUCTION

Diabetes mellitus is a wide-spread devastating disease affecting millions of people world
wide. Maintaining a good glycaemic control with exogenous insulin imposes a burden on
patients. Transplantation of intact pancreas or isolated pancreatic islets are alternative
treatments for patients with type | diabetes. However, the shortage of cadaveric organs and
the necessity to use immunosuppression are limiting factors (35).

Recent progress in the field of regenerative therapies has focused attention on generation of
surrogate B-cells from stem cells derived from embryonic, umbilical cord blood, Wharton’s
Jelly and a variety of adult tissues (4). Human embryonic stem cells (h-ESCs) can be
expanded in the undifferentiated state and differentiated to all cell types including insulin
producing cells (IPCs) (22,24,36). So far, the use of these cells is burdened by ethical
considerations as well as by practical problems: the lack of available embryos, difficulties
with the generation of immuno-compatible cells and the risk of uncontrolled malignant
proliferation of residual undifferentiated cells. Insulin-producing cells can also be obtained
by directed molecular engineering of umbilical cord stromal mesenchymal stem cells (43).
These sources have the advantage of a large potential donor pool. Nevertheless, the risks of
rejection and the need for immunosuppression remain.

Adult stem cells have been identified in many organs and tissues including the bone marrow.
Bone marrow MSCs are pluripotent and can differentiate into lineages of mesenchymal,
endodermal and ectodermal cells including osteoplasts, adipocytes, myoblasts and endocrine
cells (31). This source provides the opportunity for generation of large numbers of 3-cells
without molecular engineering. Harvesting, expansion and directed differentiation of
autologous stem cells would alleviate the major limitations of availability and/or allogenic
rejection. Several investigators tried to induce bone marrow-derived MSCs of rodents to
generate IPCs (7,16,44). In a previous study, we had successfully treated diabetic Sprague
Dawley rats with islet-like clusters derived from bone marrow of inbred donors (13). In an
in vitro study, Sun et al. partially characterized differentiated MSCs from human diabetic
subjects (42). Herein, we report our studies to generate well characterized endocrine cells
from adult human bone marrow-derived MSCs from non-diabetic and type 2 diabetic
subjects and test their insulin secretory potential in a mouse model of diabetes.

MATERIALS AND METHODS

Retrieval of human bone marrow cells

The required approvals for this study were obtained from the ethical committee of the
University of Mansoura. Bone marrow aspirates (BMA) were collected in heparin from 6
consenting donors. Three donors were type 2, diabetic patients requiring insulin from whom
samples were obtained from the iliac crest and 3 were non-diabetic volunteers from whom
samples were obtained during hip replacement surgery (Table 1).

Isolation, expansion and differentiation of bone marrow-derived MSCs

The BMA were diluted 1:1 with low glucose Dulbecco’s Modified Eagle’s Medium
(DMEM, Sigma, St. Louis, Missouri, USA) and layered on top of a density gradient (Ficoll-
Paque, 1.077 g/ml), (Pharmacia, Uppsala, Sweden) and centrifuged for 20 minutes at 600 g.
Cells were collected from the media / Ficoll interface, washed twice in phosphate buffer
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saline (PBS), and re-suspended in 10 ml of low glucose complete DMEM supplemented
with 10% fetal bovine serum, (Hyclone, Logan, UT, USA), 100 U/ml penicillin and 100 U/
ml streptomycin (Sigma). One ml of the BMA yielded ~1.5x108 nucleated cells. The
collected cells were cultured in complete DMEM at a density of 5 x 10° cells /ml (10 ml in
25 cm? tissue culture flask) and incubated at 37°C in 5% CO, incubator. Aliquots were
frozen in liquid nitrogen for subsequent expansion and examination.

After 3 days, the non-adherent cells were discarded. The remaining adherent MSCs were
cultured to 80% confluence before passaging with trypsin. Cells were re-suspended with
complete DMEM and replated at a ratio of 1:2 and cultured for a further 8 days. This step
was repeated for a second passage. The cells then had the appearance of fibroblast-like cells.

Differentiation of the MSCs to form endocrine cells: At passage 3, MSCs were cultured at a
density of 1x10° cells/ml in serum-free, glucose-rich DMEM (25 mmol/L) containing 0.5
mmol/L B-mercaptoethanol (Sigma) and incubated for 2 days. The medium was replaced
with serum-free, glucose-rich medium containing 1% non-essential amino acids (Sigma), 20
ng/ml basic fibroblast growth factor (Sigma), 20 ng/ml epidermal growth factor (Sigma), 2%
B27 supplement (Gibco BRL, Life Technologies, UK) and 2 mmol/L L-glutamine (Sigma)
and cultured for a further 8 days. Finally, the cells were cultured for an additional 8 days in
serum free, glucose-rich DMEM containing 10 ng/ml betacellulin (Sigma), 10 ng/ml activin-
A (Sigma), 2% B27 supplement and 10 mmol/L nicotinamide (Sigma).

Evaluation of the cells

Characterization of isolated MSCs by flowcytometry

For flow cytometric analysis, the bone marrow-derived MSCs at passage 3 were trypsinized,
centrifuged at 300 g for 8 minutes, and resuspended in PBS at a concentration of 1x10°
cells/ml. 100 pl aliquots were labeled (30mins) with antibodies against CD14, CD45 (FITC)
or CD73, CD34 phycoerythrin (PE) (Becton-Dickinson, USA), or CD105 PE or CD90
(FITC,) (Becton-Dickinson, USA), washed with 1ml of stain buffer (BD-Pharmingen, USA)
and resuspended in 500 pul of stain buffer. The labeled cells were analyzed using an argon
ion laser with a wave length of 488nm (FACS Calibur, Becton-Dickinson, USA). A total of
10000 events were obtained and analyzed with the Cell Quest software program (Becton-
Dickinson, USA). Control staining with appropriate isotype-matched monoclonal antibodies
was included.

Gene expression by RT-PCR

Total RNA was extracted from undifferentiated MSCs at passage 3 and differentiating cells
at days 2, 10 and 22 into TRIzol (Invitrogen Corporation, Grand Island, NY, USA). Lung
cells (W1 38 cell line; ATTC CCL 75) and human pancreatic islets were included as a
negative and positive control respectively. Expression of a variety of genes was examined
(Table 2). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was also included as an
internal control. Briefly, 1 pg of total RNA was converted to cDNA using high capacity
cDNA archive kit (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems, Foster City,
California, USA). Then 2 pl of the cDNA were amplified using 25 pmol of each primer pair,
12.5 pl of 2X Taq PCR Master Mix (QIAGEN Inc, Valencia, California, USA) and
nuclease-free water to a total volume of 25 pl. The cycling parameters of the PCR
amplification were as follows: initial denaturation at 95°C for 5 minutes, followed by 30
cycles of amplification and final extension at 72°C for 10 minutes. The PCR products were
electrophoresed in 1% agarose gel (Sigma), visualized by ethidium bromide staining
(Sigma). In addition, relative quantitative RT-PCR (qPCR) was carried out for
undifferentiated MSCs and at the full differentiation (22 days). Human islets served as a
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positive control. The test was carried out using Stell ARray Gene Expression System
(Lonza, Walkersville, MD, USA). Amplifications were performed in a 20 L reaction
volume containing 10 pL 2 x SYBR Green Master Mix (Takara BioINS, California, USA).
Reactions were performed on a 7000 Real-Time PCR System (ABI PRISM, Applied
Biosystem, California, USA). A model introduced by Pfaffl was used for calculation (30).

Immunolabelling

Cell preparations at different stages of the differentiation protocol and engrafted IPCs in the
kidneys of mice were immuno-labelled for insulin (rabbit monoclonal, Cell Signaling
Technology, Danvers, MA, USA), glucagon (rabbit polyclonal anti-glucagon, Cell Signaling
Technology), rabbit anti human somatostatin (DakoCytomation) or human c-peptide (rabbit
polyclonal; Cell Signaling Technology). Cell culture specimens in situ on chamber slides
(Nunc). were fixed in 4% paraformaldehyde and tissue was fixed in 2.4% formaldehyde and
prepared in wax Secondary antibodies employed were swine anti-rabbit immunoglobulin
labeled with FITC (DakoCytomation, Glostrup, Denmark), antimouse TRITC or biotin
avidin complex and DAB. Cell viability was examined using TUNEL detection Kit,
(GenScript, USA) and the frequency of cell division by labeling for Ki67 (Cell marque,
USA). Preliminary confocal images to determine co-localization of hormones were captured
after labeling for insulin (in-house guinea-pig antibody to human insulin B-chain) and
glucagon (mouse monoclonal antibody; Sigma).

For nanogold immunostaining, the IPCs were fixed in 2% formalin and 0.5% glutaraldehyde
(both EM grade from Ted Pella) in phosphate-buffered saline (PBS) overnight at 4°C. After
washing 3 x 15 min with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (Bio-
Rad Laboratories, Hercules, CA, USA), they were blocked for 6 hours in casein blocking
buffer (BioRad) with 0.05% Tween 20 at room temperature. Subsequently samples were
incubated with mouse monoclonal anti-c-peptide (1H8) antibody (Abcam, ab8297) at 1:50
dilution in blocking buffer, overnight at 4°C. The next day, samples were washed for several
hours with PBS-0.05% Tween 20 and incubated overnight at 4°C with anti-mouse antibody
conjugated with 1.4 nm gold (Nanoprobes, Yaphank, NY, USA) diluted at 1:50 with
blocking buffer. The next day, samples were washed 3 x 15 min with PBS-0.05% Tween 20,
post-fixed for 20 min in 1% glutaraldehyde in PBS-0.05% Tween 20, washed 3 x 15 min in
water, silver enhanced and either photographed as a whole mount or processed for electron
microscopy without the osmium tetraoxide treatment, as described previously. Whole-mount
immunostained IPCs were contrasted with 0.5% uranyl acetate only (without osmium
tetraoxide) and embedded in Epon. Thin (70-100 nm) sections were examined and
photographed in JEOL 1200 transmission electron microscope (1,19,20). Undifferentiated
MSCs as well as human islet cells were similarly labeled to serve as negative and positive
controls respectively.

Determination of in vitro insulin and c-peptide release in response to increasing glucose
concentrations and peptide content of cell preparations

Four different samples (1 million cells) were collected from the same batch of each donor at
the end of the differentiation period for measurement of hormones released. Cells were
initially incubated for 3 hours in glucose-free Krebs-Ringer bicarbonate buffer (KRB). This
was followed by incubation for 1 hour in 3.0 ml of KRB containing 5.5, 12, or 25 mM
glucose concentrations. The supernatant was collected at the end of each incubation period.
The collected samples were frozen at-70°C until assayed using an Elisa Kit with a minimum
detection limit of 1.76 nlU/ml (DRG Diagnostic, Germany).

Insulin and c-peptide content were determined in cells that had been cultured in 25mM
glucose. These were washed 3 times with PBS and then suspended in 50 mM of HCL/70%
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ethanol. Following centrifugation at 12000g for 5 minutes, the supernatant was collected,
neutralized by adding 50mM NaOH and stored at —=70C for ELISA assay. Once the insulin
and c-peptide content were determined the cells were homogenized in chilled PBS. The
homogenate was then centrifuged at 1700g for 10 minutes at 4°C and then at 28000g for 20
minutes at the same temperature. The supernatant was analyzed for its protein content using
the Bradford method.

In vivo transplantation studies in mice

The ability of the differentiated cells to establish normoglycaemia in diabetic nude mice
(Swiss Nu/Nu, Charles River Laboratories, Paris, France) was examined by their
implantation in the renal sub-capsular space. Approval for these experiments was obtained
from the ethical committee of the University of Mansoura. Diabetes was chemically induced
by a single dose of 220 mg/kg of streptozotocin (STZ, Sigma). The mice were considered
diabetic once the blood glucose levels exceeded 16.5 mmol/L for 2 consecutive readings.
Fifty animals were utilized (18 males and 32 females with an average age of 12 weeks).
These were divided into 4 groups: normal mice (n=10: 3 males and 7 females); diabetic mice
treated with culture media only (n=10: 4 males and 6 females); diabetic mice treated with
one million undifferentiated MSCs (n=10: 4 males and 6 females) and diabetic mice treated
with differentiated cells generated from MSCs of donor (1); (n=20: 8 males and 12 females).
In anaesthetized mice; 1000 IPC clusters, equivalent to 1 million cells, in 20ul of culture
media were implanted in each mouse.

The biochemical profiles of the mice in all groups were periodically assessed. Blood
samples were obtained from the tail vein and measured for blood glucose, serum mouse
insulin, human insulin and c-peptide by ELISA (DRG Diagnostic, Germany). At the end of
the observation period, an oral glucose tolerance test was carried out. Glucose (1gm/kg) was
administered orally by gavage to the overnight fasted mice. Blood samples from the tail vein
were measured before, 15, 30, 60, 90 and 120 minutes after glucose administration using
glucometer strips (Accu-Check, Roche Diagnostics, Bazle, Switzerland).

Three months after transplantation, nephrectomy was carried out for the cell-bearing
kidneys. Kidneys were prepared for histological studies to examine the grafts. The blood
glucose and human insulin levels of the surviving animals were monitored.

Statistical analysis

RESULTS

Non parametric data were evaluated by Friedman’s test. Post hoc testing was preformed by
the Wilcoxon’s Signed Ranking and the p-values were corrected by Bonferroni adjustments.
A p-value of < 0.05 was considered significant.

Morphological and phenotypical characterization of the cultured MSCs

At the end of the expansion phase, the cells became homogenous, spindle shaped, fibroblast-
like and arranged in monolayers. Flow-cytometric analysis showed that they expressed high
levels of CD73, CD90, and CD105, but negligible levels of CD14, CD34 and CD45 (Table
3). These results indicate that majority of the bone marrow-derived cells were MSCs. From
a starting culture of 3x10% MSCs, ~ 5000 clusters (5million cells approx) were present at the
end of the differentiation procedure. During the differentiation phase, the cells gathered
gradually in groups with the formation of 3 dimensional aggregates. At the end of the
differentiation protocol the cells formed clusters with a spheroidal morphology (Fig. 1). No
apparent differences in the rate of growth or differentiation was observed between different
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cell batches from the same donor or between cells from different donors with or without
diabetes.

At the end of differentiation, immunofluorescent labeling demonstrated that approximately
5-9% of cells were hormone-positive both in the monolayers and in the cell aggregates.
Insulin, c-peptide and glucagon appeared as punctuate labeling within the cytoplasm.
Furthermore, insulin and c-peptide were co-expressed (Fig. 2). The c-peptide positive cells
were TUNEL negative. In contrast to the undifferentiated MSCs, differentiated cells were
Ki-67 negative (Fig. 3). By electron microscopy, nanogold-immunolabelling showed the
presence of C-peptide reactivity at the endoplasmic reticulum of the IPCs and the islet cells
(Fig. 4A & B). The cytoplasm of the undifferentiated cells was unlabelled (Figure 4—c).

Gene expression during and after differentiation

Gene expression profiles throughout the differentiation process were examined in all donors.
Expression of genes for pancreatic endocrine development was not detected in the
undifferentiated MSCs. Two days after induction of differentiation, markers for the
transcription factors: PDX-1, MafB, Pax4 were expressed. After 10 days of differentiation,
in addition to the aforementioned genes, markers for the transcription factors: MafA, Ngn-3,
NeuroD1, the glucose transporter GLUT-2, and pancreatic islet enzymes PC1, and PC2 were
expressed. Shortly thereafter, expression of RFX6 was noted. Finally, there was full
expression of the endocrine genes: insulin, glucagon and somatostatin. Expression for
pancreatic enzyme, glucokinase (GCK) was also noted, while gene expressions for nestin
and Ngn-3 were extinguished (Fig. 5A). A preliminary observation of qPCR for some genes
in cells from donor (1) demonstrated that at 22days after differentiation, PDX1 expression
was between 1 and 10% of that in human islets. Insulin gene expression was lower at <1%
of that in human islets (Fig. 5B).

In vitro human insulin and c-peptide release in response to a glucose challenge

The differentiated cells released increasing amounts of insulin and c-peptide in response to
increasing glucose concentrations (P <0.05). The insulin but not the c-peptide content in
cells derived from diabetic donors was significantly higher than that of cells from non-
diabetic donors (P <0.05) (Table 4).

Outcomes of in vivo transplantation experiments

The blood glucose levels of the diabetic mice implanted with the differentiated clusters of
cells were normalized within few days whereas those receiving no cells or undifferentiated
cells remained hyperglycemic. Three mice which received differentiated cells died 2,3 and 8
weeks post-transplantation. The remaining 17 animals remained euglycemic throughout the
observation period of 3 months (Fig. 6A). Serum levels of human insulin and human c-
peptide were measurable and maintained during the same period (Fig. 6B&C). Serum levels
of mouse insulin were negligible in comparison to normal mice (Fig. 6D). At the end of the
observation period, glucose tolerance curves in the IPCs-transplanted mice were not
significantly different to that of normal controls (Fig. 7). Eight animals died during
nephrectomy of the clusters-bearing kidneys. The surviving 9 mice became hyperglycemic
and the human insulin levels in their sera dropped to zero. These animals died few days after
the procedure. The islets of their native pancreata were negative for insulin by
immunohistochemistry. No difference in results was observed relative to the sex of the
recipient mice. Histology of the removed kidneys revealed the presence of cell clusters
under the renal capsule. These clusters contained some cells co-expressing insulin and c-
peptide or were glucagon-positive. These immunoreactive cells were largely situated at the
periphery of the clusters. Confocal microscopy with dual labeling for insulin and glucagon
demonstrated that these hormones were in different cell types (Fig. 8).
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DISCUSSION

The ability to purify, culture and manipulate multipotent stem cells from non-embryonic
origin could provide a source to replace tissues for the treatment of degenerative disorders.
Several in-vitro studies have shown that bone marrow-derived stem cells of murine origin
could be re-programmed under certain culture conditions to become functional insulin-
producing cells (6,7,16,29). Other studies had provided data indicating that human bone
marrow-derived MSCs can express insulin and key transcription factors of the endocrine
pancreas developmental pathway upon genetic and/or microenvironmental manipulation in
vitro (18,27).

The current study reports a potential source to generate IPCs from human BM-MSCs by
directed differentiation using soluble factors in culture media. We have opted to use MSCs
for several reasons. MSCs residing in the bone marrow are multipotent and can differentiate
into lineages of mesenchymal, endodermal and ectodermal cells (18,31). Evidence had also
been provided that MSCs could be expanded ex-vivo for more than 50 population doublings
without obvious signs of differentiation (33). Accordingly, they can provide a rich source of
autologous stem cells. An additional feature of bone marrow MSCs is their lack of
expression of class Il antigens and their ability to exert immunosuppressive activity on T
cells (9). These properties suggest their possible use for the treatment of type | diabetes
mellitus by abrogation of the associated autoimmunity, and might also allow the use of
allogenic MSCs if autologous grafts could not be used (8,12).

We have shown that MSCs derived from human adult bone marrow of both diabetic and
non-diabetic donors can be purified on the basis of their ability to adhere to plastic. The cells
that had assumed spindle shaped morphology at the end of expansion were negative for
CD14, CD34 and CD45 which indicates that they were not hematopoietic stem cells and
positive for CD73, CD90 and CD105, markers for MSCs (10).

Different protocols have been tried to induce bone marrow-derived MSCs to differentiate
into IPCs in vitro (7,16,42). High glucose concentration was considered as a potent inducer
for pancreatic islet differentiation (2). Initially, B-mercaptoethanol was added to the culture
medium to induce expression of PDX-1 (44). Subsequently, fibroblast and the epidermal
growth factors were used, since these were shown in an experimental model to stimulate
proinsulin biosynthesis and 3H-thymidine incorporation (5). Finally, Activin A, B-cellulin
and nicotinamide were added. Activin A regulates the exogenesis of B-cells in vivo, while
beta-cellulin plays an important role in regulating growth and/or differentiation of pancreatic
endocrine precursor cells (23). Nicotinamide is an effective inducer used to preserve islet
viability through poly ADP-ribose polymerase (PARP) (21). In this initial study exendin 4,
GLP-1 or other agents thought to increase differentiation in vivo were not added.

RT-PCR revealed distinct stage-specific gene expression patterns. At the end of
differentiation, the profile of the transcription factors closely resembles that of human
pancreatic islets. There is a temporal sequence of genes during activation for the
development of a-and p-cells (17). PDX-1 is one of the well studied transcription factors
that are critical to both beta cell development and function (38). It controls the maturation of
pancreatic islet cells by regulating insulin 1 and other down stream genes. It was shown that
the expression of PDX-1 is switched on first followed by other IPCs-related genes (41).
Ngn3 appears transiently during the development of the pancreas. It demarcates cells
destined to form the endocrine pancreas (14). The transcription factor Rfx6 directs islet cell
differentiation downstream of Ngn3 (37) and this remains at an elevated level similar to that
in human islets. Pax4 is expressed in a subset of endocrine progenitors and is essential for
the differentiation of - and 8-cell lineage (39). Evidence had been provided that MafB is
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expressed before MafA. It is suggested that MafB may have a dual role in the embryonic
differentiation of both - and a-cells while MafA may regulate replication/survival and
function of B-cells after birth (28). MafA appears to mediate expression of other key islet -
cells genes, such as GLUT2 and PC2 (25). The prohormone convertases PC1 and PC2 are
endo-peptidases found in islets that convert the prohormones to mature hormones (40). Both
convertases are found in adult B-cells, but only PC2 is found in adult a-cells where it
converts proglucagon to glucagon (11).

Several investigators had argued that the presence of insulin in such cells does not indicate
intrinsic insulin production. They suggest that insulin from the utilized culture media can be
absorbed by and sequestrated in these cells (15,26,32). Immunofluorescence staining was
positive for insulin, c-peptide and glucagon with Co-expression of insulin and c-peptide by
the same cells confirming that proinsulin synthesis was occurring in the cells and not being
derived from any insulin in the culture media. Moreover, the c-peptide positive cells were
not diving (Ki67-negative) and non-apoptotic since they were TUNEL negative.
Localization of c-peptide immunoreactivity in the rough endoplasmic reticulum as revealed
by immunogold staining provides an additional evidence of intrinsic synthesis of insulin.

The number of differentiated cells under the present condition was modest. Microscopical
examination suggests that ~ 5% of cells were insulin positive. Insulin content of the
differentiated cells was also modest; in comparison with equivalent protein levels in
pancreatic islet cells. These secretory data are consistent with QPCR data suggesting that
insulin gene expression in the cellular fraction was <1% of that of human islets. This is
likely to reflect not only the small number of differentiated cells in the cellular fraction but
also a low insulin content of each cell in comparison with human or rodent -cells. Evidence
of glucose-sensitive insulin secretion suggests that the cellular machinery for glucose
sensing is in place and that insulin release could be regulated by similar mechanisms as
found in islet B-cells (34). Further studies are required to improve the yield of differentiated
functioning cells.

This is the first study to compare cells from diabetic and non-diabetic donors. Long-term
exposure of MSCs to high glucose concentrations in vivo could influence their sensitivity
for growth and differentiation. There were no significant differences in the characteristics of
growth, differentiation or gene profiles of the cells obtained from different diabetic and non-
diabetic donors. However the insulin content of cells obtained from non diabetic donors was
significantly less than that of diabetic donors. It is unclear if this represents a genetic or
environmental difference embedded in the stem cells or a variation as a result of the small
number of donors examined in this study. Increasing the numbers of donors will allow
further examination of this point. The relative expressions of different genes in diabetic and
non-diabetic human donors at the end of differentiation remain to be determined.

Although the insulin content of the cells was small, transplantation of a large number of
cells (Imillion/mouse) was capable of correcting hyperglycemia in vivo. One may also
speculate that additional number of cells could have completed their differentiation in vivo.
This was associated with the appearance of human insulin and c-peptide in the blood of
these transplanted animals associated with a reduction of mouse insulin in the STZ-induced
diabetes. No evidence was found to suggest regrowth of the islet -cells in the mouse
pancreas which would have been reflected by an increase in mouse insulin in the blood
samples. Although the profiles of the glucose tolerance tests of the transplanted mice were
slightly higher than controls, they demonstrated a glucose sensitive release of human insulin.
On the other hand, mice treated with culture media or undifferentiated MSCs remained
hyperglycemic and died after few days. All these findings strongly suggest that the donor
cells had a central role in controlling blood glucose levels.
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Taken together, all these experimental findings support the potential of adult human bone
marrow-derived MSCs to differentiate into IPCs (3). Differentiation of autologous MSCs
into IPCs would provide potential clinical benefits for diabetic patients. The donor could
receive his or her own cells after differentiation, and although immunomodulation would be
required for type 1 diabetic subjects, no suppression would be needed for type 2 diabetic
subjects. The challenge is to demonstrate that enough insulin positive cells with adequate
functional capacity can be produced in culture without the requirement for molecular
biological engineering. In addition, the duration during which these cells can maintain their
active function in vivo, the needed numbers and the optimal site for their implantation have
also to be studied.

Acknowledgments

. The study was funded by Misr EI-Kheir Foundation (a charity non-profit organization), Egypt.

. The efforts of Dr. Anne Clark from the Oxford Center for Diabetes, Endocrinology and Metabolism in
providing the confocal images and revising the manuscript are deeply appreciated.

. Electron microscopy nanogold processing was supported by Institutional Core Grant #CA 16672 High
Resolution Electron Microscopy Facility, UTMDACC.

. We thank Kenneth Dunner Jr for his excellent EM work.

References

1. Bilinski SM, Jaglarz MK, Dougherty MT, Kloc M. Electron microscopy, immunostaining,
cytoskeleton visualization, in situ hybridization, and three-dimensional reconstruction of Xenopus
occytes. Methods. 2010; 51(1):11-19. [PubMed: 20018243]

2. Bonner-Weir S, Deery D, Leahy JL, Weir GC. Compensatory growth of pancreatic beta-cells in
adult rats after short-term glucose infusion. Diabetes. 1989; 38(1):49-53. [PubMed: 2642434]

3. Calne, R.; Ghoneim, MA. Novel diabetes therapy: The seven pillars of credibility. Treatment
Strategies Diabetes. Available online at: www.treatmentstrategies.co.uk./Diabetes.html

4. Calne RY, Gan SU, Lee KO. Stem cell and gene therapies for diabetes mellitus. Nat Rev
Endocrinol. 2010; 6(3):173-177. [PubMed: 20173779]

5. Chatterjee AK, Sieradzki J, Schatz H. Epidermal growth factor stimulates (pro-) insulin biosynthesis
and 3H-thymidine incorporation in isolated pancreatic rat islets. Horm Metab Res. 1986; 18(12):
873-874. [PubMed: 3546050]

6. Chen LB, Jiang XB, Yang L. Differentiation of rat marrow mesenchymal stem cells into pancreatic
islet beta-cells. World J Gastroentrol. 2004; 10(20):3016-3020.

7. Choi K, Shin J, Lee J, Kim Y, Kim S, Kim C. In vitro trans-differentiation of rat mesenchymal cells
into insulin-producing cells by rat pancreatic extract. Biochem Biophys Res Commun. 2005;
330(4):1299-1305. [PubMed: 15823584]

8. Ciceri F, Piemonti L. Bone marrow and pancreatic islets: an old story with new perspectives. Cell
Transplant. 2010; 19(12):1511-1522. [PubMed: 20719074]

9. Ding Y, Bushell A, Wood KJ. Mesenchymal stem-cell immunosuppressive capabilities: therapeutic
implications in islet transplantation. Transplantation. 2010; 89(3):270-273. [PubMed: 20145515]

10. Dominici M, Le Blanc K, Mueller I, Slaper-Cortenbach I, Marini F, Krause D, Deans R, Keating

A, Prockop Dj, Horwitz E. Minimal criteria for defining multipotent mesenchymal stromal cells.
The International Society for Cellular Therapy position statement. Cytotherapy. 2006; 8(4):315—
317. [PubMed: 16923606]

11. Drucker DJ. Minireview: the glucagon-like peptides. Endocrinology. 2001; 142(2): 521-527.

[PubMed: 11159819]
12. Efrat S. Beta-cell replacement for insulin-dependent diabetes mellitus. Adv Drug Deliv Rev. 2008;
60(2):114-123. [PubMed: 18022276]

Cell Transplant. Author manuscript; available in PMC 2014 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gabr et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 10

Gabr MM, Sobh MM, Zakaria MM, Refaie AF, Ghoneim MA. Transplantation of insulin-
producing clusters derived from adult bone marrow stem cells to treat diabetes in rats. Exp Clin
Transplant. 2008; 6(3):236—243. [PubMed: 18954303]

Gradwohl G, Dierich A, Le Meur M, Guillemot F. Neurogenin 3 is required for the development of
the four endocrine cell lineages of the pancreas. Proc Natl Acad Sci USA. 2000; 97(4):1607-1611.
[PubMed: 10677506]

Hansson M, Tonning A, Frandsen U, Petri A, Rajagopal J, Englund MC, Heller RS, Hakansson J,
Fleckner J, Skéld HN, Melton D, Semb H, Serup P. Artifactual insulin release from differentiated
embryonic stem cells. Diabetes. 2004; 53(10):2603-2609. [PubMed: 15448090]

Jahr H, Bretzel R. Insulin-positive cells in vitro generated from rat bone marrow stromal cells.
Transplant Proc. 2003; 35(6):2140-2141. [PubMed: 14529868]

Jensen J, Heller RS, Funder-Nielsen T, Pedersen EE, Lindsell C, Weinmaster G, Madsen OD,
Serup P. Independent development of pancreatic alpha- and beta-cells from neurogenin3-
expressing precursors: a role for the notch pathway in repression of premature differentiation.
Diabetes. 2000; 49(2):163-176. [PubMed: 10868931]

Jiang Y, Jahagirdar B, Reinhardt R, Schwartz R, Keene C, Ortiz-Gon-zalez X, Reyes M, Lenvik T,
Lund T, Blackstad M, Du J, Aldrich S, Lisberg A, Low W, Largaespada D, Verfailie C.
Pluripotency of mesenchymal stem cells derived from adult marrow. Nature. 2002; 418(6893):41—
49. [PubMed: 12077603]

Kloc M, Bilinski S, Dougherty MT. Organization of cytokeratin cytoskeleton and germ plasm in
the vegetal cortex of Xenopus laevis oocytes depends on coding and non-coding RNAs: three-
dimensional and ultrastructural analysis. Exp Cell Res. 2007; 313(8):1639-1651. [PubMed:
17376434]

Kloc M, Bilinski S, Dougherty MT, Brey EM, Etkin LD. Formation, architecture and polarity of
female germline cyst in Xenopus. Dev Biol. 2004; 266(1):43-61. [PubMed: 14729477]

Kolb H, Burkart V. Nicotinamide in type 1 diabetes. Mechanism of action revisited. Diabetes Care.
1999; 22(suppl 2):18-20.

Kroon E, Martinson LA, Kadoya A, Bang AG, Kelly OG, Eliazer S, Young H, Richardson M,
Smart NG, Cunningham J, Agulnick AD, D’Amour KA, Carpenter MK, Baetge EE. Pancreatic
endoderm derived from human embryonic stem cells generates glucose-responsive insulin-
secreting cells in vivo. Nat Biotechnol. 2008; 26(4):443-452. [PubMed: 18288110]

Li L, YiZ, Seno M, Kojima I. Activin A and betacellulin: effect on regeneration of pancreatic
beta-cells in neonatal streptozotocin-treated rat. Diabetes. 2004; 53(3):608-516. [PubMed:
14988244]

Lumelsky N, Blondel O, Laeng P, Velasco I, Ravin R, Mckay R. Differentiation of embryonic
stem cells to insulin-secreting structures similar to pancreatic islets. Science. 2001; 292(5520):
1389-1394. [PubMed: 11326082]

Matsuoka T, Kaneto H, Stein R, Mivatsuka T, Kawamori D, Henderson E, Kojima I, Matsuhisa M,
Hori M, Yamasaki Y. MafA regulates expression of genes important to islet beta-cells function.
Mol Endocrinol. 2007; 21(11):2764-2774. [PubMed: 17636040]

Mc Kiernan E, Barron NW, O’Sullivan F, Barham P, Clynes M, O’Driscoll L. Detecting de novo
insulin synthesis in embryonic stem cell-derived populations. Exp Cell Res. 2007; 313(7):1405—
1414. [PubMed: 17362926]

Moriscot C, de Fraipont F, Richard M, Marchand M, Savatier P, Bosco D, Favrot M, Benhamou P.
Human bone marrow mesenchymal stem cells can express insulin and key transcription factors of
the endocrine pancreas developmental pathway upon genetic and/or microenvironmental
manipulation in vitro. Stem Cells. 2005; 23(4):594-603. [PubMed: 15790780]

Nishimura W, Kondo Takuma Salameh T, El-Khattabi I, Dodge R, Bonner-Weir S, Sharma A. A
switch from MafB to MafA expression accompanies differentiation to pancreatic p-cells. Dev Biol.
2006; 293(2):526-539. [PubMed: 16580660]

Oh S, Muzzonigro T, Bue S, Laplante J, Hatch H, Petersen B. Adult bone marrow-derived cells
trans-differentiating into insulin-producing cells for the treatment of typel diabetes. Lab Invest.
2004; 84(5):607-617. [PubMed: 15034596]

Cell Transplant. Author manuscript; available in PMC 2014 January 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gabr et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

Page 11

Pfaffl MW. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic
Acids Res. 2001; 29(9):2002-2007.

Pittenger M, Mackay A, Beck S, Jaiswal R, Douglas R, Mosca J, Moorman M, Simonetti D, Craig
S, Marshak D. Multilineage potential of adult human mesenchymal stem cells. Science. 1999;
284(5411):143-147. [PubMed: 10102814]

Rajagopal J, Anderson WJ, Kume S, Martinez Ol, Melton DA. Insulin staining of ES cell progency
from insulin uptake. Science. 2003; 299(5605):363. [PubMed: 12532008]

Reyes M, Lund T, Lenvik T, Aguiar D, Koodie L, Verfailic C. Purification and ex vivo expansion
of postnatal human marrow mesodermal progenitor cell. Blood. 2001; 98(9):2615-2625.
[PubMed: 11675329]

Rorsman P, Renstrom E. Insulin granules dynamics in pancreatic beta cells. Diabetologia. 2003;
46(8):1029-1045. [PubMed: 12879249]

Ryan EA, Paty BW, Senior PA, Bigam D, Al-Fadhli E, Kneteman NM, LaKey JR, Shapiro AM.
Five-year follow-up after clinical islet transplantation. Diabetes. 2005; 54(7):2060-20609.
[PubMed: 15983207]

Segev H, Fishman B, Ziskind A, Shulman M, ltskovitz-Eldor J. Differentiation of human
emhryonic stem cells into insulin-producing clusters. Stem Cells. 2004; 22(3):265-274. [PubMed:
15153604]

Smith SB, Qu HQ, Taleb N, Kishimoto NY, Scheel DW, Lu Y, Patch AM, Rabs R, Wang J, Lynn
FC, Miyatsuka T, Mitchell J, Seerke R, Desir J, Eijnden SV, Abromowicz M, Kacet N, Weill J,
Renard ME, Gentile M, Hansen I, Dewar K, Hattersley AT, Wang R, Wilson ME, Johnson JD,
Polychronakos C, Gerrman MS. Rfx6 directs islet formation and insulin production in mice and
humans. Nature. 2010; 463(7282):775-780. [PubMed: 20148032]

Soria B. In vitro differentiation of pancreatic B-cells. Differentiation. 2001; 68(45):205-219.
[PubMed: 11776473]

Sosa-Pineda B, Chowdhury K, Torres M, Oliver G, Gruss P. The Pax 4 gene is essential for
differentiation of insulin-producing beta cells in the mammalian pancreas. Nature. 1997;
386(6623):399-402. [PubMed: 9121556]

Steiner DF. The protein convertases. Curr Opin Chem Biol. 1998; 2(1):31-39. [PubMed: 9667917]
Sun N, Ji H. In vitro differentiation of human placenta-derived adherent cells into insulin-
producing cells. J Inter Med Res. 2009; 37(2):400-406.

Sun'Y, Chen L, Hou XG, Hou WK, Dong JJ, Sun L, Tang KX, Wang B, Song J, Li H, Want KX.
Differentiation of bone marrow-derived mesenchymal stem cells from diabetic patients into
insulin-producing cells in vitro. Chin Med J (Engl). 2007; 120(9):771-776. [PubMed: 17531117]
Wang HS, Shyu JF, Shen WS, Hsu HC, Chi TC, Chen CP, Huang SW, Shyr YM, Tang KT, Chen
TH. Transplantation of insulin-producing cells derived from umbilical cord stromal mesenchymal
stem cells to treat NOD mice. Cell Transplant. 2011; 20(3):455-466. [PubMed: 20719086]

Wu XH, Liu CP, Xu KF, Mao XD, Zhu J, Jiang JJ, Cui D, Zhang M, Xu Y, Liu C. Reversal of
hyperglycemia in diabetic rats by portal vein transplantation of islet-like cells generated from bone
marrow mesenchymal stem cells. World J Gastroenterol. 2007; 13(24):3342-3349. [PubMed:
17659673]

Cell Transplant. Author manuscript; available in PMC 2014 January 15.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Gabr et al.

Figure 1. Morphological changes of MSCs during differentiation

(A) Undifferentiated MSCs, at the end of the expansion phase.

(B) Formation of cell aggregates at day 10.
(C) Forrmation of cell clusters at day 18.
(D) Collected clusters.
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Figure 2. Immunoflourescent staining of differentiated IPCS

(A) Positive staining for insulin (green) with counter staining for DAPI (arrow).

(B) Positive staining for c-peptide (red) with counter staining for DAPI (arrow).

(C) Electronic merge of insulin and c-peptide. Co-expression of insulin and c-peptide
(yellow) by the same cells could be seen (arrow).
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Figure 3. Immunohistochemical staining for the proliferation marker Ki-67
(A) The undifferentiated MSCs were positive for staining with Ki-67.
(B) The differentiated IPCs were negative for staining with Ki-67.
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Figure 4. Immuno-staining with nanogold
(A) Ultrastructure analysis of the differentiated IPCs shows concentration of c-peptide

(arrows) at the cisternae of rough endoplasmic reticulum.

(B) Fragment of undifferentiated cell shows unlabeled cytoplasm for c-peptide (negative
control).

(C) Fragment of pancreatic islet cells shows c-peptide labeling in the vicinity of rough
endoplasmic reticulum (positive control).

RER: Rough endoplasmic reticulum.

m: Mitochondria.
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Figure 5. Gene expression profile
(A) RT-PCR of the undifferentiated MSCs and during the various phases of their
differentiation (days 2,10,22). At the end of differentiation (day 22), the gene expression of
IPCs was similar to that of human islets. Both expressed transcription factors (PDX-1,
MafA, MafB, Pax4, Rfx6 and neuro D-1), pancreatic enzymes (GK, PC1 & PC2) and
endocrine hormones (insulin, glucagon and somatostation).
(B) gPCR : undifferentiated cells did not express any transcription factors or genes of
endocrine hormones. At full differentiation (22 days), PDX-1 expression was between 1 and
10% of that of human islets. Insulin gene expression was < 1% of that of human islets.
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Figure 6. Biochemical profile of diabetic nude mice treated by implantation of IPCs under the

renal capsule (green)

The blood glucose levels (a) were normalized few days after implantation and maintained
throughout the observation period. The diabetic status resumed following nephrectomy of
the IPCs-bearing kidneys. Serum human insulin (b) and c-peptide (c) became measurable

after implantation and rapidly disappeared following nephrectomy of the IPCs-bearing

kidneys. On the other hand, serum mouse insulin (d) was negligible.
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The oral glucose tolerance tests. transplanted animals (green), normal animals (red) and
diabetic animals (blue). The curve of the IPCs-transplanted animals approximated that of

normal controls.

Cell Transplant. Author manuscript; available in PMC 2014 January 15.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey JoyIny vd-HIN

Gabr et al.

Page 19

Figure 8. Histology of the removed IPCs-bearing kidneys

Hematoxylin and Eosin examination (A) demonstrates the implanted IPCs under the renal
capsule (arrows). Positive. Immunoflourescent staining for insulin (arrow) (A) and c-peptide
(arrow) (C). Electronic merging reveals co-expression of insulin and c-peptide by the same
cells (arrow) (D). Confocal study with dual labeling for insulin (red) and glucagon (green)
was positive in the IPCs under the renal capsule (E) and in human islets (F). These two
hormones were localized in different cell populations (arrows).
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