Chapter 4
New Advances in Stem Cell Therapy
for Diabetes Mellitus

Lei Lei and Yuanjie Mao

4.1 Introduction

Diabetes mellitus (DM) is one of the most pandemic chronic diseases that prevail
worldwide, and the prevalence has continued to be growing in recent decades. The
patients with DM manifest a hyperglycemic state induced by impairments in insulin
secretion (type 1 and at the late phase of type 2), insulin sensitivity (type 2), or both.
Type 1 diabetes mellitus (T 1DM), which accounts for less than 10% of patients with
DM, occurs through mechanisms of an immune-mediated damage and destruction
of pancreatic beta cells in the pancreatic islets of Langerhans, leading to absolute
insulin deficiency (American Diabetes A 2011). Type 2 diabetes mellitus (T2DM),
which accounts for more than 90% of patients with DM, is characterized by insulin
resistance in peripheral tissues and relative insulin deficiency (Groop and Eriksson
1992; D’Souza et al. 2013). Initially, patients with T2DM do not require insulin
treatment; however as population and function of pancreatic beta cells declines over
time, eventually exogenous insulin supplementation will be required at a late phase.
DM is often complicated with major organ damage such as retinopathy, nephropa-
thy, and neuropathy, as well as macrovascular diseases including coronary, cerebral,
or peripheral vascular atherosclerosis (Gispen and Biessels 2000).

The cure of DM relies on regenerating functional beta cells, restoring insulin
secretion, and relieving abnormal autoimmunity (Wu and Mahato 2014). Allologous
whole pancreas or islet transplant has been used to treat DM. The data from the
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International Pancreatic Transplant Registry showed promising results that clinical
hyperglycemia was rapidly controlled in the recipients after transplantation, with
consequentially discontinued supplementation of exogenous insulin (Cefalu 2012).
However, its clinical application is significantly limited by the lack of organ donors,
high risk of major surgery compilations, and the need for lifelong immunosuppres-
sive therapy to prevent graft rejection. In terms of these limitations, currently the
allologous whole pancreas or islet transplant is only recommended to insulin-
dependent diabetic patients with end-stage renal disease who require kidney
co-transplant (Cefalu 2012). Achievement of the cure of DM demands more effica-
cious and feasible methods.

Stem cells, characterized by the potential of multi-lineage differentiation and
self-renewal, have demonstrated their unique roles in functional insulin-producing
cell (IPC) regeneration, immune modulation, and other fields of regenerative stud-
ies. Compared to organ or tissue transplant, stem cell therapy has the following
advantages in the treatment of DM (Lo and Parham 2009; Calafiore and Basta 2015;
Matveyenko and Vella 2015). Autologous stem cells can accommodate a long-term
stable source and are not limited by the source of donors. Stem cells are also able to
secret numerous cytokines, modulate the local inflammation of pancreatic islets,
and further improve the microenvironment and autoimmunity. Moreover, stem cell-
derived IPCs can avoid graft rejection and eliminate the necessity of immunosup-
pressive therapy. Prospectively, novel attempts to replenish pancreatic beta cells in
DM, with special regard to IPCs for transplant purposes, could be substituted beta
cells by allo- or autografted stem cells. Hereby, we reviewed and discussed the
recent advances in stem cell therapy for DM in attempt to clarify where we are and
how we may go to reach the final goal of the cure of DM.

4.2 Stem Cell Therapy for Diabetes Mellitus

4.2.1 Sources of Stem Cells

A variety of stem cells have been isolated from different tissues. Based on sources
of origin, biological features, and biochemical markers, they can be grossly classi-
fied into embryonic stem cells (ESCs), adult stem cells (ASCs), and induced plu-
ripotent stem cells (iPSCs).

ESCs and ASCs each have advantages and disadvantages in terms of potential
use for stem cell therapy (Lo and Parham 2009; Calafiore and Basta 2015;
Matveyenko and Vella 2015). One major difference is cell types that they can dif-
ferentiate into. Theoretically ESCs can differentiate into any cell type since they are
pluripotent, whereas ASCs are limited to becoming into cell types of their tissue of
origin. Besides, ESCs can be isolated easily and expanded quickly in culture,
whereas ASCs are rare in adult tissues, hence isolating them and expanding their
numbers are very challenging. Moreover, the likelihood of being rejected after
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transplantation is different in tissues derived from ESCs and ASCs. Tissues derived
from ASCs are less likely to be rejected after transplantation (Lo and Parham 2009;
Calafiore and Basta 2015; Matveyenko and Vella 2015), since these cells are iso-
lated from a patient’s own tissue, expanded in culture into presuming a specific cell
type, and reintroduced into the same patient.

By being induced to express genes crucial for keeping the properties of ESCs,
iPSCs are genetically reprogrammed adult cells maintained in an ESC-like state.
Although these cells meet the defining criteria for pluripotent stem cells, it is still
unknown if iPSCs and ESCs differ significantly in clinical application. The break-
through discovery of iPSCs has created a new powerful tool to “dedifferentiate”
adult cells and to harvest a large number of target stem cells. Moreover, tissues
derived from iPSCs are almost identically matched to the cell donor, thus reducing
the likelihood of rejection after transplantation (Lo and Parham 2009; Calafiore and
Basta 2015; Matveyenko and Vella 2015). However, the vectors currently being
used to introduce the reprogramming factors into adult cells are viruses; therefore,
this process must be carefully controlled and evaluated before this technique can be
applied on humans.

4.2.2 Embryonic Stem Cells (ESCs)

Mouse ESCs were first differentiated into IPCs, and upon transplantation in strepto-
zotocin (STZ)-induced diabetic mice, those differentiated IPCs led to reversal of
hyperglycemia (Soria et al. 2000). Although ESCs have the highest potential of dif-
ferentiation into IPCs, only a small amount of pancreatic beta-like cells (1-3%) can
be identified in vitro (Mfopou et al. 2010a). Subsequently, the findings of D’ Amour
et al. are a milestone for the differentiation protocol of ESC-derived IPCs. In the
study, the differentiation process of ESCs to IPCs was first described in five stages
referred to the developmental biology of the pancreas: definitive endoderm, foregut,
hindgut, pancreatic endoderm, and then endocrine cells (D’ Amour et al. 2006).
Since then, strategies of improving the efficiency of differentiation have been devel-
oped. Chen et al. found that the differentiation of human ESCs into PDX1-positive
cells can be promoted by a small molecule, indolactam V, both in vitro and in vivo,
and a large number of ESC-derived cells can be obtained via this method (Chen
et al. 2009). Similarly, a new protocol via a nestin expression step has been devel-
oped to obtain IPCs from mouse ESCs (Lumelsky et al. 2001).

The ESC-derived IPCs were able to synthesize insulin and expressed voltage-
activated calcium channels; however, without the presence of insulin-containing
secretary granules, they did not show the exclusive response of insulin secretion to
high-glucose stimulation (Sipione et al. 2004). By using stepwise differentiation
protocols, several other studies also successfully generated IPCs from human ESCs
in vitro, though these generated pancreatic beta-like cells have very low function in
terms of glucose responsiveness (Zhang et al. 2009; Nostro et al. 2011; Teo et al.
2013; Kroon et al. 2008; Shim et al. 2007; Mfopou et al. 2010b; Kelly et al. 2011;
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Xu et al. 2011). The in vivo microenvironment has been proposed as a key element
for maturation of pancreatic beta cells intended for transplant. Hence the essential
function of beta cells, i.e., the ability to secrete insulin in response to high-glucose
stimulation, remains an issue of ESC-derived IPCs (Rolletschek et al. 2006).

Further, the potential tumorigenesis of ESCs would be another hurdle in clinical
application. ESCs have the characteristics such as rapid proliferation, self-renewal,
lack of contact inhibition, and telomerase activity, resembling cancer cells
(Kooreman and Wu 2010). Actually, ESCs were associated with occurrence of tera-
tomas and teratocarcinomas in humans (Blum and Benvenisty 2009). The accumu-
lation of potentially oncogenic chromosomal abnormalities may result from the
multiple rounds of cell replication before transplantation (Knoepfler 2009). Increase
differentiation status and commitment to the cell type of interest before transplant
into patients might reduce the risk of tumor development in future.

4.2.3 Adult Stem Cells (ASCs)
4.2.3.1 Bone Marrow: Derived Mesenchymal Stem Cells (BM-MSCs)

The bone marrow contains two different types of stem cells, namely, mesenchymal
stem cells (MSCs) and hematopoietic stem cells (HSCs). Because the bone marrow
can be easily obtained by simple procedures, bone marrow stem cells have become
one of the focuses of stem cell therapy research for DM (Pileggi 2012). Bone
marrow-derived mesenchymal stem cells (BM-MSCs) are multipotent progenitor
cells, capable of self-renewal and differentiation into adipogenic, chondrogenic, and
osteogenic cell lineages (Oswald et al. 2004). The cells can be isolated from the
bone marrow in a low-density cell culture method by removal of nonadherent cells
(Pittenger and Martin 2004). BM-MSCs express a typical set of surface markers
including CD29, CD44, CD49e, CD51, CD54, CD59, CD71, CD73, CD90, CD105,
CD166, and CD200 (Hung et al. 2002; Delorme et al. 2008). Unlike HSCs,
BM-MSCs do not express CD14, CD31, CD34, CD45, CD79, CD86, CD117, and
glycophorin A (Reger et al. 2008; Turnovcova et al. 2009). In addition, BM-MSCs
express markers of class I major histocompatibility complex (MHC) but not class II,
which may be very advantageous graft-wise (Weiss et al. 2006).

It has been demonstrated that BM-MSCs are able to differentiate into IPCs
in vivo and in vitro, and normalize high blood glucose in diabetic mice (Kim et al.
2012; Ho et al. 2012). Experiments aimed at inducing BM-MSCs to differentiate
into IPCs were attempted to properly reprogram these cells by activating “ad hoc”
differentiation pathways. Oh et al. suggested that rat BM-MSCs could transdiffer-
entiate into IPCs when cultured in a high-glucose medium. These cells grew into a
mixed population of islet-like cells, possessed granules with relatively low insulin
content, and expressed typical pancreatic endocrine genes such as insulin, gluca-
gon, and somatostatin. Transplanted these cells into diabetic mice normalized blood
glucose levels for over 3 months (Oh et al. 2004). Xie et al. demonstrated a three-step
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differentiation protocol from human BM-MSCs to IPCs, which activin A as a key
differentiating agent was added at the final step. The achievement of IPCs was con-
firmed by morphological analyses and the expression of typical pancreatic beta cell
genes such as Beta2/NeuroD, Glut2, Isl-1, nestin, ngn3, Nkx6.1, Pax6, Pdx-1, insu-
lin, glucagon, and C-peptide. Notably, these IPCs secreted insulin in a glucose-
dependent manner and could control hyperglycemia in STZ-induced diabetic rats
for more than 1 month (Xie et al. 2009). Further, their ability to escape immune
recognition and immunomodulatory potentials is discussed in a different section.

However, because only a small portion of the generated cells was originated
from differentiated bone marrow cells, the differentiating ability of BM-MSCs into
IPCs is questioned (Hess et al. 2003). Besides, after transplantation, increased levels
of insulin and decreased levels of plasma glucose had been observed before the
presence of MSC-derived IPCs. Therefore, the success of BM-MSCs treatment is
less likely to be obtained by direct differentiation into IPCs but probably by para-
crine or endocrine mechanisms (Hess et al. 2003). Finally, BM-MSCs have limita-
tions regarding procured cell mass, requiring in vitro expansion which may increase
the risk of microbial contamination, losing stemness properties, and inducing arti-
factual chromosomal changes (Baksh et al. 2007).

4.2.3.2 Adipose Tissue-Derived Mesenchymal Stem Cells (AT-MSCs)

MSCs are multipotent cells existing in several tissues including adipose tissue (Kern
et al. 2006). As AT-MSCs can be easily isolated from a patient’s own tissue ex vivo,
expanded, differentiated into IPCs, and transplanted back to the same patient, adi-
pose tissue has been gaining increased attention for cell therapy as a primary source
of MSCs (Zuk et al. 2002; Schaffler and Buchler 2007). Adipose tissue produces a
number of bioactive molecules named adipokines, modulating fat mass, nutrient
homeostasis, lipid and glucose metabolism, and blood pressure. Adiponectin, leptin,
and visfatin are well-recognized adipokines and play crucial roles in insulin sensi-
tivity and glucose regulation (Kojima et al. 2004). It has also been reported that
adipocytes from the carp secreted insulin and the proliferative population of
AT-MSCs expressed the transcription factor ISL-1 and PAX-6, which are involve in
pancreatic endocrine development (Timper et al. 2006; Chandra et al. 2009).
Moreover, several studies have revealed that AT-MSCs have even greater potencies
in proliferation, differentiation, and immunomodulatory compared to BM-MSCs
(Kern et al. 2006; Kim et al. 2007; Pendleton et al. 2013; Melief et al. 2013; Lee
et al. 2004). All these features render AT-MSCs a prominent candidate in stem cell
therapies for DM.

Chandra et al. showed that AT-MSCs from murine epididymis could differentiate
into IPCs under a 10-day inductive protocol. Differentiated cells expressed Glut2,
NeuroD, Ngn3, Pax4, PDX1 and secreted insulin and C-peptide in response to glu-
cose levels. Secretory granules in the cell cytoplasm were confirmed by electron
microscopy. Normoglycemic state was restored 2 weeks after intraperitoneal trans-
plant into diabetic mice (Chandra et al. 2009). A recent study demonstrated that
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AT-MSCs differentiate into IPCs after 38-day co-culture with islet cells. Insulin and
C-peptide production were confirmed by ELISA and immunoassaying. After co-
transplant of IPCs and islet cells under kidney capsule, hyperglycemic state was
recovered in diabetic rats (Karaoz et al. 2013). Moreover, it has been shown that
combination of differentiated AT-MSCs and islets resulted in better recovery from
diabetes compared to islet transplant alone or co-transplant of islets and differenti-
ated BM-MSCs (Karaoz et al. 2013).

4.2.3.3 Wharton Jelly-Derived Mesenchymal Stem Cells (WJ-MSCs)

Recent studies suggest that the postpartum umbilical cord-extracted Wharton jelly
(WJ) contains adult MSCs that can be successfully expanded ex vivo, cryopre-
served, and differentiated into ectodermal, mesodermal, and endodermal cellular
lineages (Romanov et al. 2003). The gene expression profile of WJ-derived MSCs
(WJ-MSCs) is similar to that of BM-MSCs, although it also expresses additional
markers (e.g., CD117) (La Rocca et al. 2009; Montanucci et al. 2011). The immune
features of WJ-MSCs resemble those of BM-MSCs, since both do not express type
II MHC. Moreover, both also express key molecules associated with immunomodu-
latory properties (Weiss et al. 2008; Deuse et al. 2011). These characteristics clearly
indicated the potential of WJ-MSCs that they can transdifferentiate into IPCs or
ancillary cells that may assist IPCs, and they can be transplanted and stay function-
ally active in a diabetic recipient (Ricordi et al. 2012). As an important requisite for
allogeneic graft is low immunogenicity, WJ-MSCs is very competent in allologous
cell transplantation. Recently, a study demonstrated long-term effects of WJ-MSC
therapy in newly onset T1IDM (Hu et al. 2013). All of these evidences supported that
WI-MSCs may be an efficient allologous cell candidate for the cure of DM.

Chao et al. successfully differentiated WJ-MSCs into IPCs through a four-step
protocol. They transplanted the IPCs into the liver of diabetic mice (Chao et al.
2008). The results showed insulin and C-peptide secretion in response to plasma
physiological glucose levels and pancreas-specific gene expression such as Glut-2,
HLXB-9, Nkx2.2, and PDX1 in the transplanted IPCs (Chao et al. 2008; Palmer
2009). In a study by He et al. after infected with PDX1 gene-carrying recombinant
adenovirus and then treated with inductive factors, WJ-MSCs differentiated into
IPCs in vitro. It showed that the differentiated IPCs expressed beta cell-related
genes like PDX1, Ngn3, Glut2, and Nkx6.1 and were able to respond to high-
glucose stimulation (He et al. 2011). The beta cell-related genes were expressed in
both differentiated cells and beta like-cells transplanted into the liver of STZ-
induced diabetic rats through the portal vein. As a result, blood glucose levels were
significantly reduced 4 weeks after transplantation (Tsai et al. 2012). Wang et al.
also differentiated WJ-MSCs into IPCs with an inductive medium. They confirmed
that differentiated IPCs responded to the glucose challenge test in vitro. After retro-
orbital injection of IPCs into nonobese diabetic (NOD) mice, they found that [PCs
containing human nuclei and human C-peptide were located in the liver. They con-
cluded that differentiated IPCs from human WJ-MSCs can alleviate hyperglycemia
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in NOD mice (Wang et al. 2011). These promising data indicated that WJ-MSCs
possess the ability to differentiate into IPCs, both in vivo and in vitro. With respect
to the outstanding differentiation and immunomodulatory capacities, WJ-MSCs
should be considered as a potential cell therapy option.

4.2.3.4 Pancreatic Stem Cells

It has been shown that pancreatic tissues of adult rat can regenerate efficiently even
after resection of 90% of the pancreas (Bonner-Weir et al. 1993). Physiological
changes such as pregnancy and obesity also promote pancreatic cell proliferation in
great numbers. These suggested that pancreatic cells are capable of self-renewal.
However, it remains uncertain whether new regenerated cells are derived from the
differentiation of pancreatic stem cells or the proliferation of existing mature cells.
By cell sorting and lineage tracing, Simon et al. isolated PDX1+/insulin+/GLUT2
cells from rodent pancreatic islets and pancreatic duct (Smukler et al. 2011). In vitro
these cells could expand clonally and differentiate into different types of pancreatic
cells. Transplant of these cells reduced high blood glucose levels in STZ-induced
diabetic mice. Therefore, this group of cells was considered as pancreatic stem cells
(Smukler et al. 2011). However, several experiments were performed to stimulate
pancreatic regeneration in vivo, and no pancreatic stem cells could be traced
(Furuyama et al. 2011). Bonner et al. concluded that the process of cell growth and
regeneration is likely from slow replication of mature cells rather than pancreatic
stem cells (Bonner-Weir et al. 2010; Brennand et al. 2007).

4.2.3.5 Hepatic Stem Cells

It has been assumed that liver cells can be an alternative source of IPCs, because in
developmental biology, both the liver and pancreas originate from the endoderm,
and they share common progenitor cells (Zaret and Grompe 2008). After exogenous
PDX1 and NGN3 were transducted into the mouse liver, pancreatic endocrine and
exocrine gene expression was substantially induced in liver cells. These transdif-
ferentiated cells were able to survive in the liver and form new pancreatic tissue
clusters around the central veins. Besides, they did not affect the normal liver func-
tion but could secret insulin, which had normalized blood glucose levels for
8 months in STZ-induced diabetic mice (Ber et al. 2003; Yechoor et al. 2009). Yang
et al. further demonstrated that the differentiation of PDX1-reprogrammed liver tis-
sue into functional IPCs only occurred under a state of high-glucose stimulation
in vivo and in vitro (Yang 2006). However, so far no experiment could obtain suf-
ficient number of functional IPCs for transplantation via the in vitro proliferation of
reprogrammed liver cells.
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4.2.4 Induced Pluripotent Stem Cells (iPSCs)

Induced pluripotent stem cells (iPSCs) are ESC-like cells from reprogrammed adult
somatic cells by the introduction of embryonic genes. Thus, a large number of cells
specific to the donor can be obtained, thereby reducing the likelihood of rejection
when these cells are transplanted back. Human iPSCs were successfully achieved
by reprogrammed somatic cells like fibroblasts (Takahashi et al. 2007), hepatocytes
and stomach cells (Aoi et al. 2008), blood cells, and keratinocytes (Hanna et al.
2008), with a cocktail of key transcription factors including cMYC, KLF4, LIN28,
NANOG, OCT4, and SOX2 (Group CR 2009). IPSCs are able to differentiate into
IPCs by stepwise differentiation protocols including SOX17-positive cells, PDX1-
positive cells (pancreatic progenitors), and NGN3-positive cells (endocrine progen-
itors) (D’ Amour et al. 2006; Machr et al. 2009; Hua et al. 2013; Thatava et al. 2013),
which are similar to those applied to ESCs (D’Amour et al. 2006; Maehr et al.
2009). However, like human ESCs, it is still under investigation by which methods
iPSCs can be committed to proper cells of interest effectively and reproducibly.

The differentiation of human iPSCs into pancreatic beta cells was first reported
in 2008 (Tateishi et al. 2008). By using a four-stage differentiation protocols, IPCs
with glucose responsiveness were differentiated from skin fibroblast-derived iPSCs
(Thatava et al. 2013). Furthermore, human iPSC clones showed the variations in
pancreatic differentiation abilities into IPCs, which was more prominent at the final
stage of differentiation (Thatava et al. 2011; Liew et al. 2008). However it is contro-
versial in terms of the differentiation of iPSCs into fully functional IPCs with glu-
cose responsiveness (Teo et al. 2013). The iPSC-derived IPCs had the expression of
multi-hormones such as insulin, C-peptide, and glucagon, but they did not express
the specific markers for mature pancreatic beta cells such as MAFA and NKX6-1
(Tateishi et al. 2008).

Transplantation of pancreatic progenitor cells or immature pancreatic beta cells
into experimental animals may lead to the maturation of iPSC-derived IPCs. In both
T1DM and T2DM mouse models, the transplanted iPSC-derived beta cells were
able to proficiently secrete insulin with glucose responsiveness and improve hyper-
glycemia (Alipio et al. 2010). Furthermore, transplantation of monkey iPSC-derived
beta cells into diabetic mouse models could correct their hyperglycemia (Zhu et al.
2011). IPCs from the differentiation of beta cell- derived iPSCs can release insulin
upon glucose stimulation and after transplantation into T2DM mice can normalize
high blood glucose and reduce glycated hemoglobin levels (Bar-Nur et al. 2011).
The transplantation of iPSC-derived IPCs obtained from pancreatic epithelial cells
into a kidney led to a functional response to glucose stimulation in NOD mice (Jeon
et al. 2012). These findings indicated that in vivo maturation is the key of the func-
tionality of iPSC-derived IPCs.

Currently, viral transfection of transcription factors is a major step in the repro-
gramming of somatic cells into iPSCs. The viral backbone and transgenes are per-
manently integrated into the genome of transfected cells, and this integration may
expose the iPSCs to the risk of mutations, tumorigenesis, dysfunction, or reduced
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differentiation ability (Okita et al. 2007). With the modification of differentiating
protocols, the safety of iPSCs has been greatly improved. By using an adenoviral
reprogramming protocol to generate iPSCs, exogenous genes (Oct4, Sox2, Klf4,
and c-Myc) are highly and transiently expressed within the cells, but adenovirus
does not integrate into the genome (Stadtfeld et al. 2008; Okita et al. 2008). Further,
some transfected genes used to generate iPSCs are tumorigenic genes like MYC,
with which iPSCs were granted pluripotency and tumorigenicity (Yamanaka 2007,
Knoepfler 2008). Recently, to exclude the oncogene MYC so as to prevent genetic
modifications, new techniques have been developed by the use of microribonucleic
acids (Nakagawa et al. 2008; Wernig et al. 2008). By using only three factors
(OCT4, SOX2, and KLF4), and excluding the oncogene MYC, iPSCs have also
been produced from patients with TIDM (Maehr et al. 2009). Another method to
generated iPSCs is the supplementation of appropriate growth factors into the
medium of cultured spermatogonial stem cells that can reprogram iPSCs into cells
with three germ layers (Golestaneh et al. 2009). As exogenous genes are not used in
the reprogramming process, related risks to exogenous gene integration are elimi-
nated. Certainly, to enhance the efficiency of these methods, further studies are
warranted.

4.3 Immune-Modulation of Stem Cell Therapy

MSCs have been shown to have presumptive plasticity potential to differentiate into
multiple lineages, and their ability to escape immune recognition and potent immu-
nomodulatory properties have received great interest in regenerative medicine
(Anzalone et al. 2011; Abdi et al. 2008; Larijani et al. 2012; Fiorina et al. 2011).
Currently, research focusing on the treatment of diabetes with MSCs has led to the
following findings. Several experimental studies showed that allogeneic or synge-
neic BM-MSCs could prevent or reverse autoimmune diabetes in diabetic animals
(Hess et al. 2003; Lee et al. 2006; Ezquer et al. 2008; Boumaza et al. 2009; Zhao
et al. 2008; Jurewicz et al. 2010; Fiorina et al. 2009). Urban et al. demonstrated that
the immunomodulation of MSCs is one of the mechanisms that support cell regen-
eration (Urban et al. 2008). In mice with STZ/radiation-induced diabetes, a mixture
of HSCs and BM-MSCs were injected into the bone marrow, where these cells
inhibited the proliferation of pancreatic cell-specific T cells, reduced the damage
caused by T cells, and increased new cell regeneration to a certain extent. The trans-
plantation successfully enabled the blood glucose control in the mice (Urban et al.
2008). Bassi et al. reported that administrated AT-MSCs reversed hyperglycemia in
NOD mice. The underlying mechanisms were induction of regulatory T cells and
reduction of CD4+ Type 1 T helper cell response as well as decrease in interferon
gamma levels (Bassi et al. 2012). Madec et al. revealed that MSCs could induce
interleukin 10-producing regulatory T cells and suppress beta cell- specific T cell
responses in vitro and in NOD mice (Madec et al. 2009).
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Moreover, BM-MSCs have been shown to inhibit both alloimmunization and
autoimmunization (Hashemian et al. 2015). Combining pancreatic islets with MSCs
transplantation enables the graft to escape immune surveillance and improves the
survival rate of the graft (Hashemian et al. 2015). Ding et al. also exploited this
feature of MSCs to transplant pancreatic islets and BM-MSCs, the transplanted
islets had prolonged survival time, and blood glucose levels were normalized for a
significant period of time (Ding et al. 2009). It was speculated that synthesis and
secretion of matrix metalloproteinase 2 and 9 into the extracellular matrix play a
role in the immune evasion effects of MSCs (Ding et al. 2009).

However, in different microenvironments, MSCs utilize different mechanisms to
exert immunosuppressive function. Thus, it should be taken into consideration that
animal models are not exactly equal to their human counterparts, and, in different
species, MSCs have different functions (Ren et al. 2009). Once safety issues of
iPSC were solved, combined transplantation of recipient-specific iPSC and MSCs
could be promising (Calafiore and Basta 2015). Another ultimate frontier to cure
T1DM is, by proper stimuli of MSCs, to eliminate the autoimmune destruction of
pancreatic beta cells; hence the original beta cell reservoir could be regenerated to
reconstitute a sufficient mass of IPCs (Calafiore and Basta 2015).

4.4 Future Direction

There still have a number of challenges for the real clinical application of stem cell
therapy for DM. One of these challenges is the cell source. Each transplantation
needs approximately 100,000 pancreatic islets, and a larger number of alternative
cells have to be produced in vitro (Liu et al. 2013). Although a variety of methods
to differentiate various stem cells into IPCs have been developed, in terms of clini-
cal application, these methods have relatively low differentiation efficiency, and
their generated cell numbers are far from meeting transplant requirements.
Therefore, a more effective method for enhancing the differentiation of stem cells
into functional IPCs should be developed.

Second, they have several potential critical risks associated with stem cell ther-
apy. Kroon et al. have shown that after human ESC-derived IPCs were transplanted
into mice, a 15% of generated cells had components of teratomas or other tissue
(Kroon et al. 2008). In vitro proliferation of MSCs was shown to increase the risk
of tumor formation and metastasis (Tang et al. 2012; Vajdic and van Leeuwen 2009).
These safety concerns must be cautiously evaluated and prevented before stem cell
therapy can be used in humans.

Finally, the immune rejection is an issue associated with stem cell therapy
(Halban et al. 2010). After receiving allogeneic cell therapy, patients must receive
lifelong immunosuppression to avoid graft rejection. Immunosuppressive agents
may inhibit insulin secretion or exacerbate insulin resistance, thus counteract the
insulin-producing effects of implanting cells. Meanwhile, immunosuppressive
agents may increase the risk of malignancy. Further, for the treatment of TIDM,
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even the autologous cells can be rapid damaged by autoimmunity. In the scenario of
the dysfunction of beta cells that is related to genetic abnormalities or changes,
transplantation of these autologous cells may not be able to be functioning as well
(Liu et al. 2013).

4.5 Conclusion

To find a cure of DM, various scientific areas of research have been extensively
explored, with stem cell therapy being one of them. In the present chapter, we have
reviewed the current basic and clinical research regarding the development of stem
cell therapy for DM. An effective cell transplantation and therapeutic immunomod-
ulatory strategy are required in stem cell therapy for DM (Li and Ikehara 2013).
Various stem cells are capable to generate functional IPCs and to improve diabetes
in animals and humans. MSCs can inhibit the T cell- mediated autoimmune against
newly generated IPCs and prevent destruction of beta cells in DM (Li and Ikehara
2013). Therefore, a blended strategy that combines reliable existing therapies such
as islet and pancreas transplantation, the latest bioengineering techniques, and novel
immunosuppressive and immunomodulatory agents, with an effective and safe stem
cell protocol would secure an optimistic approach for successful translation of stem
cell therapy into a cure of DM (Chhabra and Brayman 2013). Overall, for clinical
application of stem cell therapy in DM, more studies with various sources of stem
cells, larger population of patients undergoing transplantation, and longer monitor-
ing duration are needed to testify the efficacy and safety of this auspicious therapeu-
tic approach.
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