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Abstract

Diabetes mellitus is a global epidemic that showed a dramatic worldwide increase in its incidence and has been
associated with life threatening complications if not detected and managed properly. Even though, insulin and oral
anti-diabetic drugs were used for its management, lots of efforts are made to improve patient’s care by pancreas
and islet transplantation along with stem cell therapies like embryonic stem cells, induced pluripotent stem cells
and adult mesenchymal stem cells. Adult stem cells, which are also termed as somatic stem cells or resident stem
cells, are a type of undifferentiated cells, resided in a differentiated tissue, organ or organism, in a specialized
structural local microenvironment, called stem cell niche. The stem cell niche, is the in vivo microenvironment
where stem cells are located and receive extrinsic signals interact and integrate to influence stem cell behavior
that generally determine their fate. ESC showed unlimited differentiation into insulin producing B-cells with ethical
concerns. MSCs possess the capacity to differentiate into islet-like insulin producing cells, to promote the regen-
eration of pancreatic islet beta cells and protect endogenous pancreatic islet beta cells from apoptosis through
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immunomodulatory mechanisms.
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Introduction

Diabetes Mellitus (DM) is a group of chronic metabolic dis-
orders, which is non-communicable disease characterized by
increased blood glucose (hyperglycemia) that leads to the de-
velopment of severe life-threatening complications. The con-
dition hyperglycemia is due to insufficient insulin secretion
by pancreas or inefficient insulin action. The term “diabetes”
Greek for siphon which mean ‘melting down of flesh and limbs
in to urine’ is introduced by Aretaeus of Cappadocia in the first-
century CE [1]. In 1675 the name “diabetes mellitus” was coined
by Dr. Thomas Willis of England by adding Mellitus which mean
honey in Latin due to the sweet taste of urine, contributed for
the naming of the disease [2].

Diabetes is one of the largest global public health problems
among others in the world of all nations of developing and de-
veloped countries. It imposes a serious global burden on public
health as well as socio-economic development. Although its in-
cidence has shown a decrease in some countries, in recent de-
cades the prevalence of diabetes has increased in most devel-
oped and developing countries. The highest age-standardized
mortality and morbidity with diabetes was observed in Ocea-
nia, Sub-Saharan Africa, Southeast Asia, Central Latin America

regions and Caribbean countries. The lowest age-standardized
mortality and morbidity rates were observed in High Income re-
gions like that of Central Europe, Eastern Europe and East Asia
regions. The disease burden in these regions was either remain-
ing stable or showing a slight decrease [3]. In the year 2017 the
International Diabetes Federation (IDF) have estimated that 451
million adults were living with diabetes worldwide. This number
has increased to 463 million in the year 2019 which is expected
to rise to 578 million in 2030 and projected to increase to 700
million in 2045 if effective prevention methods are not adopted
Figure 1 below 4 [3,4]. Studies on diabetes prevalence among
children and adolescents have showed an increase. From these
studies the estimates of children and adolescents below 20 with
type 1 diabetes exceed one million. High blood glucose is one
of the top 10 causes of death in the world and causes 4 mil-
lion deaths each year with annual health care cost of US $ 850
billion in 2017 [5]. Over 80% of premature non-communicable
deaths are accounted by diabetes together with cardiovascular
disease, cancer and respiratory disease [6]. Being diabetics is
associated with increased mortality and morbidity from infec-
tions, cardiovascular disease, stroke, chronic kidney disease,
chronic liver disease and cancer. Although progress has been
made in promoting population health and extending life expec-
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tancy, diabetes is the second negative effect on reducing life
expectancy worldwide [6,7]. In recent years, there was signifi-
cant increase in the global burden of diabetes and expected to
increase in the coming few decades (Figure 1). The effects of
diabetes have been extended beyond the individual and affect
their families and whole societies, with broad socio-economic
consequences and threaten national productivity and econo-
mies [5,7].
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Figure 1: Geographical distribution of diabetes in the globe [8].

increase

1 31%

74%

increase

€55 88 million

Variations in the Geographical distribution of diabetic bur-
den with highest prevalence was observed in countries like,
China (89.5 million), India (67.8 million), United States (30.7 mil-
lion), Indonesia (21.0 million) and Mexico (13.1 million) respec-
tively. Highest deaths due to diabetes have been observed in
five countries like, India (254,555), China (153,185), Indonesia
(97,005), United States (68,558) and Mexico (64,067) [3].

Criteria for the diagnosis of diabetes

Clinically diabetes is characterized by a continuous increase
of blood glucose concentration. For the diagnosis of diabetes,
measurement of blood glucose level at different situations has
been used. For its diagnosis the Expert Committee on the Di-
agnosis and Classification of Diabetes Mellitus recommends
the following criteria. One approach is replicate fasting blood
glucose level that is greater than 126 mg/dl (>7 mmol/L) with
or without symptoms. Fasting blood glucose levels of 100 mg/
dl or above are considered Impaired Fasting Glucose (IFG). Per-
sons with IFG levels (FPG=100-125 mg/dl (5.6-6.9 mmol/I) and/
or with Impaired Glucose Tolerance Test (IGT) (2 hour post-load
glucose 140-199 mg/dl (7.8 mmol/L-11.1 mmol/L) are at risk
of developing diabetes and should be observed periodically to
detect hyperglycemic progression. After two-hour glucose tol-
erance test >200 mg/dl (>11.1 mmol/L) is an indicator for be-
ing diabetes [9]. A random blood glucose level of 211.1 mmol/L
(200 mg/dl) with signs and symptoms of diabetes is also an
important indicator in the diagnosis of diabetes. In addition to
these persons with glycated hemoglobin (HbA1C) value 26.5%
(48 mmol/mol) are considered as being diabetics. Measure-
ment of HbA1C is an indirect measure of average blood glucose
levels and need to include other factor into consideration which
can affect hemoglobin glycation independently, like hemodialy-
sis, pregnancy, HIV treatment, age, race/ethnicity, pregnancy
status, genetic background and anemia/hemoglobinopathies.
In general, FPG, 2-h PG during 75-g OGTT and A1C are equally
appropriate for diagnostic screening of diabetes [10].

Classification of diabetes mellitus

DM is a broad term given for a group of diseases that are
characterized by prolonged and persistent increase in blood
sugar level. Even though, the classification of diabetes is based
on the difference in the cause of development of the disease
but many people with diabetes are not categorized under single
type of diabetes. Recent advances in understanding the disease
pathophysiological pathways and an emerging technology for
disease detection has contributed for revisiting the classifica-
tion of diabetes. Currently diabetes has been classified into
two major classes: These Include Type-1 Diabetes (TIDM) and
Type-2 Diabetes (T2DM). This classification of diabetes is based
on the age of onset, the need of insulin for treatment, degree
of loss of B cell function, degree of insulin resistance and pres-
ence of diabetes-associated autoantibodies [11,2]. But, none of
these differentiate one type of diabetes from the other due to
the occurrence of obesity at a younger age, the prevalence of
T1DM in adult hood, the need of administration of exogenous
insulin for T2DM patients and the occurrence of T2DM in young
age. In addition the progress in diagnosis of diabetes by mo-
lecular genetics is a basis for the classification of diabetes. Ac-
cordingly diabetes has been classified in to different categories
like TIDM, T2DM, gestational diabetes, monogenic diabetes
and hybrid types of diabetes to mention some. Such clear clas-
sification provides practical guidance to clinicians for assigning
a type of diabetes to individuals at the time of diagnosis [12].

T1DM, also known as insulin dependent diabetes or juvenile
onset diabetes with a characteristic feature of absolute defi-
ciency of insulin is caused by autoimmune destruction of pan-
creatic B cells by autoantibodies, activated CD4* and CD8" T cells
as well as macrophages infiltrating in to the pancreatic islets.
The onset of TIDM usually occurs in childhood and early adult-
hood <35 years with genetics and environment are considered
as contributing factors for its occurrence [13].

The most common type, T2DM is previously referred to as
non-insulin dependent diabetes, type 2 diabetes, or adult-onset
diabetes, which is caused by various degrees of 8-cells dysfunc-
tion and insulin resistance and includes individuals who have
insulin resistance and usually have relative insulin deficiency.
T2DM is commonly associated with overweight and obesity.
It may require exogenous insulin injections when oral medica-
tions cannot properly control the blood glucose levels [5,14].

Stem cells

Stem cells are defined as unspecialized cells that are capable
of self-renewal and differentiation into a specific cell lineage.
Stem cells are undifferentiated cells that can self-renew indefi-
nitely and are able to give more mature cells with specialized
functions like muscle cells, blood cells, nerve cells and other cell
types in the body. Stem cells are highly specialized cells that
are capable of maintaining the injured tissues and cells lost ev-
ery day. Stem cells have basic properties like able to give rise at
least one type of mature, differentiated cell and prolonged self-
renewal [15,16]. Stem cells are generally classified in to four dif-
ferent groups based on their origin and potency. Based on their
source they are classified in to as Embryonic Stem Cells (ESC),
fetal stem cells, adult stem cells and induced Pluripotent Stem
Cells (iPSC) [17-19].

Embryonic stem cells

Embryonic Stem Cells (ESCs) are pluripotent cells derived
from an early stage of embryo that form a hollow sphere of cells
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called a blastocyst. Blastocyst is an early cell mass of the devel-
oping embryo from 4™ to 7t day off zygote formation that will
disappear after the 7™ day in normal embryonic development
(Figure 2). The outer layer of the blastocyst is called as tropho-
blast with a cluster of cells inside the trophoblast is known as
Inner Cell Mass. Embryonic stem cells are isolated from the in-
ner cell mass of the early developing embryo (blastocyst-stage).
Finally the trophoblast develops in to a placenta that provides
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Figure 2: Stages in embryonic development in to a fetus [20].

Adult stem cells

Adult stem cells, which are also termed as somatic stem cells
or resident stem cells (tissue specific stem cells), are a type of
undifferentiated cells, resided in a differentiated tissue, organ
or organism, in a specialized structural local microenvironment,
called stem cell niche. The stem cell niche, is the in vivo micro-
environment where stem cells are located and receive extrinsic
signals interact and integrate to influence stem cell behavior
that generally determine their fate [21,22]. The cellular niche is
a specific cellular environment which can receive extrinsic sig-
nals and stimuli that can influence the cell behavior, like growth
and development of stem cells. The stimuli induced by cell-to-
cell and cell matrix interactions may activate and/or repress
genes and transcription programs. As a result of such interac-
tions stem cells are maintained in a dormant state, induced to
self-renewal or commit to a more differentiated state. Up on
cell loss or tissue injury adult stem cells maintain tissue homeo-
stasis through proliferation and differentiation to the required
type of cells. Adult stem cells have been identified in many tis-
sues including blood, intestine, skin, muscle, brain and heart
[23]. According to different preclinical studies adult stem cells
from different organs have the capabilities for the structural
and functional regeneration of that specific organ. The safety,
feasibility and the functional role of stem cell therapy has been
observed in human patients in different clinical trials [22].

Mesenchymal stem cells

Mesenchymal Stem Cells (MSCs) are fibroblast like, spindle
shaped multipotent cells with tri-lineage differentiation poten-
tial. These were first isolated from rat bone marrow by Frieden-
stein and his colleagues and later have been found in various
other tissues. These cells are characterized on the basis of the
presence of certain surface markers (CD105, CD29, CD73, CD90,
HLA class | molecules) and absence of hematopoietic and en-
dothelial markers (HLA class Il molecules, CD34, CD45, CD31,
CD14) [24]. These can be expanded easily and have a popu-
lation doubling time of approximately 24-48h and can be ex-
panded in culture for more than 60 doublings. Bone marrow is
the most established source of MSCs which has been used for
in vitro differentiation into cells of all three lineages. However,
in last decade other less invasive sources of MSCs have also
been explored including dental pulp, adipose tissue, umbilical
cord etc. Earlier MSCs were supposed to secrete only cytokines
and growth factors for the support of hematopoiesis. However,
later these cells have been found to differentiate into various

nutrients to the embryo and the inner cell mass will develop
to form all major tissue types; ectoderm, mesoderm and en-
doderm of the embryo. ESCs are extracted from the inner cell
mass of the blastocyst stage, cultured in the laboratory under
appropriate condition will proliferate indefinitely. ESCs growing
in this undifferentiated state retain the potential to differentiate
into cells of all three embryonic tissue layers [15,18].

Blastocyst

Morula

lineages including osteoblasts, chondrocytes, neurons, skeletal
muscle cells, cardiac cells, hepatocytes etc. Additionally, they
migrate to the site of injury and help in regeneration by secre-
tion of various bioactive factors. By virtue of these features,
MSCs have come up as a promising modality in human clinical
stem cell therapies. Various clinical trials using bone marrow
derived MSCs followed by adipose tissue and umbilical cord de-
rived MSCs have been completed for diseases like Myocardial
Infarct, Stroke, Diabetes, Spinal Cord Injury etc [25,26].

Induced Pluripotent Stem Cells (iPSCs)

IPSC are a type of pluripotent stem cell that can be gener-
ated directly from somatic cells through reprogramming. Using
external stimulation factors terminally differentiated cells (so-
matic cells) can be reverted in to the state of pluripotency to
generate iPSC. Most of iPS cells are derived by using four factors
Oct3/4, Sox2, KIf4 and c-Myc and the iPS cells have been gener-
ated from most organisms including humans [27] Oct4 (octam-
er-binding transcription factor 4), Sox2 (SRY (sex determining
region Y)-box 2), c-Myc (a bHLH/LZ (basic Helix-Loop-Helix Leu-
cine Zipper) domain-containing oncogene, similar to myelocy-
tomatosis viral oncogene (v-Myc)) and KIf4 (Kruppel-like factor
4) (OSCK or Yamanaka factors) by Shinya Yamanaka’s laboratory
in Kyoto, Japan [28]. However, the process of obtaining iPSCs
is expensive and time-consuming. Furthermore, the transla-
tional use of iPSCs has been limited due to the potential risk
of oncogenesis and insertional mutagenesis, poor integration
into host neuronal circuits and production of immune-tolerable
cells [29,30].

Application of stem cells

In regenerative medicine stem cells have a wide applica-
tion in restoration of specific tissue parts (Figure 3). Some of
their applications include; Improvement of spinal cord injury,
Regeneration of retinal sheet, Generation of retinal ganglion
cells, Healing of heart defects, Hepatic cell formation, Cartilage
lesion treatment, in vitro gametogenesis, Regeneration of kid-
ney tissue, Vision restoration in age related macular degenera-
tion, Treatment of placental defects, Treatment of liver and lung
disease, Treatment of diabetes and retinopathy, Neurodental
therapeutic applications, Restoration of cognitive functions,
Brain and cancer treatment, Ear acoustic function restoration,
Regeneration of intestinal mucosa, Treatment of vision defects,
Muscle regeneration, Regeneration of fallopian tube, Regenera-
tion of bladder tissue, Treatment of anemia and blood cancer,
Formation of insulin secreting S-cells [29].
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Figure 3: Some application of stem cell (http://edelweissconnect.
com/).

Stem cells in the treatment of diabetes mellitus

T1DM which is caused by autoimmune mediated destruc-
tion of pancreatic islet cells accounts for 5-10% of diabetic
patients. To prevent hyperglycemia associated complications,
maintenance of appropriate glycemic control is mandatory and
possibly glycemic control is done by using exogenous insulin
for life and oral hypoglycemic drugs. Because of the inability
to tightly control blood glucose levels within a normal physi-
ological range, complications like life threatening episodes of
hypoglycemia, micro- and macro-angiopathy that leads to car-
diovascular pathologies, kidney failure and neuropathy. To pre-
vent complications associated with long term administration of
exogenous insulin, transplantation of purified human cadaveric
pancreatic islets into the portal vein to replace the destroyed
B cells of the patients or an intact pancreas is an ideal alterna-
tive for lifelong treatment [31]. However, due to the shortage
of pancreatic donors and the need for drugs that suppress the
immune system pancreatic transplantation becomes limited.
As a result restoration or a tight regulation of insulin delivery
through B-cell replacement represents the most promising ap-
proach in the treatment of type 1 diabetes [32]. The progress in
the field of regenerative therapies provides the potential for the
generation of surrogate R-cells through engineering of Insulin-
Producing Cells (IPCs) from stem cells. Different studies were
made to generate IPCs from stem cells; namely, ESCs, induced
pluripotent stem cells (iPS cells) and MSCs, derived from a vari-
ety of adult tissues. This is due to the capability of stem cells to
replace damaged cells in the body; therefore, they offer a prom-
ising treatment to replace the non-functional insulin-producing
B cells of the pancreas [33].

Human Pluripotent Stem Cells (hPSCs), including human Em-
bryonic Stem Cells (hESC) and induced Pluripotent Stem Cells
(hiPSC), are considered very attractive alternative sources of
surrogate B cells because of their ability to differentiate into all

major somatic cell lineages. To date, the most success in produc-
ing pancreatic B-like cells from hPSCs has come from approach-
es that mimic normal pancreas development. Many research
groups have followed this approach, which involves exposing
the cells to various growth factors and signaling molecules [31].
For the differentiation of MSCs into insulin-producing cells in
vitro, human MSCs were incubated with a series of solutions
containing transcription factors and signal molecules such as
B-fibroblast growth factor, epidermal growth factor, B cellulin
and activin A. The study found that MSCs were differentiated
into insulin-producing cells, which has been assessed by the
presence of proinsulin and C-peptide in the solution [34,35].

Steps in the generation of IPCs from ESCs and iPSCs

ESCs and iPSCs, have the capacity to proliferate and differen-
tiate in to different cell types. As a result, hPSCs has a promising
potential to generate in vitro insulin-secreting pancreatic beta
cells. Using iPSCs derived from adult somatic cells through re-
programming, by using different stage specific transcription fac-
tors (Yamanaka factors) eliminates the ethical issues associated
with the use of ESCs and graft rejections with tissue transplants.
In general the stages in the generation of functional IPCs from
hPSCs are based on the in vivo development of pancreas (Figure
4). The main steps in the development of embryonic pancreas
involves the development of the Definitive Endoderm (DE),
Primitive Gut Tube (PGT), Pancreatic Progenitor (PP), Endo-
crine Progenitor (EP) and hormone expressing endocrine cells.
By adding a variety of cytokines for instance epidermal Growth
Factor (bFGF) and signaling molecules like, bone morphogenet-
ic proteins, y-secretase inhibitors in each stage resulted in acti-
vation or inhibition of specific signaling pathways (e.g., Notch,
Whnt) involved in the generation of adult B cells, the hPS cell fate
is manipulated into pancreatic B cell phenotype [36,37].

In the year 2014 a breakthroughs comes from Rezania and
colleagues report, in which a more detailed protocol for the
generation of insulin producing cells from hPSCs that are com-
parable to human B cells. Accordingly the IPC generation proto-
col has 7 sequential stages, which include: stage-1; definitive en-
doderm, stage-2; primitive gut hub, stage-3; posterior foregut,
stage-4; pancreatic endoderm, stage-5; pancreatic endocrine
precursors, stage-6; immature B cells and stage-7; become ma-
turing B cells (Figure 4). These cells show expression of mature
B cell markers, such as MAFA, PDX1/NKX6.1 and INS with func-
tional similarities to human islets after in vivo transplantation.
These B-like cells rapidly reversed hyperglycemia in STZ induced
diabetic mice evidenced by the presence of C-peptide and in-
sulin. Even though the produced pancreatic beta like cells are
not similar to human pancreatic beta cells and their response to
glucose stimulation is not sharp [36-38].

Definitive Primitive Posterior Pancreatic Pancreatic Immature Mature
ESCs/iPSCs  onq0derm gut tube foregut endoderm endocrine precursor  cells B cells
0OCT4 SOX17 FOXA2 PDX1 PDX1 PDX1 PDX1 PDX1
NANOG FOXA2 HNF1B HNF6 NKX6.1 NKX6.1 NKX6.1 NKX6.1
SOX2 HNF4A SOX9 NEUROD1 NEUROD1 NEUROD1
INS* MAFA
GCG- INS*
SST- GCG-
SST-

Figure 4: Steps in the development of insulin producing cell from human pluripotent stem cells (Adopted from [36]).




MedDiscoveries LLC

Stem cell transplantation for the treatment of DM

Mesenchymal Stem Cells (MSCs) are defined as a fibroblast-
like cell population capable of differentiating into multiple mes-
enchymal lineages in vitro, including bone, fat and Wharton’s
jelly. MSCs possess the capacity to differentiate into islet-like
Insulin Producing Cells (IPCs), to promote the regeneration of
pancreatic islet beta cells and protect endogenous pancreatic
islet beta cells from apoptosis through immunomodulatory
mechanisms [39,40].

In different animal based studies MSC transplantation has
been found as a successful method to treat hyperglycemia as-
sociated with type 1 diabetes. MSCs which are found in nearly
all organs and tissues were multipotent stem cells that can be
differentiated into a variety of cell types. Such properties allow
MSCs as commonly used in tissue repair for a variety of condi-
tions. A study performed by Aali and colleagues in 2014 tested
therapeutic effects of MSC on diabetic rats. For the study they
have used Male Wistar rats by dividing them into five groups
as; normal control, diabetic control, MSC-treated, supernatant-
treated and MSC- and supernatant-treated. The supernatant in
this experiment came from the medium in which MSCs were
grown. Over the course of several weeks, the MSC- treated dia-
betic rats had reduced blood glucose levels and higher insulin
levels compared to the diabetic control group. Supernatant-
treated rats also had reduced blood glucose levels, but to a
lower extent. The greatest improvement in glucose and insulin
levels was seen in the MSC and supernatant-treated rats. Immu-
no-histochemical analysis of the pancreatic tissues of the rats
revealed that MSC-treated, supernatant-treated and MSC and
supernatant-treated rats had partially regenerated pancreatic
tissues that can be evidenced by the observation of new and
larger islets of Langerhans [35,41].

In a study done by Si et al., infusion of MSCs to a diabetic
rat model resulted in a significant regeneration of endogenous
beta cells like that has been observed by Aali et al. Moreover,
the infusion of MSC significantly improved insulin sensitivity as
evidenced by elevations in phosphorylated insulin receptor sub-
strate-1 (IRS-1), protein kinase B (Akt) and GLUT4 within insulin
targeted tissues [42]. In a similar study conducted by Lee and
colleagues infusion of BM-MSCs resulted in the regeneration of
mouse pancreatic beta cells [43]. Moreover MSCs are able to
protect pancreatic islet beta cells through immuno-regulation
which is considered as the major mechanism in which MSCs ex-
ert their antidiabetic effect. MSCs are believed to prevent the
autoimmune destruction of insulin producing pancreatic beta
cells in type-1 DM through; suppression of T cell responses to
mitogenic and antigenic stimulation, inhibition of dendritic cell
differentiation and inhibition of B cell proliferation in a dose-
dependent manner [44].

MSCs’ ant oxidative and ant apoptotic effects has been en-
hanced by the amplified production of anti-inflammatory cy-
tokines like TGF-B and TNF-a that played an important role in
the protection of endogenous pancreatic islet cells. In the same
analysis, MSCs also showed a capability to reduce total reactive
oxygen species, nitric oxide and superoxide ions; to downregu-
late Caspase-3, Caspase-8, p53; and to upregulate Bcl2, thereby
confirming MSCs’ ant apoptotic properties. Diabetic hypergly-
cemia often leads to oxidative stress injury which further exac-
erbates the progression of diabetes. Therefore the ant oxida-
tive and ant apoptotic capacity of MSCs may further promote
pancreatic islet cell survival and thus slow or at least prevent
the deterioration from impaired glucose tolerance to T2DM.

Numerous MSC-released factors such as; Transforming Growth
Factor-B1 (TGF-B1), Indole amine 2,3-Dioxygnase (IDO), Nitric
Oxide (NO), Human Leukocyte Antigen-G (HLA-G), Prostaglan-
din E2 (PGE2), Interleukin-1 Receptor Antagonist (IL-1RA) and
Tumor Necrosis Factor-Stimulated Gene 6 (TSG-6) exhibit po-
tent immunomodulatory characteristics [43,45]. Due to these
and other cytokines, MSC have been described to induce regu-
latory T cells and anti-inflammatory M2 macrophages. More
over MSC inhibit T cells, natural killer cells and T helper (Th) 17
cell differentiation as well as dendritic cells maturation [46]. The
immuno-regulatory properties of MSCs are therefore believed
to be vital to the restorative effects observed in both TILDM and
T2DM patients treated with MSCs.

According to Xin and colleagues study mice transplanted
with IPCs, the blood glucose levels of the diabetic mice was
normalized within 6 days and maintained in the normal range
throughout the observation period of 21 days. But mice treated
with no cells or undifferentiated hMSCs remained hypergly-
cemic. The cells are transplanted in to the renal sub-capsular
space showed positive for insulin and c-peptide formation with
no obvious IPCs apoptosis. From such kind of finding it has been
strongly indicated that hMSC-derived IPCs could effectively con-
trol hyperglycemia in diabetes [47].

In animal models of TIDM, MSCs can ameliorate or reverse
the manifestation of diabetes. Carlsson and colleagues study
demonstrated that MSC treatment could preserve B cell func-
tions in new-onset T1IDM patients. For their study, they have
used twenty adult patients (aged 18-40 years) with newly diag-
nosed (<3 weeks) TIDM and enrolled as MSC treatment group
or to the control group and followed for 1-year. At the end of
the clinical trial, Mixed-Meal Tolerance Tests (MMTTs) revealed
that both C-peptide peak values and C-peptide significantly in-
creased in the treatment group with no MSC side effects. In re-
sponse to the MMTT, patients in the control arm had a mean
decrease in both C-peptide peak values and C-peptide when
calculated as area under the curve during the 1% year [48]. A
study conducted by Cai and colleagues on 42 patients aged 18-
40 years with a history of TLDM for 22 years and <16 years. The
study participants were randomized into two groups as stem
cell transplant receivers (umbilical cord MSCs in combination
with autologous bone marrow mononuclear cells) or standard
insulin care treatment groups. After a 1-year follow-up exami-
nation the C-peptide increased from 6.6 to 13.6 pmol/mL/180
min in treated patients, but it decreased from 8.4 to 7.7 pmol/
mL/180 min in control groups; insulin increased from 1477.8 to
2205.5 mmol/mL/180 min in treated patients; and it decreased
from 1517.7 to 1431.7 mmol/mL/180 min in control patients.
Additionally, HbA1lc and fasting glycemia decreased in the treat-
ed groups and increased in the control subjects. Daily insulin
requirements in the treated groups also decreased compared to
those of the control groups. During the follow-up period, severe
hypoglycemic events reported by patients were significantly de-
creased. Limitations of these studies could be a small sample
size and the short follow-up period [49,50].

In a follow up study done by Hu et al., on 29 DM patients; by
grouping them in to two groups as MSC treatment group and
control group. The treatment group has been given fresh hu-
man UC-MSCs via Intravenous infusion and SC-treatment was
found to be safe. In the treated groups HbA1lc was found to be
lower and C-peptide was found to be higher in MSC-treated pa-
tients as compared to saline-treated patients [51].
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In other study done by Oh and colleagues, differentiated
bone-MSCs expressing pancreatic genes exhibited glucose re-
sponsive insulin secretion. The BMSCs aggregates has been
transplanted in to sub-capsular renal region of hyperglycemic
mice has lowered circulating blood glucose levels and main-
tained normal glucose levels for up to 90 days after transplanta-
tion [52]. Moreover islet like clusters formed from BMSCs has
showed expression of multiple pancreatic genes with the ability
to release insulin up on glucose stimulation. The effect of such
cells has been shown in streptozotocin-induced diabetic mice
by reducing hyperglycemia and improving metabolic profiles in
response to glucose tolerance testing [53].

In the clinical as well as pre-clinical studies, administration
of MSCs has been found to restore normoglycemia in diabet-
ics even though their therapeutic mechanism was poorly un-
derstood. Their regenerative potential mainly involves, trans-
differentiation, immunomodulation, apoptosis prevention and
proliferation/differentiation induction. Even if in their in vitro
differentiation MSCs have been reported to differentiate into
beta islet cells and have the capacity to restore normoglycemia
upon transplantation in diabetic animals, there in vivo differen-
tiation of these cells into beta islet cells is still skeptical due to
very low level of functional MSCs were found in transplanted
pancreas [54].

In a randomized clinical trial study by using HSC and MSC for
12 months follow up period, the treatment result showed that
an increase in C-peptide level in patients receiving HSC, MSC
and MSC+HSC groups when compared with that achieved by
conventional insulin treatment group. The higher C-peptide lev-
els significantly proved the regeneration of B-cell function after
SC therapy. Moreover the reduction of HbA1C levels has been
observed in a MSC+HSC combined therapy which was signifi-
cantly better efficacy when compared to insulin and MSC treat-
ment. HSC, MSC and MSC+HSC all reduced the HbA1C levels
over a period of 12 months after SC transplantation, whereas
the UCB was not effective [55].

A reduction in inflammatory activity and insulin sensitivity
was observed when UC-MSCs were infused into type 2 diabetic
rats with a significant improvement in hyperglycemia. Similar-
ly, infusion of Adipose-Derived MSCs (AD-MSCs), into diabetic
NOD mice has been showed in the reversal of hyperglycemia
through inducing higher serum insulin, amylin and glucagon-like
peptide-1 levels compared to untreated controls. Mice treated
with AD-MSC showed a reduction in CD* T helper (Th) 1 cells,
interferon-y and inflammatory cell infiltration [56]. According to
Shigemoto-Kuroda and colleagues study administration of MSC-
derived EVs might induce IL-10-expressing regulatory DCs and
thereby, regulatory DCs subsequently suppress Thl and Th17
cell development without inducing Tregs which might inhibit
the onset of type 1 diabetes [57]. This is due to the reduction
in Th1 cytokine and IL-17A and/or IL-17F production which are
responsible for the development of organ specific autoimmune
diseases and inflammation in many disorders especially in auto-
immune disorders. As a result MSC-derived EVs might be ben-
eficial for treating autoimmune diseases where Thl and Th17
cells play a critical role [57]. Different studies have reported the
immunomodulatory properties of Bone Marrow-Derived Mscs
(BM-MSCs) in islet xenotransplantation, as evidenced by re-
duced inflammatory markers and increased immune tolerance
markers, demonstrating the potential of this strategy in solving
transplantation issues of immune-related graft rejection [58].

To assess the safety and efficacy of autologous BM-MNCs
and BM-MSCs for the treatment of T2DM a study was conduct-
ed on thirty patients who were on triple oral anti-diabetic drugs
with insulin by dividing them into three groups. Accordingly, 20
patients were assigned in to two therapy groups, as group-1,
10 patients who were given BM-MNCs at a dose of 1x10°/kg,
and group-2 also with 10 patients who were given BM-MSCs
at a dose of 1x10%/kg and infused in to the direction of pan-
creas. The remaining 10 patients who are given placebo were
assigned in the control group. In 12 months of follow-up period
insulin requirement has been decreased more than by 50% in
both therapy groups. C-peptide values have shown a signifi-
cant increase in the treated group-1 patients and an increase
in IRS-1 gene expression with significant improvement in insulin
sensitivity in group-2 patients. From the study six patients who
received MSCs showed a significant Weight reduction. No sig-
nificant adverse side effects have been observed in both groups
as a result it can be concluded that transplantation of MSCs and
MNCs for T2DM is safe and effective. From the study, it’s recom-
mended that giving both MNC and MSC may lead to a better
outcome in glycemic control. The major limitation of the study
was using a small sample size and a short follow-up period [59].

Stem cells from WJ-MSCs were differentiated into IPC and
when transplanted into the liver has shown the expression of
insulin, secretion of C-peptide and Expression of pancreas-
specific genes [19]. In a clinical study long-term efficacy of IV
administration of WJ-MSCs in 15 new onset type 1 diabetic
patients was assessed by Hu and colleagues. They followed up
the patients for their insulin requirements and HbA1C and C-
peptide levels for 24 months after transplantation. Three pa-
tients became insulin independent at the end of the follow up
period. In other patients, insulin requirements and HbA1C lev-
els decreased significantly in comparison to the control group.
Moreover, C-peptide levels increased significantly in patients
undergoing WJ-MSCs transplantation. They did not report any
acute or chronic side effects or ketoacidosis in transplantation
group while in control group ketoacidosis appeared in 3 pa-
tients [51,60].

According to the study by phadnis et al., on NOD/SCID mice
which develop diabetes through pancreactomy and STZ admin-
istration; IPC derived from BM-MSC are transplanted into renal
capsule and their effect has been studied for 70 days. The re-
sults of the study indicated that transplanted IPCs could ma-
ture and secrete human c-peptide in vivo and able to normalize
blood glucose levels and stayed normal for up to 8 weeks there-
after. The IPC grafted mice showed weight gain, but the diabetic
mice has continued weight loss with 50% mortality by day 40
after the onset of diabetes. After removal of grafted IPC, mouse
blood glucose level increased to high levels within 3 days and
93% mice died within 3 weeks; no detectable human C-peptide
in plasma; and all mice had BG levels above 350 mg/dL at 2 h of
glucose challenge [61,62].

An interesting aspect in the treatment of diabetes is ‘Stem
Cell Educator’ therapy. The ‘Stem Cell Educator’ therapy ap-
proach routed the patient’s blood through a closed-loop system
that separates lymphocytes from the whole blood. The device
is made by a stack of specially designed Petri dishes with ad-
herent CB-SCs, functions as part of a closed-loop system that
circulates a patient’s blood through a blood cell separator. In
this procedure the lymphocytes were separated from the blood
while returning the other blood components to the patient.
The separated lymphocytes were briefly co-cultured with ad-
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herent cord blood-derived MSC before returning them into the
patient’s circulation. Through secreted and cell-surface signal-
ing molecules, the CB-SCs educate the lymphocytes passing
through the device. In this process MSC are not delivered into
the body but their temporary contact to patient’s lymphocytes
was sufficient to induce immune tolerance which ameliorates
the disturbed Th1/Th2/Th3 cytokine balance with increased
Treg numbers in type-1 diabetic patients and decreased CD86+/
CD14+ monocytes and reduced markers of inflammation in
type 2 diabetic patients [63]. As a result, all patients displayed
a generally reduced requirement for insulin and metformin and
improved HbA1C values after 10-12 months follow-up. In ad-
dition, Homeostasis Model Assessment of insulin resistance
(HOMA-IR) demonstrated that insulin sensitivity was improved
post-treatment in type 2 diabetics. The potential of the ‘Stem
Cell Educator’ is further investigated by 2 clinical trials. Stem
Cell Educator therapy in T1D patients is safe and effective. Stem
cell educator therapy increases cytokine production like TGF-B1
which is able to induce peripheral immune tolerance that can
prevent B cells from infiltrating lymphocytes through ring for-
mation around pancreatic islets to generate safe environment
for B cell regeneration [63,46].

Conclusion

Still this day’s diabetes mellitus has no cure and the treat-
ment options used were lifelong. As a result searching new
treatment options becomes necessary and needs attention.
One of the possible therapeutic approaches to achieve this goal
is development of stem cells that can produce insulin. Stem cell
based therapy for the treatment of diabetes has been consid-
ered as promising alternative in the cure of the disease. For the
successful generation of glucose responsive pancreatic like in-
sulin producing cells different researchers were trying to pro-
duce stem cells using crucial factors that mimic similar signaling
mechanisms seen in vivo. Such trials have been done by adding
those factors to the cell culture medium that gives a promise
for production of insulin producing cells. Hence, due to their
ease of isolation, immunomodulatory and tissue regenerative
properties and the supportive niche they provide by secreting
micro-environmental factors and deposition of extracellular
matrix, MSCs are suggested to be a suitable stem cell resource
for deriving in vitro B cells and for immunomodulation that may
prevent graft rejection and autoimmune destruction of B cells.
Moreover, stem cell educator therapy will also provide substan-
tial improvements in the treatment of type 1 diabetes without
the need for immune suppression.
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