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Umbilical Cord Derived Mesenchymal Stem Cells Useful in
Insulin Production - Another Opportunity in Cell Therapy
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Background and Objectives: Type 1 Diabetes Mellitus (TIDM) is an autoimmune disorder resulting out of T cell medi-
ated destruction of pancreatic beta cells. Immunomodulatory properties of mesenchymal stem cells may help to re-
generate beta cells and/or prevent further destruction of remnant, unaffected beta cells in diabetes. We have assessed
the ability of umbilical cord derived MSCs (UCMSCs) to differentiate into functional islet cells in vitro.

Methods and Results: We have isolated UCMSCs and allowed sequential exposure of various inducing agents and
growth factors. We characterized these cells for confirmation of the presence of islet cell markers and their functionality.
The spindle shaped undifferentiated UCMSCs, change their morphology to become triangular in shape. These cells
then come together to form the islet like structures which then grow in size and mature over time. These cells express
pancreatic and duodenal homeobox —1 (PDX-1), neurogenin 3 (Ngn-3), glucose transporter 2 (Glut 2) and other pan-
creatic cell markers like glucagon, somatostatin and pancreatic polypeptide and lose expression of MSC markers like
CD73 and CDI105. They were functionally active as demonstrated by release of physiological insulin and C-peptide
in response to elevated glucose concentrations.

Conclusions: Pancreatic islet like cells with desired functionality can thus be obtained in reasonable numbers from
undifferentiated UCMSCs mwitro. This could help in establishing a “very definitive source” of islet like cells for cell
therapy. UCMSCs could thus be a game changer in treatment of diabetes.
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Introduction

Type 1 Diabetes Mellitus (T1DM) is one of the most
prevalent of all metabolic disorders caused by auto-
immune destruction of insulin secreting beta islet cells.
Loss of beta (8) cells leads to insufficient or totally absent
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insulin levels and poor glycemic control, which in turn
may lead to numerous microvascular and macro-vascular
complications. It is observed that significant mortality and
morbidity is much higher in the affected population. The
prevalence of diabetes at all age groups world-wide has
been predicted to reach to about 10% by 2,030 (1, 2).

Currently, insulin replacement via exogenously ad-
ministered insulin is the most preferred kind of TIDM
treatment. Insulin therapy maintains the blood glucose
levels at acceptable level and has been credited with im-
proved survival and relatively lesser complications. The ef-
forts to ameliorate TIDM by transplanting isolated pan-
creatic islets have been attempted since 1970s. But the
problem has been of limited engraftment and uncertain
availability of islets. This therapy moreover, requires addi-
tional multiple daily injections of insulin as well as major
lifestyle modifications.
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Activation of islet cell antigen reactive T cells is the first
step towards destruction of islet cells. TIDM results from
destruction of insulin-producing pancreatic 8 cells by a
B cell-specific autoimmune process. S cell auto-antigens
are thought to be released from A cells by cellular turn-
over or damage and are processed and presented to T
helper cells by antigen-presenting cells (APCs). These
CD4" T cells can be activated by interleukin (IL)-12 re-
leased from macrophages and dendritic cells. While this
process takes place, 8 cell antigen-specific CD8" T cells
are activated by IL-2 produced by the activated THI
CD4" Tecells and differentiate into cytotoxic Tcells which
are recruited into the pancreatic islets. These activated
TH1 CD4" Tcells and CD8" cytotoxic Tcells are involved
in the destruction of A cells. In addition, S cells can also
be damaged by granzymes and perforin released from
CD8" cytotoxic T cells. Thus, activated macrophages,
THI1 CD4" T cells, and £ cell-cytotoxic CD8" T cells act
synergistically to destroy /A cells, resulting in auto-
immune TIDM (3).

Understanding well these short comings, a therapeutic
approach aimed at regenerating insulin producing cells to
prevent autoimmune destruction of residual and newly
forming B cells, is the strategy to be adopted. All these
positive effects may be brought in by the use of stem cells.

Several published literature reports have stated that hu-
man embryonic stem cells (hESCs), umbilical cord blood
hematopoietic stem cells (HSCs), induced pluripotent
stem cells (iIPSCs) and mesenchymal stem cells (MSCs)
have potentials to be differentiated into insulin producing
cells in vitro (4-8). The significance of adult stem cells,
more specifically MSCs needs no further demonstration
on its being a potential cell type for considerations in clin-
ical use (9).

Potential of MSCs to trans-differentiate into other cell
types such as 3 islet cells was considered to be their ma-
jor regenerative potential, but more recent evidence in-
dicates that MSCs carry out tissue repair processes by ac-
tually migrating to the site of tissue injury and participat-
ing in the repair processes by mechanisms such as secret-
ing cytokines and other paracrine factors (1). Further,
MSCs have also been shown to possess immunoregulatory
capacity, both  vitro as well as in vivo, as they can modu-
late many functions of immune cells including T cells, B
cells, dendritic cells (DCs) and NK cells (10). In this re-
gard, MSCs are being tried in preclinical animal studies
and clinical trials in treatment of GvHD and autoimmune
diseases, such as Multiple Sclerosis, Systemic Lupus
Erythematosus and Crohn’s disease, with varying ob-
servations (11-13). As expected, MSCs have also not shown

any tumour formation after transplantation.

Until recently, bone marrow derived MSCs have domi-
nated the market as an important stem cell source, with
its own limitations. It has requirement for an invasive har-
vesting procedure and the cell quality and the ability of
proliferation is dependant on the age and health of the
donor. Umbilical cord derived MSCs (UCMSCs) are prob-
ably more superior because of their relatively high yield
of younger cells from a naive source (14-18). Needless to
say, sourcing these is not a challenge, as cord tissues are
normally discarded. The ability of UCMSCs to differ-
entiate to mesodermal lineages as well as neural lineage
has already been well documented (19). Other studies have
shown that UCMSCs express nestin as a mesenchymal
maker (20-22) and these nestin positive stem cells isolated
from the adult pancreatic islets have been shown to differ-
entiate ex vivo into pancreatic endocrine, exocrine and
hepatic progenitors (23). The nestin positive cells are the
cells that migrate from the pancreatic bud, hence these
group of cells can be the starting cells for pancreatic islet
differentiation.

MSCs have been shown to be able to differentiate to in-
sulin producing cells (IPCs) by using specific culture
media. IPC identification is further based on their ability
to express genes related to pancreatic development and
function (24). IPCs have been obtained from bone marrow
MSCs using a high glucose culture medium (25) or nic-
otinamide enriched medium (21, 26) to promote cell
differentiation. MSCs have also been shown to get differ-
entiated to IPC by a three stage protocol, involving the
use of nicotinamide, activin A and beta cellulin in high
glucose concentration (27). Karnieli et al. has even used
a PDX-1 gene transfer approach to obtain differentiated
beta islet cells (28).

In the present study, we have differentiated UCMSCs
to pancreatic progenitor cells in vitro. We have shown the
expression of differentiated pancreatic cell markers on
these cells and also confirmed their functionality in vitro
which we narrate in greater details in passages below. Our
cells, on differentiation express, high levels of Insulin and
C-peptide along with expression of other pancreatic cell
markers like glucagon, somatostatin and Glut-2. They are
also very strongly positive for Ngn-3. These differentiated
cells are further able to respond to high glucose conditions
and release higher levels of insulin and C-peptide i vitro.

Materials and Methods

Isolation and expansion of UCMSCs
Umbilical cords were collected from healthy volunteer



62 International Journal of Stem Cells 2016;9:60-69

mothers after administering an informed consent, as per
the recommendations of the institutional ethics comm-
ittee. MSCs were isolated from umbilical cords using an
in-house established and published protocol (4).

Briefly, the cord was cleaned with PBS (Invitrogen, CA,
USA) containing antibiotics. The blood clots were re-
moved and the cord was dissected into smaller explants
and placed on tissue culture dishes in expansion media
(DMEM/F12 [Invitrogen, CA, USA] with 10% FBS
(Hyclone, South Logan, UT) and 2 ng/ml basic FGF
[R&D systems, USA]). The cells were allowed to grow out
from the explants, expanded in monolayers at 37°C and
5%CO; and supplemented with fresh media every alter-
nate day. The cells were routinely subcultured every 5~6
days and characterized at every passage. Only UCMSCs
from passage 2 to 5 were used for all the experiments.

In vitro differentiation of UCMSCs to pancreatic
progenitor cells

UCMSCs were cultured in DMEM/Ham’s F12 medium
(Lonza, Singapore) containing basic FGF (R&D systems,
USA) with sequential addition of insulin, transferrin, sele-
nium, taurine and glucagon-like peptide —1 (GLP-1)
(Sigma, USA) for a period of 2 weeks at 37°C and 5%CQO..
During the process of differentiation, the cells were moni-
tored for a change in morphology. At the end of the 15
day differentiation protocol, they were collected and char-
acterized for specific cellular markers.

Characterization of cells

The differentiated cells were analysed for expression of
insulin and Ngn-3 by immunostaining. The cells were cul-
tured on glass sides and on differentiation were stained
with anti-insulin and anti-Ngn-3 after permeabilization
and fixing of the cells. The labelled cells were observed
under the microscope.

The differentiated cells were collected using Tryple
Select (Life Technologies, USA) dissociation medium and
characterized for cellular markers by immunopheno-
typing. The levels of CD73 (BD Biosciences, USA),
CD105 (R&D systems, USA), insulin, C-peptide, gluca-
gon, PDX-1, somatostatin, pancreatic polypeptide, Glut-2
and Ngn-3 (all antibodies from Chemicon) were studied.
Data was analysed using Cell Quest software.

Molecular Characterization of cells

The undifferentiated cells, the pancreatic progenitor
cells and the differentiated cells were subjected to RNA
isolation (Qiagen, USA), followed by cDNA synthesis
(Invitrogen, Singapore) for reverse transcriptase-PCR

Table 1. Primer details

Primer name Primer sequence Length

GAPDH F-5'TGAAGGTCGGAGTCAACGG3’ 500 bp
R-5'CATGTGGGCCATGAGGTCCA3’

Ngn-3 F-5'GTCCCTCTACTCCCCAGTC3’ 383 bp
R-5"CTCAAGCAGGCGCGGAAAG3’

PDX-1 F-5’AGCTTTACAAGGACCCATGC3’ 415 bp
R-5"TTCAACATGACAGCCAGCTC3’

Insulin F-5'AGCCTTTGTGAACCAACAC3’ 460 bp

R-5"GCTGGTAGAGGGAGCAGAT3’

(RT-PCR) as per the manufacturer’s instructions. The
PCR was set up using primers for GAPDH (internal con-
trol), Ngn-3, PDX-1 and Insulin. Briefly, the denaturation
was done at 94°C for 30 secs, annealing at 60°C for 45 sec-
onds according to the requirement of the primers, ex-
tension at 72°C for 30 seconds, the final extension at 72°C
for 10 mins and at the end of the reaction, the products
were set up to hold at 4°C. The number of cycles was
maintained at 30. The primers and their product lengths
are listed in Table 1. The amplified cDNA was analysed
by electrophoresis on 1.5% agarose gel.

In-vitro Functionality assays

The differentiated cells were plated on 24 well plates
for studying insulin and the C-peptide release. The cells
were washed with DPBS and supplemented with 10 mM/L
HEPES and either 5.5 mM glucose (low glucose) or 25
mM glucose (high glucose) at 37°C for 1 hour. The super-
natant was collected and the insulin released in the super-
natant was quantified using human Insulin ELISA kit
(Mercodia, Sweden). The same supernatants were also an-
alysed for amount of C-peptide released using Human ul-
trasensitive C-peptide detection kit. The absorbance for
both was read at 450 nm using an ELISA plate reader.

Measurement of staged C-peptide secretion

For stage specific C-peptide release assay, the cells were
cultured in the above mentioned differentiation media.
The conditioned medium was collected intermittently and
quantified using the Human ultra sensitive C-peptide de-
tection kit (Mercodia, Sweden). The absorbance was read
at 450 nm using an ELISA plate reader.

Statistical Analysis

The statistical analysis of data was performed using
Student’s paired two-tailed t-test to determine statistical
significance. Values are given as mean+SD. The statistical
analysis was done for comparing the release of insulin by
undifferentiated UCMSCs and pancreatic progenitor cells
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under low glucose and high glucose concentrations. Also
a statistical analysis was done for release of c-peptide by
the two cell types under the similar culture conditions.

Results

Pancreatic progenitors from UCMSCs

The undifferentiated UCMSCs are seen as spindle shap-
ed cells under the microscope. But during differentiation,
they lose their spindle morphology and start becoming
more triangular. The edges become curved and slowly the
cells start coming together, which is termed as the ‘cell
walking’ in the culture dishes. As the differentiation pro-
tocol progresses, the cells start forming small islet like
clusters which gradually increase in size (Fig. 1). Once
formed, these islet like clusters remain stable in cultures
for atleast one month without change in their character-
istics and functionality, when fresh media was con-
tinuously replenished every 3™ day.

Characterization of pancreatic progenitors
The undifferentiated UCMSCs, as expected were pos-
itive for CD73, CD105 and were negative for CD45 and

CD34 cell surface markers. However, after differentiation,
these cells lost their MSC markers. They gradually started
expressing the markers specific for the pancreatic lineage
including the early markers like the PDX-1 and Ngn3,
and the mid and late markers like the insulin, C-peptide,
Glut-2, glucagon and somatostatin (Fig. 2A). More than
85% of the differentiated cells are positive for Ngn-3. Low
expression of pancreatic polypeptide (PP) was also ob-
served post differentiation. This showed that the differ-
entiation protocol supported the formation of all the cell
types, the alpha, delta and PP cells along with the major
population of beta cells. The alpha cells secrete glucagon,
while the delta cells are responsible for release of
somatostatin. The PP cells release functionally active pan-
creatic polypeptide. These supporting cells have been hy-
pothesized to be required for proper functioning of the
differentiated cells in vivo.

The cells were also characterized by immunostaining. It
was observed that the cells were positive for insulin and
Ngn-3 (Fig. 2B).

Ngn-3 (383 bp) was strongly expressed in the undi-
fferentiated and the progenitor stage, while it reduced as
the cells differentiate, since this is an early stage marker.

UCMSCs, day 0

UCMSCs, day 18

UCMSCs, day 10

UCMSCs, day 15

UCMSCs, day 21

Fig. 1. Morphology of differentiating cells. (A) Undifferentiated UCMSCs. (B) Cells coming together on the culture dishes. (C) Formation
of small islet like clusters on the culture dishes. (D, E) The islet like clusters grow in size over the culture period.
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Fig. 2. Characterization of cells from the islet like clusters obtained in the culture dishes by (A) immunophenotyping and (B) immunostaining.

Light band of PDX-1 (415 bp) was observed only in the creatic cells, was very clearly observed at all the stages of
undifferentiated cells, which was lost over differentiation. the differentiation process (Fig. 3).
Insulin (460 bp), which is a confirmatory marker for pan-
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Detection of Insulin released by differentiated cells
The differentiated pancreatic progenitor cells, contain-
ing approximately 50 islet like clusters, obtained from ini-
tial seeding of 1 million UCMSCs, when stimulated with
high glucose (25 mM) for a period of 1 hour, released in-
sulin in the supernatant. This was estimated by ELISA
and observed to be on an average 100 pmol/L as against
12 pmol/L released by same number of islet like clusters
exposed to a lower glucose stimulus (5.5 mM) (Fig. 4).
The undifferentiated UCMSCs, however released on an
average 20 pmol/L insulin in an unstimulated state, while

B 120 - Insulin - Pancreatic progenitor cells

100
100

B Insulin pmol/L
80
60
40

20 12

0 ]

Low glucose High glucose

D 190 - c-peptide

1007 B c-peptide mol/L

0 ==

1
Undifferentiated UCMSCs Pancreatic progenitor cells

Fig. 4. Detection of Insulin and c-peptide in the culture
supernatant. (A) Undifferentiated UCMSCs release insulin dif-
ferently in response to low glucose and high glucose con-
centrations. (B) Differentiated pancreatic progenitor cells re-
lease insulin under high glucose insult. (C) Comparative analy-
sis of the insulin released by the two cell types under low glu-
cose and high glucose concentrations. The difference between
the insulin released by undifferentiated UCMSCs and the pan-
creatic progenitors (PP) is statistically significant (p value<
0.005). (D) Differentiated pancreatic progenitor cells release
c-peptide. (E) High c-peptide released by pancreatic progenitor
cells under high glucose conditions.
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those exposed to high glucose released about S0 pmol/L
of insulin.

Detection of c-peptide released by the differentiated
cells

Since there is controversy regarding possible insulin up-
take by cells from media supplements that may be diffi-
cult to distinguish from insulin produced by the cells, we
have used human C-peptide as an indicator of insulin pro-
duction by our cells (29). The concentration of C-peptide
in the undifferentiated and the differentiated cells, meas-
ured by ELISA, showed that the differentiated pancreatic
progenitor cells secreted higher levels of C-peptide (95
mM), than the undifferentiated UCMSCs (5 mM).

These cells were also analyzed for their ability to re-
spond to the glucose challenge in vitro. As shown in the
Fig. 4 approximately 50 islet like clusters secreted 40
pmol/L of C-peptide at low (5.5 mM) glucose which in-
creased to about 200 pmol/L at a high glucose concen-
tration (25 mM).

Discussion

In the present study, our focus was to evaluate the po-
tential of UCMSCs to differentiate into functional pancre-
atic islet like cells. We have successfully shown that the
UCMSCs are able to differentiate to pancreatic islet like
cells and express multiple markers related to development
and function of pancreatic islet cells including good ex-
pression of markers for beta islet cells. These cells were
also able to release insulin in response to glucose in a dose
dependant manner.

With respect to growth conditions used for cell differ-
entiation, the major concern has always been the require-
ment for animal free media and the cost of the
differentiation. In this direction, literature shows that suc-
cessful yields have been obtained using conditioned me-
dium from various other cell types. Chao et al., have
shown earlier the differentiation potential of Wharton jel-
ly derived MSCs to pancreatic ILCs (Islet like cells) using
neuronal conditioned medium (30). However, using con-
ditioned medium from a different cell lineage may have
diverse implications on the diseased individual when they
are used for therapy. Moreover, the growth factors that
have been used are also extremely costly, further making
the differentiation protocol impossible to be used for ob-
taining required numbers of cells.

Kadam et al., have showed differentiation using a proto-
col similar to our protocol, but they have not confirmed
the changes at the cellular and molecular levels (31). The

differentiation potential was lost during the culture
period. We have been able to overcome these limitations
and reduce the time and obtain higher numbers of cells
in cheaper growth media using a ten day protocol. This
helps in obtaining higher numbers in a much lesser time
and cost.

The basic requirements for surrogate beta cells are the
ability to process proinsulin into insulin, maintain low
basal insulin secretion and physiologically regulated in-
sulin secretion in response to glucose. Therefore, the num-
ber of islets secreting specified concentration of insulin
needs to be calculated to understand the number of islets
that may be required for transplantation during therapy.
Physiologically, a typical blood level of insulin between
the meals is 60~80 pmol/L. We, in this study have calcu-
lated all the concentrations using a standard number of
islets to give a comparative analysis. We have been able
to show that about 50 islets, each islet consisting of ap-
proximately 80~100 million cells, are capable of express-
ing 100 pmol/litre of insulin in the presence of glucose.
This can help us with extrapolation for calculations re-
garding the number of islets that may be required for an
individual depending on this body weight and the location
of transplantation. If the transplantation is intra-pancre-
atic, then 50 islets may be efficacious, but if the islets are
to be administered via the intraveneous route, more num-
bers of islets may be required for the possibility to let
abundant cells to reach the site of action. Moreover, using
our media, we have been able to show the functionality
of the differentiated islets, i vitro, for an extended period
of 3 weeks. Clinical transplantation of cadaveric islets,
which includes beta cells, has provided the proof of con-
cept for replacement therapy for diabetes and is the ra-
tionale for developing beta cells from pluripotent stem
cells. More than 20 years of experience in improving ca-
daveric islet transplantation has provided insights into the
number of islet equivalents required, the site of trans-
plantation, delivery and immunosuppression regimens (32).

The maintenance of blood sugar levels is important for
the normal physiology of the body and this homeostasis
is maintained using a feedback system in which insulin
and glucagon have key roles (25). The effects of glucagon
are the opposite of the effects induced by insulin. The two
hormones need to work in partnership with each other to
keep blood glucose levels balanced. Glucagon plays an ac-
tive role in allowing the body to regulate the utilization
of glucose and fats. Hence, it is very essential to have the
alpha cells secreting glucagon along with the beta cells se-
creting insulin during transplantation. Few earlier studies
have shown that insulin alone is unable to be functional



Shabari Sarang, Chandra Viswanathan: UCMSCs for Insulin Production 67

under stressed conditions physiologically. Three failed
clinical trials have been reported using stem cells for the
treatment of Type 1 Diabetes, one of them being the trial
conducted by Osiris Therapeutics, the second by Juvenile
Diabetes Research Foundation (JDRF) and University of
Florida and the third by Tehran University (33). All these
trials have been unable to fulfil the primary endpoint of
reduction in C-pepdide levels. It is postulated that this es-
sentially is due to inability of the cells to balance the
homeostasis. Hence, it is very essential to have cells ex-
pressing glucagon as well. Our study shows that about 60
~70% of cells express glucagon after differentiation. This
has not yet been shown by other i vitro studies.

Majority of our cells express Ngn-3. Ngn3 belongs to the
basic helix-loop-helix (bHLH) class of transcription fac-
tors and functions primarily as an activator of gene tran-
scription in endocrine progenitor cells. It is expressed in
a small percentage of cells within the developing pancreas
consisting of endocrine progenitor cells, and functions to
directly enhance the expression of the lineage-committed
transcription factors required for the differentiation of the
endocrine progenitor cells into each of the endocrine cell
subtypes. Ngn3 binds directly to the promoters of the 3-
cell specific transcription factors b2/NeuroD and Pax4 to
promote the differentiation of progenitor cells into the 3
cell lineage (34, 35). Ngn3 expression is extinguished co-
incident with the expression of the endocrine hormones
that define the endocrine lineages, for example the insulin
expression in beta cells.

Earlier, Rajagopal et al. have observed that the beta like
cells differentiated from the stem cells did not produce in-
sulin, but merely took it up from the media and sub-
sequently appeared positive for insulin via biochemistry
(36). These false positive signals have been taken note of.
We have therefore confirmed the presence of C-peptide,
which is a marker for residual insulin production by the
cells of interest in the culture dishes. We have been able
to confirm about 95% positivity of C-peptide in our cul-
tures, which establish that the insulin identified by ELISA
is the one that is produced by our cells and not a result
of uptake.

In our study we have been able to show positivity of
all the beta islet cells like the insulin, PDX-1 and Ngn-3
along with the other supporting cells which have been pos-
itive for glucagon, somatostatin and pancreatic polypep-
tide. These are the markers which have also been shown
to be the markers of interest by other groups working on
the pancreatic differentiation of the stem cells. In addi-
tion, Kadam et al., have shown the cells expressing Isl-1
which is also constitutively expressed by the stem cells in

undifferentiated cells (37). The expression is maintained
throughout the differentiation protocol and is not lost by
the terminally differentiated cells as well. Hence, the
marker may not hold significance to confirm the differ-
entiation potential of these cells.

The most important advantage of our protocol is that
these cells are being differentiated from UCMSCs, which
are immunoprivileged cells (10). Moreover these cells are
also immunosuppressive as shown by our group in our
previous publications. This aspect of MSCs would be very
helpful in treating diabetes, as it is believed to be an auto-
immune disease. So modulating the immune status is also
one of the approaches of this disorder.

Thus, our study shows that beta cells can be derived
from MSCs, from the Umbilical cord tissue. These pancre-
atic islet like differentiated cells are capable of production
and secretion of physiologically active insulin when cul-
tured under high glucose conditions. The short differ-
entiation protocol further helps in making the required
numbers of cells available easily within a span of 2~3
weeks of requirement for cell based treatment of diabetes.
Our differentiation protocol has also been able to provide
for differentiated cells which are stable for longer dura-
tions iz vitro. It may also be clinically more relevant, be-
cause use of allogeneic MSCs, like the UCMSCs may help
them to evade the destruction by the host immune system.
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