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ABSTRACT
The directed differentiation of human pluripotent stem cells, such as embryonic stem cells
(hESCs) and induced pluripotent stem cells (hiPSCs), into pancreatic endocrine lineages
has been vigorously examined by reproducing the in vivo developmental processes of
the pancreas. Recent advances in this research field have enabled the generation from
hESCs/iPSCs of functionally mature b-like cells in vitro that show glucose-responsive insulin
secretion ability. The therapeutic potentials of hESC/iPSC-derived pancreatic cells have
been evaluated using diabetic animal models, and transplantation methods including
immunoprotective devices that prevent immune responses from hosts to the implanted
pancreatic cells have been investigated towards the development of regenerative therapies against diabetes. These efforts led to the start of a clinical trial that involves the
implantation of hESC-derived pancreatic progenitors into type 1 diabetes patients. In addition, patient-derived iPSCs have been generated from diabetes-related disorders towards
the creation of novel in vitro disease models and drug discovery, although few reports so
far have analyzed the disease mechanisms. Considering recent advances in differentiation
methods that generate pancreatic endocrine lineages, we will see the development of
novel cell therapies and therapeutic drugs against diabetes based on iPSC technologybased research in the next decade.

INTRODUCTION
Type 1 diabetes is an autoimmune disease characterized by
b-cell destruction in the pancreas, insulin deﬁciency and persistent high blood glucose levels. Although the supplementation of
exogenous insulin is a life-saving treatment, it is still difﬁcult to
obtain physiological control of blood glucose levels. The transplantation of pancreatic b-cells as islet tissues or the entire pancreas is an alternative curative treatment for type 1 diabetes1–3.
However, transplantation therapies are hampered by a serious
donor shortage and the potential risk of tissue rejection. One
possible solution to the donor shortage is the generation of
b-cells or islet tissues from human pluripotent stem cells, such
as embryonic stem cells (hESCs)4 and induced pluripotent stem
cells (hiPSCs)5,6. The directed differentiation of pancreatic lineage cells from hESCs/iPSCs has been vigorously studied
towards regenerative therapy for type 1 diabetes, as well as
basic pancreatic research7–22.
Substantial progress in this research ﬁeld has been made in
recent years. In the USA, phase 1/2 clinical trials for type 1
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diabetes patients have already been started with the use of
hESC-derived pancreatic progenitors. In contrast, at the time of
writing the present review, there have been no clinical trials
carried out using the transplantation of hiPSC-derived pancreatic cells. Because of the potential advantages of hiPSCs over
hESCs, however, such as the practicability of autologous cell
transplantation and fewer ethical problems, research in hiPSCbased therapy is expected to lead to such therapy in the future.
In the present review, we summarize recent advances in
research on pancreatic regeneration and disease modeling using
pluripotent stem cells, and also outline future perspectives of
the clinical application for diabetes.

NEW CELL SOURCES
Pancreatic b-cells secrete insulin, a hormone that plays a crucial role in the regulation of blood glucose levels. In type 1
diabetes, pancreatic b-cells are destroyed, which results in
absolute deﬁciency of insulin. If patients’ blood glucose levels
are not properly controlled, a variety of serious complications
take place. Although the risk of complications in type 1 diabetes patients has declined with recent advances in medical
care, type 1 diabetes patients must always take care to control
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their blood glucose levels by multiple daily insulin injections,
which causes a great burden to the patients, to prevent
complications.
In type 1 diabetes, the supplementation of pancreatic b-cells
is considered one of the most potentially effective treatments
for diabetes. One supplementation approach is the transplantation of islets obtained from brain dead or cardiac arrest donors
through the portal vein. Although islet transplantation requires
a sufﬁcient number of islets from multiple donors, its safety
and efﬁcacy for the treatment of type 1 diabetes have been
shown, enabling patients to withdraw from insulin injection
therapy1–3. Islet transplantation is becoming approved as standard treatment around the world. This therapy has beneﬁted
from recent advances in isolation methods that stably obtain
islet tissues of sufﬁcient quality at the clinical level. However,
various problems, such as a serious shortage of donors and
side-effects of immunosuppressive agents, still remain to be
solved, preventing islet transplantation from becoming a universal treatment for diabetes.
In order to solve the problem of donor islet shortage, a new cell
source of human pancreatic b-cells is required. Pluripotent stem
cells, such as ESCs or iPSCs, which have the capability to indeﬁnitely self-renew and differentiate into any cell type of the body,
are appealing candidates. Pancreatic b-cells generated from these
stem cells are expected as a new cell source for transplantation
therapy against diabetes. Since the report by Assady et al.23,
which for the ﬁrst time generated insulin-producing cells from
hESCs by spontaneous differentiation using embryoid body formation, an efﬁcient generation of pancreatic b-like cells has been
vigorously studied by various approaches7–22. Such efforts have
made the clinical application of transplantation therapy using
pancreatic cells derived from pluripotent stem cells closer to
realization.

DIRECTED DIFFERENTIATION INTO PANCREATIC
b-CELLS
In order to induce the differentiation of hESCs/iPSCs into pancreatic lineage cells, a strategy has been adopted to mimic and
reproduce the normal developmental stages of the pancreas
in vitro by using the expression of key transcription factors
involved in pancreas development as an index. As shown in
Figure 1, a fertilized egg differentiates through multiple developmental stages, such as deﬁnitive endoderm, primitive gut tube,
posterior foregut, pancreatic endoderm and endocrine precursors, into insulin-expressing b-cells. In the case of hESC/iPSC
differentiation, similar developmental stages are induced using a
combination of growth factors or chemical compounds including Nodal-activin, Wnt, retinoic acid, hedgehog, ﬁbroblast
growth factor, epidermal growth factor, bone morphogenetic
protein and Notch to activate or inhibit key signal pathways7–22.
Until recently, most investigators have generated pancreatic
b-like cells that produce and secrete insulin in response to
stimuli, such as potassium chloride7,17. However, these cells do
not secrete suitable amounts of insulin in response to changes
in blood glucose levels, making them inferior to adult b-cells.
In addition, the generated pancreatic b-like cells co-express
other hormones, such as glucagon and somatostatin. Gene
expression analysis has further shown that b-like cells induced
from hESCs/iPSCs do not accurately represent features of
mature adult b-cells and more closely resemble embryonic bcells24. In contrast, several groups including ours have reported
the generation of hESC/iPSC-derived embryonic pancreatic
endoderm cells that have the capacity to differentiate into all
pancreatic lineages including endocrine cells. These cells can
differentiate and mature in vivo into adult b-cells with the
capacity of glucose-stimulated insulin secretion 3–4 months
after implantation into immunodeﬁcient mice (Figure 2)9,18,22.

ESCs
/iPSCs

Deﬁnitive
endoderm

Primitive
gut tube

Posterior
foregut

Pancreatic
endoderm

OCT4

SOX17

HNF1B

PDX1

PDX1
NKX6.1

Endocrine
precursor

NGN3

β-cell

Insulin

Fertilized
egg

Figure 1 | Schematic diagram of the differentiation strategy to produce pancreatic endocrine lineages from such as human embryonic stem cells
and induced pluripotent stem cells (hESCs/iPSCs) by mimicking in vivo development. The developmental stages and their corresponding marker
genes are shown.
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Figure 2 | Pancreatic endoderm cells differentiated from human embryonic stem cells (hESCs) mature into b-cells in vivo. (a)
Section immunostaining images of hESC-derived pancreatic endoderm cells for PDX1 (green) and NKX6.1 (red), (b) human pancreatic tissues
generated 30 days after implantation of hESC-derived pancreatic endoderm into immunodeficient mice for PDX1 (green), INSULIN (red) and
GLUCAGON (blue), and (c) human islet-like structures generated 210 days after implantation. (d) Plasma human C-peptide levels in host
immunodeficient mice. Scale bars, 100 μm. Adapted from Toyoda et al.22 with permission (licensed under Creative Commons Attribution).

Our group also showed that high-cell density cultures, such as
adherent cultures at higher-cell density and cell aggregation cultures, favored differentiation into pancreatic endoderm cells at
the pancreatic bud stage22. These ﬁndings suggest that hESC/
iPSC-derived pancreatic endoderm cells retain the potential to
differentiate into pancreatic endocrine cells that are functionally
comparable with adult b-cells.
More recently, two breakthrough papers have succeeded in
the generation of functionally mature b-like cells from hESCs/
iPSCs, although details on the maturation mechanism remain
to be elucidated. Rezania et al.20 optimized their differentiation
protocol by adding factors, such as vitamin C, protein kinase C
pathway activators, transforming growth factor-b receptor inhibitors and thyroid hormones, to generate insulin-producing
cells at an induction rate of approximately 50%. Furthermore,
they identiﬁed R428, a selective small-molecule inhibitor of tyrosine kinase receptor AXL, as a crucial factor for the maturation of b-cells. When the aforementioned insulin-producing
cells were treated with the factors and R428, the expression
level of MAFA messenger ribonucleic acid became higher than
ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

that of human pancreatic islets, and the cells acquired a responsiveness to changes in glucose levels, although less potently than
that of adult human islets. After implantation into diabetes
mouse models, the engrafted cells improved the blood glucose
levels of host mice after 16 days, suggesting that insulin-producing cells suitable for cell therapy against diabetes could be
produced from hESCs in vitro.
Pagliuca et al.19 optimized their differentiation method for
pancreatic b-cells by examining more than 150 combination
treatments of >70 kinds of compounds. The group established
a 5-week long differentiation method of hESCs/iPSCs to b-cells
at an induction efﬁciency of >30%. The induced cells showed
insulin secretion and intracellular Ca2+ handling in response to
sequential changes in glucose concentrations. Furthermore, the
cells were similar to human islets in terms of stimulation index,
which is a ratio of insulin secretion levels between low- and
high-glucose conditions, amounts of insulin secretion, and
intracellular insulin content, suggesting they very closely resembled adult b-cells. When the induced cells were implanted into
the renal subcapsules of immunodeﬁcient mice, the engrafted
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cells started to secrete insulin in response to changes in blood
glucose levels as early as 2 weeks after implantation. After the
implantation into diabetes mouse models, the cells improved
blood glucose levels of the host mice for >18 weeks. Compared
with previously reported implantations of hESC/iPSC-derived
pancreatic endoderm cells, in which it took 3–4 months after
implantation for the cells to mature, recent advances in the
generation of b-cells in vitro substantially shorten the waiting
time to acquire therapeutic effects after implantation.
After these two reports, other groups have reported success
in the production of pancreatic b-like cells with the ability of
glucose-responsive insulin secretion by strictly regulating the
timing of the cell fate decision from pancreatic endoderm to
endocrine cells25–27. Although several issues, such as the stability and cost of the differentiation, still remain to be improved
before clinical application, recent advances in the generation of
functionally matured b-like cells from hESCs/iPSCs in vitro are
expected to overcome the major obstacles for regenerative
medicine against diabetes.
Unbiased screenings have been used to identify small molecules that induce the differentiation of hESC/iPSCs. Small molecules with unique biological activities enable new biological
studies, and might further lead to the development of new
treatments by signiﬁcantly lowering the cost28. Two reports
have identiﬁed chemical compounds that act as inducers of
pancreatic lineage cells, indolactam V for PDX1+ pancreatic
progenitor cells12 and vesicular monoamine transporter 2 inhibitors for INSULIN+ cells29.

GENERATION OF WHOLE PANCREAS BY BLASTOCYST
COMPLEMENTATION
Blastocyst complementation is an experimental strategy to generate whole organs in chimeric animals30. With this strategy,
ESCs/iPSCs are injected into blastocysts of animals in which
essential genes for the development of certain organs are
knocked out. Dr Hiromitsu Nakauchi and his research team are
leaders in this ﬁeld. They carried out blastocyst complementation by injecting wild-type mouse ESCs/iPSCs into Pdx1-/pancreatogenesis-disabled mice to generate a whole pancreas31.
Pancreatic islets removed from the generated whole pancreas
showed therapeutic effects when implanted into diabetes mouse
models. The group also showed that whole rat pancreas can be
generated by blastocyst complementation using the injection of
rat iPSCs into Pdx1-/- mice, although the generated pancreas
was mouse size31. Very recently, the same group carried out the
reverse experiment, generating rat-sized pancreas consisting of
mouse ESCs/iPSCs by injecting them into Pdx1-/- rat blastocysts. Mouse islets from the generated pancreas maintained
blood glucose levels of diabetic mice induced by streptozotocin
over 370 days after implantation without immunosuppression32.
These ﬁndings show that whole human pancreas could be interspeciﬁcally generated from hESCs/iPSCs by blastocyst complementation using other animals, such as pigs. Towards this goal,
the same group and their colleagues showed that this strategy
4
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can be carried out using pancreatogenesis-disabled pigs, in
which Hes1 gene was overexpressed under the guide of the Pdx1
promoter33. Whole pig pancreas was generated by injecting the
blastocyst cells of other pigs into Pdx1-Hes1 transgenic pigs.
However, the generation of human pancreas using hESCs/
iPSCs and other animals by blastocyst complementation might
raise ethical concerns that the injected hESCs/iPSCs contribute
to other undesired organs in the generated chimeric animals,
such as the brain or reproductive organs. In an attempt to mitigate this concern, ESCs/iPSCs induced to commit into the targeted organ lineage were used to prevent differentiation into
untargeted cell types in chimeric animals. It was reported that
the overexpression of a mesendoderm marker, Mixl1, induced
mouse ESCs to differentiate into endoderm, but not mesoderm,
in vitro. Based on this ﬁnding, the Nakauchi group used mouse
ESCs overexpressing the Mixl1 gene for blastocyst complementation and succeeded in restricting the localization of mouse
ESC derivatives into endodermal organs, such as the intestine34.
Additionally, a previous study reported that the more developmentally advanced cell types than ESCs undergo apoptosis and
fail to contribute to chimera when injected into pre-implantation stage blastocysts35. The Nakauchi group, however, have
since succeeded in having these cells to contribute to chimera
by blastocyst complementation36. They injected mouse ESCderived Sox17+ endoderm progenitor cells overexpressing the
anti-apoptotic gene BCL2 into blastocysts. This approach
caused endoderm cells to integrate into the gut tissues of chimeric mice. Although there are still hurdles to overcome before
generating human pancreas in animal bodies, including ethical
issues, blastocyst complementation is an appealing strategy to
generate functional pancreas tissues from ESCs/iPSCs.

TRANSPLANTATION METHODS
In parallel with the generation of pancreas tissues from pluripotent stem cells, the clinical application of induced pancreatic
cells has been explored. In general, transplantation strategies are
classiﬁed into two: (i) a method in which induced pancreas tissues are directly implanted into the patient body; and (ii)
another in which a device that contains pancreatic tissues is
implanted (Figure 3). In the ﬁrst method, pretreatment to
induce angiogenesis in the implantation sites is used to promote the engraftment and long-term survival of the implanted
cells. One recent study reported that an embedded nylon catheter into the subcutaneous tissues of host mice for 1 month
before cell implantation generated vascularized space37. Here,
the embedded biomaterial induces the formation of vascular
networks in the implantation site, and pancreatic cells are
implanted after inﬂammatory reactions diminish, which makes
a less intolerant environment for the implanted cells.
In contrast, Szot et al.38 reported that the blockage of T-cell
costimulatory pathways by the administration of CTLA4Ig,
which suppresses T-cell activation, and an anti-CD154 antibody
prevented the rejection of xenogeneic implantation of hESCderived pancreatic endoderm cells into non-diabetic
ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

REVIEW ARTICLE
iPSC-based diabetes research

http://onlinelibrary.wiley.com/journal/jdi

Porous semi-permeable
membrane device

Immune cells

Subcutaneous
implantation

Insulin
S
S

S
S

COOH

Animal models of diabetes

HOCH2

H2N

H
C
HO

C
H
OH
C
H
H
C
HO

O
H
C
OH
C
H
OH
C
H

H
C
OH

Glucose
O

H
H C
C OH
OH

Induced pancreatic
cells
Diabetes patients
Antibodies and complements

O2 and nutrients

Figure 3 | Device-based methods for implanting human embryonic stem cells and induced pluripotent stem cells (hESCs/iPSCs)-derived pancreatic
cells. hESC/iPSC-derived pancreatic cells encapsulated with immunoprotective devices are implanted into the bodies of diabetes animal models or
diabetes patients. Oxygen, nutrients, insulin and glucose can pass through the porous membrane of the device to promote the survival,
differentiation, maturation and glucose-responsive insulin secretion of encapsulated pancreatic cells. In contrast, immune cells or molecules, such as
antibodies and complements, cannot pass, which prevents immune rejection or autoimmune responses against the cells.

immunocompetent mice for >90 days. In that report, the implantation of xenogeneic pancreatic endoderm cells differentiated
from hESCs into subcutaneous tissues of host diabetes mouse
models exerted therapeutic effects on diabetes without rejection.
In the second category of transplantation methods, pancreatic
cells are encapsulated by a bioengineered device that includes
semipermeable membranes. Oxygen and nutrients can pass to
promote cell survival, differentiation and maturation, whereas
immune molecules or cells cannot (Figure 3). It was reported
that hESC-derived pancreatic cells encapsulated by these
semipermeable membrane devices could further differentiate
into pancreatic b-cells even after implantation into host mice39.
In addition, because of vasculogenesis around the devices, the
differentiated b-cells can secrete insulin in response to changes
in glucose concentrations. Another report found that semipermeable membrane devices protected the rat islet grafts from
immune systems of wild-type host mice for at least 180 days
after transplantation40. A recent study reported the implantation of hESC-derived b-like cells encapsulated with an alginate
derivative, triazole-thiomorpholine dioxide alginate. This device
mitigated foreign body responses and implant ﬁbrosis, and
ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

induced glycemic correction without immunosuppression for
>170 days in immunocompetent mice41.
These device-based implantation methods are expected to
reduce or eliminate the need for immunosuppressive agents. Furthermore, these methods potentially have the advantage of removing the implanted cells with the device from the patient’s body
when adverse events, such as tumorigenesis or dysfunction, occur.
In 2014, ViaCyte Inc. started clinical trials for the treatment
of type 1 diabetes patients using a semipermeable membrane
capsule device that carried pancreatic progenitor cells differentiated from hESCs. This trial has attracted attention worldwide,
as it represents an initial and important step for the development of new stem cell therapies for diabetes.

DISEASE MODELING AND DRUG DISCOVERY
iPSC technology enables the creation of novel in vitro disease
models. Because iPSCs harbor the genetic information of
patients from which they are generated, the disease-affected cell
types differentiated from patient-derived iPSCs might reproduce
disease phenotypes in vitro. These approaches are especially
advantageous when reliable animal models are unavailable.
J Diabetes Investig Vol.  No.   2017
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Table 1 | Summary of reports on iPSCs derived from patients with diabetes-related disorders (as of February 2017)
Type of diabetes

Mutation

Findings

References

Nondiabetic
mutation carrier
Nondiabetic
mutation carrier
Diabetic foot ulcer
T1D

PDX1(C18R)

Derivation of iPSCs from patients’ somatic cells

69

PDX1(P33T)

Derivation of iPSCs from patients’ somatic cells

68

NA
NA

67
66

T1D

NA

T1D and T2D

NA

Patients with insulin
receptor mutations

Exon 14 (nonsense; A897X), Exon 1
(missense; A2G), Exon 3 (missense;
L233P), Exon 2 (nonsense; E124X)
HNF1B (S148L)

Derivation of iPSCs from patients’ somatic cells
Efficient differentiation of patient-derived iPSCs into
glucose-responsive insulin-producing cells
Differentiation of patient-derived iPSCs into b cells
in vitro
Assessed safety of transplanting pancreatic progenitors
from patient-derived iPSCs
Patient-derived iPSCs showed mitochondrial
dysfunction with reduced mitochondrial size,
oxidative activity, and energy production
Pancreatic progenitors from patient-derived iPSCs show
compensatory mechanisms in the pancreatic
transcription factor network
Adipogenic differentiation of patient-derived iPSCs
exhibited reduction of lipid droplet formation
Differentiation of patient-derived iPSCs into early
vascular cells and formation of 3D vascular network
assembly in vitro
Analyses using patient-derived iPSCs revealed that
miR200-regulated DNA damage checkpoint pathway
protects against complications in T1D

60

Patient-derived iPSCs showed mutant transcripts
destroyed by nonsense-mediated mRNA decay
Differentiation of patient-derived iPSCs into insulinexpressing cells
Differentiation of patient-derived iPSCs into functional
cardiomyocytes with well-regulated glucose utilization
Creation of diabetic cardiomyopathy models from
patient-derived iPSCs that were used for evaluating
candidate drug compounds
Patient-derived iPSCs showed altered gene expression
and reduced proliferation
Patient-derived iPSCs generated with synthetic mRNAs
encoding OCT4, SOX2, KLF4, c-MYC, and LIN28
upregulates pancreas-specific microRNAs
Pancreatic b-like cells from patient-derived iPSCs
showed increased ER stress led to insulin secretion
failure
GCK mutant b cells required higher glucose levels to
stimulate insulin secretion
Derivation of iPSCs from patients’ somatic cells

58

MODY5

Congenital
generalized
lipodystrophy
T1D

BSCL2/SEIPIN (E189X and R275X)

NA

NA

Longstanding T1D
with severe or
absent to mild
complications
MODY5

HNF1B (R177X)

MODY3

HNF1A

T1D

NA

T2D with
cardiovascular
disease
Patients with insulin
receptor mutations
T1D

NA

Wolfram syndrome

WFS1

MODY2

GCK

MODY1, 2, 3, 5 and 8

MODY1: HNF4A, MODY2: GCK,
MODY3: HNF1A, MODY5: HNF1B,
MODY8: CEL
NA

T1D

6

NA
NA

J Diabetes Investig Vol.  No.   2017

Multiple iPSC lines from individual patients showed
intrapatient variations in differentiation propensity to
insulin-producing cells

65
64
63

62

61

59

57
56
55

54
53

52

51
50

49
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Table 1 (Continued)
Type of diabetes

Mutation

Findings

References

T2D

NA

48

T1D and T2D

NA

T1D
Diabetes with
mitochondrial DNA
(mtDNA) mutation
T2D

NA
mtDNA (A3243G)

Marked hyperglycemia disrupted anesthetic
preconditioning-mediated protection in
cadiomyocytes from patient-derived iPSCs
Derivation of transgene-free iPSCs from patients using
Sendai viral vectors
Derivation of iPSCs from patients’ somatic cells
Patient-derived iPSCs showed a bimodal degree of
mutation heteroplasmy; mutation-free and -rich iPSC clones

T1D

NA

T1D

NA

NA

Derivation of iPSCs from elderly T2D patients and
differentiation into insulin-producing islet-like progeny
Differentiation of patient-derived iPSCs into insulinproducing cells in vitro
Derivation of iPSCs from patients’ somatic cells

47
46
45

44
11
43

MODY, maturity-onset diabetes of the young; T1D, type 1 diabetes; T2D, type 2 diabetes; GCK, Glucokinase; NA, not applicable.
Diﬀerentiation
(a)

into immune cells
Co-culture

β-cell-speciﬁc

iPSCs

immune cells

Type1

Type1 diabetes

diabetes

patient

disease
Diﬀerentiation

model

into β-cells
(b)

(c)

Figure 4 | Disease modeling using patient-derived induced pluripotent stem cells (iPSCs). (a) In vitro type 1 diabetes disease models using the
differentiation of patient-derived iPSCs into pancreatic b- and immune cells. (b) iPSCs derived from a type 1 diabetes patient and (c) insulinsecreting cells differentiated from the iPSCs. Scale bars, 300 μm in (b) and 100 μm in (c). Figures (b) and (c) were provided by Drs Yoshiya
Hosokawa, Akihisa Imagawa and Iichiro Shimomura, Department of Metabolic Medicine, Osaka University Graduate School of Medicine.

Substantial efforts have already been made to analyze disease
mechanisms and develop novel therapeutic drugs using iPSC
disease models42.

ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

As summarized in Table 1, multiple reports describe the generation of iPSCs from patients with diabetes-related disorders,
including types 1 and 2 diabetes mellitus; maturity-onset
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diabetes of the young types 1, 2, 3, 5 and 8, in which a single
gene mutation causes diabetes; and mitochondria diabetes11,43–69.
A report analyzing maturity-onset diabetes of the young type 2
showed that iPSC models can reproduce the disease phenotype
caused by mutations in a glucokinase gene that cause a decrease
in insulin secretion by glucose stimulation51. However, although
many of these reports have shown the generation of patientderived iPSCs and their in vitro differentiation into b-like insulin-producing cells, they have not reported the recapitulation of
the disease phenotypes. The reason is that the b-like cells generated from patient-derived iPSCs are insufﬁcient to recapitulate
the phenotypes of diseases that are caused by a complex cellular
environment including multiple cell types, such as immune cells.
As described above, cells that functionally resemble adult b-cells
can now be produced from human pluripotent stem cells
in vitro. Combining multiple cell types in vitro with iPSCderived b-like cells could create novel diabetes disease models
that better elucidate the disease mechanisms and facilitate the
discovery of novel therapeutics drugs (Figure 4).

CONCLUSION
Basic research on cell therapy strategies for diabetes using stem
cells has advanced considerably in the past decade. The generation of functional pancreatic tissues from human pluripotent
stem cells has become possible, and these cells could replace
the donor islets used in islet transplantation. In the next decade,
it is expected that many experimental diabetes treatments will
be conﬁrmed for therapeutic efﬁcacy and safety.
ACKNOWLEDGMENTS
The author thank all the members of CiRA, Kyoto University,
especially Dr Peter Karagiannis for critically reading and revising the manuscript, and apologize to authors whose studies
could not be cited owing to space limitations. The authors’
research is partially supported by the Japan Agency for Medical
Research and Development (AMED) through its research grant
‘Core Center for iPS Cell Research, Research Center Network
for Realization of Regenerative Medicine.’
DISCLOSURE
KO is a founder and member without salary of the scientiﬁc
advisory boards of iPS Portal, Japan. The other authors declare
no conﬂict of interest.
REFERENCES
1. Ryan EA, Paty BW, Senior PA, et al. Five-year follow-up after
clinical islet transplantation. Diabetes 2005; 54: 2060–2069.
2. Speight J, Reaney MD, Woodcock AJ, et al. Patient-reported
outcomes following islet cell or pancreas transplantation
(alone or after kidney) in Type 1 diabetes: a systematic
review. Diabet Med 2010; 27: 812–822.
3. Shapiro AM, Ricordi C, Hering BJ, et al. International trial of
the Edmonton protocol for islet transplantation. N Engl J
Med 2006; 355: 1318–1330.
8

J Diabetes Investig Vol.  No.   2017

http://onlinelibrary.wiley.com/journal/jdi

4. Thomson JA, Itskovitz-Eldor J, Shapiro SS, et al. Embryonic
stem cell lines derived from human blastocysts. Science
1998; 282: 1145–1147.
5. Takahashi K, Tanabe K, Ohnuki M, et al. Induction of
pluripotent stem cells from adult human fibroblasts by
defined factors. Cell 2007; 131: 861–872.
6. Yu J, Vodyanik MA, Smuga-Otto K, et al. Induced
pluripotent stem cell lines derived from human somatic
cells. Science 2007; 318: 1917–1920.
7. D’Amour KA, Bang AG, Eliazer S, et al. Production of
pancreatic hormone-expressing endocrine cells from human
embryonic stem cells. Nat Biotechnol 2006; 24: 1392–1401.
8. Jiang J, Au M, Lu K, et al. Generation of insulin-producing
islet-like clusters from human embryonic stem cells. Stem
Cells 2007; 25: 1940–1953.
9. Kroon E, Martinson LA, Kadoya K, et al. Pancreatic
endoderm derived from human embryonic stem cells
generates glucose-responsive insulin-secreting cells in vivo.
Nat Biotechnol 2008; 26: 443–452.
10. Tateishi K, He J, Taranova O, et al. Generation of insulinsecreting islet-like clusters from human skin fibroblasts. J
Biol Chem 2008; 283: 31601–31607.
11. Maehr R, Chen S, Snitow M, et al. Generation of pluripotent
stem cells from patients with type 1 diabetes. Proc Natl
Acad Sci USA 2009; 106: 15768–15773.
12. Chen S, Borowiak M, Fox JL, et al. A small molecule that
directs differentiation of human ESCs into the pancreatic
lineage. Nat Chem Biol 2009; 5: 258–265.
13. Thatava T, Nelson TJ, Edukulla R, et al. Indolactam V/GLP-1mediated differentiation of human iPS cells into glucoseresponsive insulin-secreting progeny. Gene Ther 2011; 18:
283–293.
14. Kelly OG, Chan MY, Martinson LA, et al. Cell-surface markers
for the isolation of pancreatic cell types derived from
human embryonic stem cells. Nat Biotechnol 2011; 29:
750–756.
15. Nostro MC, Sarangi F, Ogawa S, et al. Stage-specific
signalling through TGF b family members and WNT
regulates patterning and pancreatic specification of human
pluripotent stem cells. Development 2011; 138: 861–871.
16. Schulz TC, Young HY, Agulnick AD, et al. A scalable system
for production of functional pancreatic progenitors from
human embryonic stem cells. PLoS One 2012; 7: e37004.
17. Kunisada Y, Tsubooka-Yamazoe N, Shoji M, et al. Small
molecules induce efficient differentiation into insulinproducing cells from human induced pluripotent stem
cells. Stem Cell Res 2012; 8: 274–284.
18. Rezania A, Bruin JE, Riedel MJ, et al. Maturation of human
embryonic stem cell-derived pancreatic progenitors into
functional islets capable of treating pre-existing diabetes in
mice. Diabetes 2012; 61: 2016–2029.
€rtler M, et al. Generation of
19. Pagliuca FW, Millman JR, Gu
functional human pancreatic beta cells in vitro. Cell 2014;
159: 428–439.

ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

http://onlinelibrary.wiley.com/journal/jdi

20. Rezania A, Bruin JE, Arora P, et al. Reversal of diabetes with
insulin-producing cells derived in vitro from human
pluripotent stem cells. Nat Biotechnol 2014; 32: 1121–1133.
21. Bruin JE, Erener S, Vela J, et al. Characterization of
polyhormonal insulin-producing cells derived in vitro from
human embryonic stem cells. Stem Cell Res 2014; 12: 194–208.
22. Toyoda T, Mae S, Tanaka H, et al. Cell aggregation
optimizes the differentiation of human ESCs and iPSCs into
pancreatic bud-like progenitor cells. Stem Cell Res 2015; 14:
185–197.
23. Assady S, Maor G, Amit M, et al. Insulin production by
human embryonic stem cells. Diabetes 2001; 50: 1691–1697.
24. Hrvatin S, O’Donnell CW, Deng F, et al. Differentiated
human stem cells resemble fetal, not adult, b cells. Proc
Natl Acad Sci USA 2014; 111: 3038–3043.
25. Agulnick AD, Ambruzs DM, Moorman MA, et al. Insulinproducing endocrine cells differentiated In Vitro from
human embryonic stem cells function in
macroencapsulation devices in vivo. Stem Cells Transl Med
2015; 4: 1214–1222.
26. Russ HA, Parent AV, Ringler JJ, et al. Controlled induction of
human pancreatic progenitors produces functional beta-like
cells in vitro. EMBO J 2015; 34: 1759–1772.
27. Shahjalal HM, Shiraki N, Sakano D, et al. Generation of
insulin-producing b-like cells from human iPS cells in a
defined and completely xeno-free culture system. J Mol Cell
Biol 2014; 1–15.
28. Xu Y, Shi Y, Ding S. A chemical approach to stem-cell
biology and regenerative medicine. Nature 2008; 453: 338–
344.
29. Sakano D, Shiraki N, Kikawa K, et al. VMAT2 identified as a
regulator of late-stage beta cell differentiation. Nat Chem
Biol 2014; 10: 141–148.
30. Chen J, Lansford R, Stewart V, et al. RAG-2-deficient
blastocyst complementation: an assay of gene function in
lymphocyte development. Proc Natl Acad Sci USA 1993; 90:
4528–4532.
31. Kobayashi T, Yamaguchi T, Hamanaka S, et al. Generation of
rat pancreas in mouse by interspecific blastocyst injection
of pluripotent stem cells. Cell 2010; 142: 787–799.
32. Yamaguchi T, Sato H, Kato-Itoh M, et al. Interspecies
organogenesis generates autologous functional islets.
Nature 2017; 542: 191–196.
33. Matsunari H, Nagashima H, Watanabe M, et al. Blastocyst
complementation generates exogenic pancreas in vivo in
apancreatic cloned pigs. Proc Natl Acad Sci USA 2012; 110:
4557–4562.
34. Kobayashi T, Kato-Itoh M, Nakauchi H. Targeted organ
generation using Mixl1-inducible mouse pluripotent stem
cells in blastocyst complemsentation. Stem Cells Dev 2015;
24: 182–189.
35. Huang Y, Osorno R, Tsakiridis A, et al. In vivo differentiation
potential of epiblast stem cells revealed by chimeric
embryo formation. Cell Rep 2012; 2: 1571–1578.

ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

REVIEW ARTICLE
iPSC-based diabetes research

36. Masaki H, Kato-Itoh M, Takahashi Y, et al. Inhibition of
apoptosis overcomes stage-related compatibility barriers to
chimera formation in mouse embryos. Cell Stem Cell 2016;
19: 587–592.
37. Pepper AR, Gala-Lopez B, Pawlick R, et al. A prevascularized
subcutaneous device-less site for islet and cellular
transplantation. Nat Biotechnol 2015; 33: 518–523.
38. Szot GL, Yadav M, Lang J, et al. Tolerance induction and
reversal of diabetes in mice transplanted with human
embryonic stem cell-derived pancreatic endoderm. Cell
Stem Cell 2015; 16: 148–157.
39. Bruin JE, Rezania A, Xu J, et al. Maturation and function of
human embryonic stem cell-derived pancreatic progenitors
in macroencapsulation devices following transplant into
mice. Diabetologia 2013; 56: 1987–1998.
40. Veiseh O, Doloff JC, Ma M, et al. Size- and shapedependent foreign body immune response to materials
implanted in rodents and non-human primates. Nat Mater
2015; 14: 643–651.
€rtler M, et al. Long-term glycemic
41. Vegas AJ, Veiseh O, Gu
control using polymer-encapsulated human stem cellderived beta cells in immune-competent mice. Nat Med
2016; 22: 306–311.
42. Inoue H, Nagata N, Kurokawa H, et al. iPS cells: a game
changer for future medicine. EMBO J 2014; 33: 409–417.
43. Park IH, Arora N, Huo H, et al. Disease-specific induced
pluripotent stem cells. Cell 2008; 134: 877–886.
44. Ohmine S, Squillace KA, Hartjes KA, et al. Reprogrammed
keratinocytes from elderly type 2 diabetes patients suppress
senescence genes to acquire induced pluripotency. Aging
2012; 4: 60–73.
45. Fujikura J, Nakao K, Sone M, et al. Induced pluripotent
stem cells generated from diabetic patients with
mitochondrial DNA A3243G mutation. Diabetologia 2012;
55: 1689–1698.
46. Jang J, Yoo JE, Lee JA, et al. Disease-specific induced
pluripotent stem cells: a platform for human disease
modeling and drug discovery. Exp Mol Med 2012; 44: 202–
213.
47. Kudva YC, Ohmine S, Greder LV, et al. Transgene-free
disease-specific induced pluripotent stem cells from
patients with type 1 and type 2 diabetes. Stem Cells Transl
Med 2012; 1: 451–461.
48. Canfield SG, Sepac A, Sedlic F, et al. Marked hyperglycemia
attenuates anesthetic preconditioning in human-induced
pluripotent stem cell-derived cardiomyocytes. Anesthesiology
2012; 117: 735–744.
49. Thatava T, Kudva YC, Edukulla R, et al. Intrapatient variations
in type 1 diabetes-specific iPS cell differentiation into
insulin-producing cells. Mol Ther 2013; 21: 228–239.
50. Teo AK, Windmueller R, Johansson BB, et al. Derivation of
human induced pluripotent stem cells from patients with
maturity onset diabetes of the young. J Bio Chem 2013;
288: 5353–5356.

J Diabetes Investig Vol.  No.   2017

9

REVIEW ARTICLE
Kondo et al.

51. Hua H, Shang L, Martinez H, et al. iPSC-derived b cells
model diabetes due to glucokinase deficiency. J Clin Invest
2013; 123: 3146–3153.
52. Shang L, Hua H, Foo K, et al. b-cell dysfunction due to
increased ER stress in a stem cell model of Wolfram
syndrome. Diabetes 2014; 63: 923–933.
53. Liu J, Joglekar MV, Sumer H, et al. Integration-free human
induced pluripotent stem cells from type 1 diabetes patient
skin fibroblasts show increased abundance of pancreasspecific microRNAs. Cell Med 2014; 7: 15–24.
54. Iovino S, Burkart AM, Kriauciunas K, et al. Genetic insulin
resistance is a potent regulator of gene expression and
proliferation in human iPS cells. Diabetes 2014; 63: 4130–4142.
55. Drawnel FM, Boccardo S, Prummer M, et al. Disease
modeling and phenotypic drug screening for diabetic
cardiomyopathy using human induced pluripotent stem
cells. Cell Rep 2014; 9: 810–821.
56. Kikuchi C, Bienengraeber M, Canfield S, et al. Comparison of
cardiomyocyte differentiation potential between type 1
diabetic donor- and nondiabetic donor-derived induced
pluripotent stem cells. Cell Transplant 2015; 24: 2491–2504.
57. Stepniewski J, Kachamakova-Trojanowska N, Ogrocki D,
et al. Induced pluripotent stem cells as a model for diabetic
investigation. Sci Rep 2015; 5: 8597.
58. Yabe SG, Iwasaki N, Yasuda K, et al. Establishment of
maturity-onset diabetes of the young-induced pluripotent
stem cells from a Japanese patient. J Diabetes Investig 2015;
6: 543–547.
59. Bhatt S, Gupta MN, Khamaisi M, et al. Preserved DNA
damage checkpoint pathway protects against
complications in long-standing type 1 diabetes. Cell Metab
2015; 22: 239–252.
60. Chan XY, Black R, Dickerman K, et al. Three-dimensional
vascular network assembly from diabetic patient-derived
induced pluripotent stem cells. Arterioscler Thromb Vasc Biol
2015; 35: 2677–2685.

10

J Diabetes Investig Vol.  No.   2017

http://onlinelibrary.wiley.com/journal/jdi

61. Mori E, Fujikura J, Noguchi M, et al. Impaired adipogenic
capacity in induced pluripotent stem cells from
lipodystrophic patients with BSCL2 mutations. Metabolism
2016; 65: 543–556.
62. Teo AK, Lau HH, Valdez IA, et al. Early developmental
perturbations in a human stem cell model of MODY5/
HNF1B pancreatic hypoplasia. Stem Cell Reports 2016; 6:
357–367.
63. Burkart AM, Tan K, Warren L, et al. Insulin resistance in
human iPS cells reduces mitochondrial size and function.
Sci Rep 2016; 6: 22788.
64. El Khatib MM, Ohmine S, Jacobus EJ, et al. Tumor-free
transplantation of patient-derived induced pluripotent stem
cell progeny for customized islet regeneration. Stem Cells
Transl Med 2016; 5: 694–702.
65. Millman JR, Xie C, Van Dervort A, et al. Generation of stem
cell-derived b-cells from patients with type 1 diabetes. Nat
Commun 2016; 7: 114637.
66. Rajaei B, Shamsara M, Massumi M, et al. Pancreatic
endoderm-derived from diabetic patient-specific
induced pluripotent stem cell generates glucoseresponsive insulin-secreting cells. J Cell Physiol 2017;
232: 2616–2625.
67. Gerami-Naini B, Smith A, Maione AG, et al. Generation of
induced pluripotent stem cells from diabetic foot ulcer
fibroblasts using a nonintegrative Sendai virus. Cell
Reprogram 2016; 18: 214–223.
68. Wang X, Chen S, Burtscher I, et al. Generation of a human
induced pluripotent stem cell (iPSC) line from a patient
carrying a P33T mutation in the PDX1 gene. Stem Cell Res
2016; 17: 273–276.
69. Wang X, Chen S, Burtscher I, et al. Generation of a
human induced pluripotent stem cell (iPSC) line from
a patient with family history of diabetes carrying a
C18R mutation in the PDX1 gene. Stem Cell Res 2016;
17: 292–295.

ª 2017 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

