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Abstract
Importance of the field—Beta cell regeneration and beta cell preservation are two promising
therapeutic approaches for the management of patients with Type 1 diabetes (T1D). Stem cell-
based strategies to address the problems of shortage in beta cells, autoimmune and alloimmune
responses have become an area of intense study.

Areas covered in this review—This review focuses on the progress that has been made in
obtaining functional, insulin-producing cells from various types of stem/progenitor cells, including
the current knowledge on the immunomodulatory roles of hematopoietic stem cell and multipotent
stromal cell in the therapies for T1D.

What the reader will gain—A broad overview of recent advancements in this field is provided.
The hurdles that remain in the path of using stem cell-based strategies for the treatment of T1D
and possible approaches to overcome these challenges are discussed.

Take home message—Stem cell-based strategies hold great promise for the treatment of T1D.
In spite of the progress that has been made over the last decade, a number of obstacles and
concerns need to be cleared before widespread clinical application is possible. In particular, the
mechanism of ESC and iPSC-derived beta cell maturation in vivo is poorly understood.
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1. Introduction
Type 1 diabetes (T1D), also known as insulin-dependent diabetes, is an autoimmune disease
that targets insulin-secreting pancreatic beta cells for destruction. T1D remains a major
cause of long-term morbidity and mortality, affecting more than one percent of the
population worldwide. All patients with T1D and one-third of the patients with Type 2
diabetes require insulin treatment to prevent death from hyperglycemia resulting from the
loss of pancreatic islets. T1D has various complications including renal failure, proliferative
retinopathy leading to blindness, peripheral neuropathy, and vascular disease. The discovery
of insulin has prevented death from acute diabetes. However, even tight glucose control does
not prevent the systemic complications [1]. Transplantation of whole pancreas or purified
insulin-producing islets is the preferred approach to achieve glucose homeostasis, especially
for a specific population of T1D patients who do not respond to conventional therapy [2].

¶Correspondence should be addressed to (STI): Suzanne T. Ildstad, M.D., Director, Institute for Cellular Therapeutics, The Jewish
Hospital Distinguished Professor of Transplantation, Distinguished University Scholar, Professor of Surgery, Microbiology and
Immunology, Physiology, University of Louisville, 570 South Preston Street, Suite 404, Louisville, Kentucky 40202-1760, USA,
Telephone: 502-852-2080, Fax: 502-852-2079, stilds01@gwise.louisville.edu.

NIH Public Access
Author Manuscript
Expert Opin Biol Ther. Author manuscript; available in PMC 2012 January 1.

Published in final edited form as:
Expert Opin Biol Ther. 2011 January ; 11(1): 41–53. doi:10.1517/14712598.2011.540235.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Even though promising results, including reduction or freedom from insulin, better glucose
stability, and less risk of complications, have been achieved, the major obstacle to
widespread use of pancreatic or islet transplantation is the shortage of suitable donor tissues
[2,3] and the inferior long-term results, including graft rejection and nephrotoxicity from the
immunosuppressive agents [4]. An attractive strategy to address this problem would be to
generate islets from other types of cells, such as stem cells. This review focuses on the
progress made in obtaining functional, insulin-producing cells from various types of stem/
progenitor cells, emphasizes the current knowledge on the immunomodulatory role of
hematopoietic stem cells and multipotent stromal cells in the therapies for T1D (Figure 1),
and speaks to the continuing obstacles that must be addressed.

2. Pluripotent stem cells: ESC and induced pluripotent stem cells (iPSC)
Embryonic stem cells (ESC) are pluripotent cells derived from the inner cell mass of a
blastocyst and have the potential to form derivatives from all three germ cell layers
(mesoderm, ectoderm, and endoderm) [5]. Embryology has offered important insights into
key developmental pathways regulating ESC differentiation, resulting in advances in
modeling gastrulation in culture and in the efficient induction of endoderm, mesoderm, and
ectoderm and many of their downstream derivatives [6]. The key signaling pathways
regulating differentiation of ESC to pancreatic hormone-expressing endocrine cells include
the TGF-beta signaling pathway, the Wnt/beta-catenin signaling pathway, the Hedgehog
signaling pathway, Notch signaling pathway, and PI3K signaling pathway [7]. The studies
of embryonic pancreas development have been used as the basis for the directed, step-wise
differentiation of mouse and human embryonic stem cells into pancreatic endocrine cells [8].
By applying modulators to reproduce the aforementioned developmentally active or inactive
signaling pathways, several ESC differentiation protocols recapitulating pancreatic
development in vivo have been used to guide differentiation of ESC toward definitive
endoderm, pancreatic progenitors, followed by endocrine progenitors in vitro. Lumelsky et
al. first described a five-step protocol for in vitro generation of insulin-expressing cells and
other pancreatic endocrine hormones from mouse embryonic stem cells (mES) [9]. Although
later studies did not confirm insulin production by the differentiated ES cells [10,11], but
rather demonstrated uptake of insulin present in the media supplements in which the cells
were cultured [12,13], the initial study generated interest in development of future
differentiation protocol. D’Amour et al. [14,15] further developed a differentiation process
that converts human embryonic stem (hES) cells to endocrine cells capable of synthesizing
the pancreatic hormones insulin, glucagon, somatostatin, pancreatic polypeptide and ghrelin.
This process mimics in vivo pancreatic organogenesis by directing cells through stages
resembling definitive endoderm, gut-tube endoderm, pancreatic endoderm and endocrine
precursors. Moreover, the hES cell-derived insulin-expressing cells have an insulin content
approaching that of adult islets. More recently, Luc Bouwens et al. modified the D’Amour’s
protocol by shifting developmental pathways from hepatic to pancreatic cell differentiation
at the definitive endoderm stage to favor pancreatic over hepatic differentiation, and
reported improved and more efficient differentiation of pancreatic progenitors from multiple
human embryonic stem cell lines [16,17]. These proof-of-concept studies demonstrate that
in vitro recapitulating signals controlling the development of the endocrine pancreas in vivo
offer a promising strategy for beta cell generation [7].

The obvious prerequisite for embryonic stem (ES) cell-based beta cell replacement therapies
is that ES cell-derived beta cells must be capable of secreting fully processed insulin in
response to glucose in a physiologic manner. However, functional characterization of
endocrine cell populations differentiated from hES cells by D’Amour’s protocol showed that
those cells did not respond to glucose stimulation to secrete insulin in vitro [15]. To
overcome this limitation, researchers attempted to optimize the protocol and tested the
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survival and function of ES cell derived beta-like cells in vivo. Shi et al. [18] developed a
novel three-stage short-term induction method to induce mES cells into insulin-producing
cells, which are able to lower blood glucose in mice rendered diabetic by treatment with the
beta cell cytotoxic agent streptozotocin (STZ). By combining activin A and all-trans retinoic
acid in a chemically defined medium, and other maturation factors such as basic fibroblast
growth factor (bFGF) and nicotinamide in DMEM/F12, this group further demonstrated an
optimized approach in serum-free culture medium without a feeder layer of stromal cells to
induce hES cells to differentiate into functional insulin-producing cells [19]. The secretion
of insulin by these cells was responsive to variations in glucose levels and the percentage of
C-peptide positive cells exceeded 15%. However, in in vivo functional tests after
transplantation of the differentiated cells into the renal capsules of STZ induced diabetic
mice, only 30% of animals showed an obvious rescue of their hyperglycemic phenotype.
Another group applied a similar serum-free protocol for differentiating hES cells into
insulin-producing islet-like clusters (ILC) [20]. The cells that expressed pancreatic
endocrine markers within ILC are likely to represent an immature phenotype as they
contained significantly less insulin than adult beta cells, however, they responded to high
glucose challenge in vivo and extended the survival of graft recipients when transplanted
them into STZ-induced diabetic mice [21]. Recent research from Baetge and colleagues [22]
described pancreatic endoderm derived from hES cells by a modified five-stage protocol
efficiently generates glucose-responsive endocrine cells after implantation into mice. The
cells are morphologically and functionally similar to normal pancreatic islets. And after a
few months of maturation in vivo, implantation of hES cell-derived pancreatic endoderm
protects against STZ-induced hyperglycemia in the majority (92%) of implanted mice
expressing high levels of C-peptide before STZ treatment. Their results provide definitive
evidence that hES cell-derived pancreatic endoderm can differentiate further in vivo and hES
cell are competent to generate glucose-responsive, insulin-secreting cells. Their findings
also suggest the need for in vivo differentiation to derive functionally mature beta cells from
ESC [23]. Two subsequent studies from other groups also support that the presence of in
vivo factors is important for the final stages of maturation [24,25]. A recent report
demonstrates that final maturation to islet-specific cells and a high yield of pancreatic islet
cells are achieved by co-culturing the ESC-derived pancreatic endocrine cells with
endothelial cells [26], which suggests that the signals received from interactions of
pancreatic endocrine cells with endothelial cells and extracellular matrix are necessary for
ESC-derived beta cell maturation. Collectively, these in vivo studies confirm the potential of
using ES cell-derived beta cells for the treatment of diabetes.

To bring ES cell-based beta cell replacement therapies for diabetes closer to reality, one of
the hurdles that must be overcome is to generate mature and functional beta cells in
sufficient quantity. Current protocols for direct differentiation of ES cells into beta cells
employ recombinant protein and growth factors and are not cost-effective to generate
therapeutic quality beta cells for clinic transplantation purposes [27]. Therefore, the focus
has shifted to the possible use of small molecules as imitators of the cellular signaling events
for large-scale, reproducible, directed ES cell differentiation under good manufacturing
practice conditions [28]. Implementation of high-throughput and high-content screening
assays of chemical libraries to embryonic stem cell research has led to the identification of
several small molecules that promote short-term hES maintenance and direct early lineage
choice during differentiation [29,30]. Zhu et al. identified a small molecule named
stauprimide that increases the efficiency of the directed differentiation of mouse and human
ES cells in synergy with defined extracellular signaling cues [31]. Affinity-based methods
revealed that stauprimide interacts with NME2 and inhibits its nuclear localization and
down-regulates expression of c-Myc. In a screen of 4000 compounds, Melton and
colleagues [32] also identified two cell-permeable small molecules that direct differentiation
of ESC into the endodermal lineage through induction of Smad2 phosphorylation. These
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compounds induce nearly 80% of ESC to form definitive endoderm, a significantly higher
efficiency than that achieved by Activin A or Nodal. Moreover, the chemically induced
endoderm expresses multiple endodermal markers, can participate in normal development
when injected into developing embryos, and can form pancreatic progenitors. For promoting
differentiation from definitive endoderm to pancreatic progenitors, the same group identified
indolactam V, an agonist of protein kinase C, induces differentiation of a substantial number
of Pdx1-expressing cells from human ES cells. In addition, the Pdx1-expressing cells
express other pancreatic markers and some of these Pdx1-expressing cells form insulin-
expressing cells after transplantation into the kidney capsule of nude mice. Taken together,
with the discovery of small molecules that specifically promote endoderm and pancreatic
differentiation, the ES cell field is entering a new phase in which the possibility of using
stem cells for human therapies edges closer to feasibility [27].

A landmark breakthrough of pluripotent stem cell research was made in 2006 when
Takahashi and Yamanaka developed strategies to induce adult somatic cells to become
pluripotent stem cells, also known as iPSC, by introducing a few key transcription factors or
pluripotency genes including Oct3/4, Sox2, c-Myc, and Klf4 [33]. iPSC derived from mouse
or human adult fibroblasts showed similar capacities to ESC in terms of genetic, epigenetic,
and developmental criteria. iPSC are attractive cell therapy candidates derived from
autologous cells because they avoid the inferior outcomes of beta cell replacement therapy
in diabetes for transplanted allogeneic pancreas, isolated islets, and engineered insulin-
producing cells that are destroyed by the recipient immune system [34]. Recently, disease-
specific iPSC have been generated from a wide variety of adult somatic cell types from
donors with various disease conditions, including T1D, to fulfill therapeutic applications
[35–42]. Maehr et al. reported that patient-specific iPSC can be generated from patients with
T1D by reprogramming their adult fibroblasts with the transcription factors Oct4, Sox2, and
Klf4. T1D–specific iPSC derived from patients with T1D, termed DiPS cells, have
hallmarks of pluripotency and can be spontaneously differentiated into insulin-producing
cells, as well as offering a few significant advantages including containing the genotype
responsible for the human disease, providing an immunologically matched autologus cell
population and making possible patient-specific disease modeling wherein the initiation and
progression of T1D can be studied [37]. Using a serum-free protocol, Tateishi et al.
confirmed that human iPSC can be derived from human skin cells by retroviral expression
of Oct4, Sox2, c-Myc, and Klf4. Moreover, they successfully generated ILC from the iPSC
under feeder-free conditions. ILC not only contain C-peptide-positive and glucagon-positive
cells but also release C-peptide upon glucose stimulation [43]. More recently, Alipio et al.
demonstrated that iPS derived from skin fibroblast could be differentiated into insulin-
secreting beta-like cells, which respond to glucose stimulation under physiological or
pathological conditions. These beta-like cells stably engrafted and corrected the
hyperglycemia in two mouse models of type 1 and 2 diabetes [44]. These data raise the
possibility that patient-specific iPSC could potentially provide a treatment for diabetes in the
future.

For improved induction of human iPSC to achieve high reprogramming efficiency, a
chemical screening platform was configured to determine the small molecules that have
direct impact on the signaling pathways of reprogramming process [45,46]. More recently,
Amit et al. developed a suspension culture system for undifferentiated hES cells and iPSC,
using medium supplemented with IL6RIL6 chimeras (interleukin-6 receptor fused to
interleukin-6), and bFGF. They demonstrate that the IL6RIL6 chimera supports the self-
renewal and expansion of undifferentiated ESC and iPSC in suspension, and thus present
another efficient system for large-scale propagation of undifferentiated pluripotent cells for
clinical and translational applications [47].
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The formation of teratomas or other tumors known to arise from ESC and iPSC is a major
safety concern [22,48]. Cell-sorting-based approaches may prove suitable for selection of
residual undifferentiated ESC and iPSC ex vivo prior to transplantation [49], and building
reporter constructs engineered to encode a suicide gene expression is a method for tracking
and ablating any transformed cells that appear in vivo in the patient [50–52]. A recent study
identified a new signaling pathway that the undifferentiated cells use for propagation, which
depends upon the phosphorylation of the transcription factor Nanog [53]. By inhibiting this
pathway with small-molecule compounds, there was a stark reduction in resulting teratomas.
Their study suggests that teratomas can be eliminated. The use of iPSC to produce
differentiated beta cells induced with retroviral vectors to deliver oncogenes as
reprogramming factors may cause intentional mutagenesis and malignant diseases. Zhang et
al. [54] developed a novel chemical-defined culture system to induce insulin-producing cells
from patient specific human fibroblasts. A panel of human iPSC was generated by
transducing the lentivirus containing Oct4, Sox2 and Klf4, cMyc was omitted in order to
decrease the risk of tumorigenicity. The generated iPSC expressed pluripotency marker
genes, such as Sea4, Nanog, TRA-1–60 and TRA-1–81. These cells were also co-expressed
beta cell markers Pdx1, Mafa, Glut2 and insulin. In addition, the possibility that virus-free
and transgene-free iPSC might be generated using only valproic acid and recombinant
proteins or a non-viral minicircle vector is currently being explored in the murine system
[55,56].

3. Organ-specific facultative stem/progenitor cells
Endocrine stem/progenitor cells in the pancreas

The pancreas is comprised of two main compartments: endocrine and exocrine. The
exocrine cell compartment consists of acinar and duct cells. As the most abundant cell type
in pancreas, the acinar compartment has been regarded as the possible site where endocrine
progenitor cells reside in the pancreas. Several studies have suggested that functional insulin
producing cells can be generated by in vitro transdifferentiation from rat exocrine tissue by
adding agonists of the JAK2/STAT3 signaling pathway (epidermal growth factor and
leukemia inhibitory factor) to the medium [57]. The acinar cells that undergo exocrine-to-
endocrine transdifferentiation first need to re-express a lineage-defining transcription factor
Neurogenin 3 (Ngn3) and then need to escape inhibition by Notch signaling. The insulin-
expressing cells that are generated with this approach are glucose-regulated and can
normalize hyperglycemia after transplantation into immunoincompetent diabetic mice [58].
Analysis by both non-genetic and genetic lineage tracing systems indicated these newly
made insulin-producing cells originate from acinar cells [59,60]. Okuno et al. demonstrated
that insulin-secreting cells can be generated by transdifferentiation from pancreatic acinar
cells of diabetic rodents and further suggests that pancreatic acinar cells represent a potential
source of autologous transplantable insulin-secreting cells for treatment of T1D [61].

Substantial evidence has also suggested that the duct compartment contains facultative
endocrine stem/progenitor cells that can differentiate into beta cells [62,63]. Yatoh et al. first
showed that affinity-purified duct cells from adult human pancreas can differentiate to
insulin-producing cells [64]. Hao et al. marked non-endocrine epithelial cells derived from
human pancreas and showed that non-endocrine epithelial cells can differentiate into
endocrine cells in response to inductive factors present in the fetal pancreas [65]. The
potential of duct cells to undergo endocrine differentiation was further confirmed by in vivo
experiments. Xu et al. found Ngn3-positive endocrine progenitors can be activated in injured
adult mouse pancreas following partial duct ligation (PDL) and the Ngn3-positive cells
emerge from the pancreatic ducts. Differentiation of the adult progenitors is Ngn3-
dependent and gives rise to all islet cell types, including glucose-responsive beta cells that
subsequently proliferate, both in situ and when cultured in embryonic pancreas explants
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[66]. Recently, Zhou et al. reprogrammed differentiated pancreatic exocrine cells of adult
mice into cells that closely resemble beta cells by re-expressing key developmental
regulators (a combination of three transcription factors Ngn3, Pdx1 and Mafa) in vivo [67].
These in vivo experiments showed that mature pancreatic duct cells do contribute to
pancreatic regeneration after partial pancreatectomy, and mature ducts can regress and
recapitulate the embryonic differentiation program to form all differentiated pancreatic cell
types [68].

However, the ductal origin of endocrine cell formation in adult injured pancreas remains
controversial. By genetically marking ductal cells using carbonic anhydrase II (CAII) as a
duct-cell specific promoter to drive Cre recombinase in the Cre/loxP-based direct cell
lineage tracing system, the Bonner-Weir group showed that CAII-positive pancreatic cells
are progenitors for both endocrine and exocrine pancreas after birth or PDL in adult mice
[69]. The Ferrer group used a similar system with the Hnf1-beta promoter to label ductal
epithelium and found pancreatic exocrine duct cells give rise to insulin-producing beta cells
during embryogenesis but not after birth. By genetically marking duct and acinar cells
according to their expressing the mucin gene Muc1, another recent study also came to the
same conclusion [70]. The contradictory results may be explained by the hypothesis that
there is functional heterogeneity of the morphologically defined ductal cells and duct cells
are heterogeneous in their potential to act as pancreatic progenitors [71]. A recent report in
the American Diabetes Association's 70th Scientific Sessions by the Bonner-Weir group
supported this hypothesis [72]. They found heterogeneity of protein expression for Sox9 and
Hnf1-beta in duct cells within the ductal tree of adult mice and humans and provided
evidence for ductal subpopulations serving as postnatal pancreatic progenitors.

Beta cell regeneration might be achieved from other endocrine cells. Collombat et al.
demonstrated that ectopic and conditional expression of the transcription factor Pax4 in
mouse pancreas using different cell-specific promoters converts progenitor cells into alpha
and subsequently beta cells. Notably, ectopic expression of Pax4 in alpha cells promotes the
reconstitution of the insulin-expressing cell mass and cures diabetes in animals that have
been chemically depleted of beta cells [73]. Chung et al. recently developed a new mouse
model of beta cell regeneration by combining PDL with elimination of preexisting beta cells
with alloxan. In this model, they found that virtually all beta cells observed are neogenic and
large numbers of beta cells were generated within two weeks. Most importantly, the
neogenic beta cells arose primarily from alpha cells [74]. In a transgenic mouse model of
diphtheria-toxin-induced acute selective near-total beta cell ablation, under the condition of
insulin treatment and in the absence of autoimmunity, mature glucagon-producing alpha
cells are identified as the origin of beta cells regeneration by genetic lineage tracing [75].
Whether the observed beta cell regeneration through spontaneous conversion of alpha cells
also occurs in human pancreas of T1D patients with pre-existing autoimmunity to beta cells
is not known, but the approaches to modulate immune system of T1D patients might
enhance beta cell preservation by promoting spontaneous conversion of alpha cells to beta
cells. In summary, the results of these studies confirms the potential plasticity in adult
pancreatic cells reported previously and reveals the unrecognized function of alpha cells as
beta cell progenitors.

Liver cells
Liver and pancreas arise from the same region of ventral foregut endoderm in response to
the same signals during development. They share some specific differentiation pathways and
expression of many specialized genes such as transcription factors, glucose transporter type
2 and glucokinase [76–78]. It is hypothesized that because liver cells share many
transcription factors with beta cells, they may retain the potential to produce endocrine
pancreatic hormones. These characteristics make liver cells an attractive source for
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transdifferentiation into beta-like cells. A variety of liver cells including hepatocytes, intra-/
extrahepatic biliary epithelial cells, and gall-bladder epithelium have been demonstrated to
show the phenotype of pancreatic lineages after viral introduction of different pancreatic
transcription factors such as Pdx1 [79–81]. Recently, Yechoor et al. reported transfer of a
single lineage-defining transcription factor Ngn3 is sufficient to induce a transdetermination
from a hepatic progenitor cells to an islet lineage, and resulted in a rapid reversal of
hyperglycemia as well as the significantly reduced blood glucose [82].

Spleen cells
Whether spleen-derived stem cells can be used to generate beta cells to treat T1D is still
controversial. In 2003, Kodama et al. reported the existence of stem cells in the spleen of
mice that could increase the speed of pancreas regeneration if the underlying autoimmune
disease was controlled by administration of complete Freund's adjuvant, donor spleen cells,
and temporary islet transplantation. More than 90% of non-obese diabetic (NOD) mice
maintained euglycemia after the transplanted islets had been removed [83]. These results
were so attractive since the spleen is not as essential to humans compared to islets, and it
would dramatically increase the donor supply. In addition, spleen cells also share a very
close developmental relationship with the pancreas, as the splenic mesenchyme budding off
from the pancreatic mesenchyme early in development [84]. Some research teams also
identified that splenic stem cells contribute to the regeneration of many tissues including
bone, heart, and salivary glands in animals[85,86]. Faustman et al. recently reported that the
spleen of a variety of adult species (including humans) possesses a reservoir of multilineage
adult CD45 negative stem cells that express the developmental transcription factor Hox11/
Tlx1, which is essential for development of the spleen, pancreas, and portions of the nervous
system [87]. However, other groups failed to reproduce their findings using a similar
treatment protocol. The results achieved by three independent efforts were remarkably
consistent to Kodama’s conclusion: no splenocyte contribution to the islets was observed,
even though diabetes could be reversed in this mouse model. Therefore, the recovered host
beta cells, rather than spleen cells, were believed be responsible for this reversal [88–90].
Additional studies are underway to confirm and enhance the role of splenocytes in islet
neogenesis.

Very small embryonic-like (VSEL) cells
The infusion of bone marrow cells has been reported to improve damaged pancreas function
in STZ-treated mice, and restored blood glucose and serum insulin levels to almost normal
within a relatively short period [91,92]. Recent studies suggest that hematopoietic stem cells
(HSC) may not be the main candidate for beta cell differentiation [93,94] but that another
type of stem cell, CD45−/Sca-1+/Lin− VSEL stem cells, may contribute to tissue repair and
regeneration [95]. Using a low-dose STZ induced moderate pancreatic damage and
hyperglycemia model, we recently reported that VSEL stem cells are mobilized in response
to injured pancreatic tissue and contribute to beta cell regeneration, which were significantly
enriched for developmental pancreatic transcription factors including Pdx1, Nkx6.1, and
Ptf1. However, normoglycemia was not sustained long term, suggesting that additional
stimuli are required for a more durable and robust effect [96].

4. Hematopoietic stem cells
The best-known and best-studied example of stem cells is hematopoietic stem cells (HSC).
HSC are located in the bone marrow niche and are characterized by the expression of cell-
surface markers, which allows for isolation by cell-sorting-based approaches[97]. HSC can
be readily harvested from bone marrow and umbilical cord blood. It also can be collected
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from peripheral blood after mobilization from the marrow with growth factor mobilization
agents [98].

Hematopoietic stem cell transplantation (HSCT) has been used for the treatment of
autoimmune disease [99]. The transient lymphoablation by conditioning regimens before
autologous HSCT allows immune regeneration and a resetting of immune self-tolerance
from the multipotent HSC [100]. The Diabetes Control and Complications Trial
demonstrated a reverse relationship between residual C-peptide production and development
of chronic complications [101]. It suggests preservation of endogenous beta cell function is
a potential target in the management of patients with T1D. The first autologous HSCT study
in T1D patients was performed at a center in Brazil. After a mean follow-up of 29.8 months
post autologous HSCT, C-peptide levels increased significantly and the majority of patients
(20 of 23 newly diagnosed T1D patients) achieved insulin independence with good glycemic
control, in which twelve of them stayed free of insulin for an average of 31 months and eight
patients had periods ranging from 6 to 47 months in which they were free from insulin
[102,103]. More recently, a group in Poland reported the results of 8 patients receiving
autologous HSCT for treatment of T1D [104]. Patients became independent of exogenous
insulin after transplantation. One patient resumed low-dose insulin 7 months after
transplantation. Six out of eight patients were given acarbose for better glycemic control
after transplantation. All patients exhibited good glycemic control: the average HbA1c
concentrations were 12.3% at diagnosis, and 5.6 and 6.2% at 3 and 6 months after
transplantation, respectively. Both studies suggest that independence from exogenous insulin
can be achieved in most new-onset T1D patients following immunoablation and
reconstitution of the immune system with autologous HSCT.

The clinical experience of allogeneic HSCT in T1D patients is limited but shows promise.
When patients with insulin-dependent T1D received bone marrow transplants due to
leukemia or other blood-borne diseases, there was no improvement of diabetes after the
transplant[105]. In a T1D mouse model, allogeneic bone marrow transplant reversed
autoimmune process and prevented development of T1D if allogeneic HSCT was performed
in pre-diabetic animals [106–108]. In overtly diabetic animals, allogeneic HSCT induced
hematopoietic chimerism without causing graft-versus-host disease and reversed
hyperglycemia in new-onset diabetic animals [109,110]. Notably, recovery of endogenous
beta cell function occurs in both pre-diabetic and new-onset diabetic animals rendered
chimeric [110,111], which may suggest that residual beta cells play a significant role in
determining the outcome of allogeneic HSCT. On the other hand, islet transplantation is
currently limited by the toxicity of immunosuppressive agents and failure to control the
autoimmune response. Induction of tolerance to alloreactive and auto-reactive response by
allogeneic HSCT has been achieved in T1D animal models [112–115]. However, combined
islet and HSC allotransplantation under an ‘Edmonton-like’ immunosuppression, without
ablative conditioning, did not lead to stable chimerism and graft tolerance in a clinical pilot
trial [116]. Taken together, these results suggest that durable mixed chimerism may prove to
be an important approach to halt the autoimmune process and induce tolerance in T1D. As
nonmyeloablative conditioning approaches become refined and less toxic, the establishment
of mixed chimerism may not only induce tolerance to islet allografts, but also halt the
progression of the autoimmune process.

5. Multipotent mesenchymal stromal/stem cells
Multipotent Mesenchymal stromal/stem cells (MSCs) are a heterogeneous population of
adult stem cells originally isolated from bone marrow (BM). They have also been identified
in cord blood, the perivascular niche, and adipose tissue [117–121]. MSC have been
recognized as a promising source for regenerative medicine due to their ability to undergo
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multilineage differentiation to various cell types of mesenchymal origin, and their ability to
stimulate proliferation and differentiation of resident progenitor cells, as well as secrete
multiple cytokines and chemokines [122]. MSC can be isolated from the bone marrow and
be easily separated from the HSC by their adherence to plastic [123]. However, there are no
uniform phenotypic markers to characterize MSC, and investigators are using diverse
methods to isolate and expand. The International Society for Cellular Therapy recommended
that their name be changed to “multipotent mesenchymal stromal cells” because the majority
of MSC lack complete “stemness” property. They also proposed minimal criteria for
standardization of preparations[124], in which MSC must express CD105, CD73 and CD90,
and lack expression of CD45, CD34, CD14 or CD11b, CD79-alpha or CD19 and
histocompatibility complex antigen (HLA)-DR surface molecules. Recently, evidence
suggests that MSC also play an important role in immunomodulation mainly through the
direct inhibition of cell differentiation or proliferation, the alteration of cytokine secretion
profiles of T cells, B cells, dendritic cells (DC), and natural killer cells, and the induction of
T regulatory cells (Treg) [125–129]. These immunomodulatory properties make MSC a
promising source for therapeutic applications to treat numerous autoimmune diseases and
induce allograft transplant tolerance [128,130]. Madec et al. recently reported that MSC
could prevent autoimmune beta cell destruction and subsequent diabetes by inducing IL-10-
secreting CD4+ FoxP3+ Treg [131]. Using a monkey model of islet/bone marrow
transplantation, Berman et al. demonstrated that MSC may provide an important approach
for enhancement of islet engraftment and function, and the mechanism was associated with
increased Treg numbers in peripheral blood [132].

MSC offer an attractive source of stem cells for generation of surrogate beta cells[121,133].
Expression of Pdx1 gene has been found in bone marrow derived MSC from human donors,
followed by the activation of expression of all four islet hormones in vitro. Transplantation
of these cells into streptozotocin-diabetic immunodeficient mice resulted in further
differentiation to insulin producing cells, including induction of Neurogenic differentiation
1, and reduction of hyperglycemia [133]. Neshati et al. also demonstrated that bone marrow
derived MSC expressed characteristics of insulin-producing cells including spherical, grape-
like morphology, secretion of insulin, and being positive for dithizone in an in vitro
environment with high glucose concentration, nicotinamide and beta-mercaptoethanol [134].
MSC treatment of experimental T1D resulted in long-term reversal of hyperglycemia, and
therapy was shown to alter diabetogenic cytokine profile, to diminish T cell effector
frequency in the pancreatic lymph nodes, to alter antigen-presenting cell frequencies, and to
augment the frequency of the plasmacytoid subset of DC [134,135]. MSC from human
umbilical cord blood and murine adipose tissue were also studied and showed the capacity
to differentiate into the pancreatic lineage with insulin secretion functions [136,137].
However, this cell lineage transition has not been confirmed. Lee et al. found that the
infusion of human bone marrow derived MSC to diabetic NOD/SCID mice resulted in
significantly increased mouse insulin levels accompanied by improved pancreatic islets,
even though rare human cells were found within the islets. Therefore, they proposed the
possibility that MSC may be useful in enhancing insulin secretion instead of differentiation
to insulin producing cells [138,139]. Sordi et al. indicate that MSC express negligible levels
of islet-specific genes both in basal and stimulated conditions and might not optimal
candidates for generation of physiologically competent beta cells [140]. MSC could exert an
indirect role of “helper” cells and provide trophic support to the injured tissues in tissue
repair process. Park et al. reported that co-culture of islets and MSC improved the ATP /
ADP ratio and insulin secretory function in vitro [141]. Ding et al. demonstrated that MSC
could prevent islet allograft rejection leading to stable and long-term normoglycemia. These
functions mainly through the matrix metalloproteinases (MMP) secreted by MSC, in
particular MMP-2 and MMP-9, to reduce surface expression of CD25 on responding T cells
[142]. Other mechanisms underlying MSC’s protective role in experimental autoimmune
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T1D include the T cell cytokine secretion pattern shift toward IL-10/IL-13 production and
the induction of Treg [143], as well as the promotion of pancreatic islet graft vascularization
[144,145].

6. Expert Opinion
Generation of insulin-secreting cells from ESC and iPSC holds great promise for the
treatment of T1D. Despite recent progress in research on beta cell regeneration from ESC
and iPSC, a number of scientific issues and medical limitations need to be addressed and be
overcome before ESC or iPSC-derived beta cells can be considered safe for clinical
applications. The first hurdle is the tumorigenic potential of ESC and iPSC. One strategy for
dealing with this problem is to select and develop pure populations of more committed cells
for transplantation. Therefore, future development of an ESC and iPSC cell-based therapy
will require the purification of properly specified endodermal populations and the
elimination of inappropriate cell types. Further research to study mechanisms of beta cell
maturation in vivo and signals that drive differentiation to endocrine progenitors and/or
mature beta cells is required to realize the full potential of this therapy. The second hurdle is
the fact that both generation of iPSC and differentiation of ESC or iPSC to mature beta cells
still suffer from low efficiency and high cost. Small-molecule library screening identifies
simple imitators of the cellular signaling events that normally guide formation of the
pancreas and its insulin-secreting beta cells, enabling cost-effective differentiation methods
for large-scale generation of transplantation quality beta cell from ESC or iPSC [146].
Marked differences in differentiation propensity among hES cell lines and iPSC generated
from various tissues have been reported[147,148]. Therefore, screening and deriving lines is
important to achieve efficient lineage-specific differentiation. The third hurdle is prevention
of alloimmune rejection and recurrent autoimmune destruction. Transplantation of hES cell-
derived beta cells into patients is limited by potential HLA incompatibility. Strategies to
reduce immune rejection include: 1) establishing a large ‘bank’ of ESC for the purpose of
matching its HLA phenotype to recipient transplant patients[149]; 2) microencapsulation
techniques to protect grafted tissues from the immune system [28]; and 3) using ESC
generated from parthenogenetic embryos as a source of histocompatible cells and tissues for
cell therapy [150]. Although generating autologous patient-specific beta cells from iPSC
solves the allorecognition issue, and bypasses some of the ethnical problems of ESC, both
iPSC and ESC-derived beta cells will likely be the targets of persistent autoimmune
response in T1D patients. In this regard possible approaches to suppress pre-existing
autoimmunity will be developed and integrated for induction of long-term tolerance to
autoantigens. Recent studies suggest that hES cells derived CD34+ cells not only have a
potential for long-term in vivo endocrine cellular activity without teratomas [151], but also
prevent diabetes in a T1D mouse model by induction of hematopoietic mixed chimerism
[152]. Thus, combined ESC-derived beta cells islet and ESC-derived HSC transplantation
may become an approach to suppress pre-existing autoimmunity. Most recently, MSCs have
been derived from hESC through several different methodologies[153]. Human MSC
derived from hESC have been shown to possess characteristics very similar to BM-derived
MSC. Thus, immunomodulatory properties of hESC-derived MSC are likely to prove
valuable for inducing immune tolerance toward other cells or tissues derived from the same
hESC lines[118]. The fourth hurdle is ethical and policy issue rose by hES cells research.
Although in 2009 the Obama administration overturned the restriction access and use of hES
cells by revoking statements and orders made during the former President Bush's
administration, a federal judge recently issued an injunction barring the Obama's stem cell
policy from funding research involving hES cells [154,155], which leads to the limitation of
grants by NIH for the stem cell research. At the same time, the guidelines are recommended
by the major stem cell stem cell organizations to enforce the regulation of stem cell
therapies[156,157].
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Experimental data suggest that the adult human pancreas contains facultative endocrine
stem/progenitor cells that can differentiate to beta cells under specific circumstances
[59,68,75]. Induction of facultative endocrine stem/progenitor cells in pancreas and other
organs to differentiation into beta cells could become a viable therapeutic approach.
However, any effort to replace beta cells in diabetes, in particular by endogenous
progenitors, will require an approach to dealing with recurrent autoimmunity in patients with
T1D [62]. Thus, the amelioration of autoimmune stress together with stimulus for
regeneration of endogenous beta cells could be a feasible approach to improve endogenous
insulin production in a substantial number of patients with T1D.

A recent clinical study suggests residual functional beta cells remain after as long as 50
years in the majority of patients with T1D [158]. In T1D patients, autologous HSCT may
allow the residual beta cells to recover and may induce facultative endocrine stem/
progenitor cells in pancreas to transdifferentiate into beta cells [58,66,75]. Induction of
tolerance to alloreactive and autoreactive response by allogeneic HSCT has been achieved in
experimental models of T1D. Future studies need to address the possible
immunomodulatory effects of donor HSC and to optimize reduced-intensity
nonmyeloablative conditioning protocols.

MSC have the capacity to differentiate into various cell types of mesenchymal origin, and
also are well recognized for their immunomodulatory roles through direct inhibiting cell
differentiation or proliferation and the altering of cytokine secretion profiles of many
immune cell types. These unique characteristics make them an attractive source for cellular
therapy of T1D based on the combined benefits not only from insulin-producing cells
regeneration but also the negative regulation of autoimmunity. Although an emerging body
of evidence shows the infusion of MSC resulted in increased insulin levels accompanied by
improved pancreatic islets, some unaddressed questions may limit their clinical application.
A standard protocol must be established to produce MSC and the optimal passage and doses
of cells should be defined since these may have significant influence on MSC’s
immunomodulatory properties. Clinically applicable assays should also be considered to
monitor the genetic and phenotypic stability of transplanted cells and the safety of
recipients.

In conclusion, stem cell-based therapies continue to show great promise for treatment of
T1D, and significant progress has brought these therapies closer to a clinical reality through
research efforts.

Article highlights

• Several ESC differentiation protocols recapitulating pancreatic development in
vivo have been used to guide differentiation of ESC toward definitive endoderm,
pancreatic progenitors, followed by endocrine progenitors in vitro. The in vivo
studies confirm the potential of using ES cell-derived beta cells for the treatment
of diabetes.

• T1D-specific iPSC could potentially provide a treatment for diabetes in the
future.

• Potential plasticity in adult pancreatic cells was reported previously and recent
studies reveal the previously unrecognized function of alpha cells as beta cell
progenitors.

• Independence from exogenous insulin can be achieved in most new-onset T1D
patients following immunoablation and reconstitution of the immune system
with autologous HSCT.
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• As nonmyeloablative conditioning approaches become refined and less toxic,
the establishment of mixed chimerism may not only induce tolerance to islet
allografts, but also halt the progression of the autoimmune process.

• MSC offer an attractive source of stem cells for generation of surrogate beta
cells. MSC also play an important role in immunomodulation.

Abbreviations

T1D Type 1 diabetes

ESC embryonic stem cells

iPSC induced pluripotent stem cells

STZ streptozotocin

bFGF basic fibroblast growth factor

ILC insulin-producing islet-like clusters

Ngn3 Neurogenin 3

PDL partial duct ligation

VSEL Very small embryonic-like cells

HSC hematopoietic stem cells

MSC multipotent mesenchymal stromal/stem cells

DC dendritic cells

Treg T regulatory cells

MMP matrix metalloproteinases

HLA histocompatibility complex antigen
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