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uman induced pluripotent stem

(iPS) cells obtained from patients
are expected to be a useful source for cell
transplantation therapy, because many
patients (including those with type 1
diabetes and severe type 2 diabetes) are
on waiting lists for transplantation for a
long time due to the shortage of donors.
At present, many concerns related to
clinical application of human iPS cells
have been raised, but rapid develop-
ment of methods for the establishment,
culture and standardization of iPS cells
will lead autologous cell therapy to be
realistic sooner or later. However, estab-
lishment of a method for preparing some
of desired cell types is still challenging.
Regarding pancreatic B-cells, there have
been many reports about differentiation
of these cells from human embryonic
stem (ES)/iPS cells, but a protocol for
clinical application has still not been
established. Since there is clear proof
that cell transplantation therapy is effec-
tive for diabetes based on the results of
clinical islet transplantation, pancreatic
B-cells prepared from human iPS cells
are considered likely to be effective for
reducing the burden on patients. In this
article, the current status of procedures
for preparing pancreatic B-cells from
human ES/iPS cells, including effective
use of small molecules, is summarized,
and some of the problems that still need
to be overcome are discussed.

Numerous methods for differentiating
insulin-producing cells from human ES/
iPS cells have been reported so far. Figure 1
is a schematic representation of the pro-
tocols that complete cell treatments in
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monolayer culture."® All of the protocols
shown can induce insulin-positive cells
as well as glucagon- and somatostatin-
positive cells. Pancreatic polypeptide- and
ghrelin-positive cells were also induced in
some protocols. The percentage of insu-
lin-positive cells in culture varied among
protocols, but precise comparison must
be done by controlled studies with stan-
dardized cells. Formation of embryoid
bodies, which mimic germ-layer specifica-
tion during early embryogenesis, has also
been applied to pancreatic differentiation
of human ES/iPS cells.”® However, spe-
cific growth of endoderm in monolayer
culture would be preferable because of
its simplicity and greater efficiency. The
important common factors in the meth-
ods shown in Figure 1 are the treatment
of undifferentiated ES/iPS cells with
activin A to achieve differentiation into
endoderm and subsequent induction of
pancreatic differentiation by exposure
to retinoic acid (Fig. 1). Differentiation
of glucagon-producing cells by a similar
method has also been reported.” Based on
information from embryological studies,
each protocol has been designed to involve
sequential use of cytokines or their signal-
ing modulators at specific times. Addition
of Wnt3a or CHIR99021 (an activator of
Wht signaling through inhibition of gly-
cogen synthase kinase 3) during activin
treatment is done in many protocols to
enhance endodermal differentiation in
vitro, mimicking the coordinated expres-
sion and action of both activin/Nodal and
Whnt during primitive streak formation.
Kunisada et al. have compared Wnt3a and
CHIR99021 in a same condition, and it
was shown that CHIR99021 was more
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Figure 1. A schematic representation of the protocols for pancreatic 3-cell differentiation from human ES/iPS cells. All the protocol shown was fea-
tured by treating the cells on wholly in monolayer culture. The steps of each protocol were aligned and colored based on the usage of cytokines (black
letters) and small molecules (red letters). Pancreatic endocrine cell types induced and percent of the insulin-positive cells generated by each approach
were also shown on the right. RA, retinoic acid; CYC, cyclopamine; DM, dorsomorphin; ILV, (-)-indolactam V; Nic, nicotinamide; Dex, dexamethasone;
ALKS5i II, ALKS5 inhibitor II; Ins, insulin; Gluc, glucagon; SST, somatostatin; PP, pancreatic polypeptide; Ghre, ghrelin; nt, not tested.

efficient than Wnt3a in inducing Sox17-
and Foxa2-positive endodermal cells.®
Since pancreatic differentiation is known
to be regulated by the fibroblast growth
factor (FGF) and bone morphogenetic
protein (BMP) pathways during embry-
onic development, basic FGF (bFGF; also
known as FGF2), keratinocyte growth fac-
tor (KGF; also known as FGF7), FGF10
and Noggin (an endogenous protein that
inhibits BMP by binding to its receptor)
are used in some methods. Other growth
factors and incretins, such as insulin-
like growth factor-1 (IGF-1), hepatocyte
growth factor (HGF) and glucagon-like
peptide-1 (GLP-1)/exendin-4 (a peptide
analog of GLP-1), have also been used
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to facilitate differentiation. Hedgehog
expression is suppressed in the pancreatic
primordium compared with that in sur-
rounding organs, so low molecular weight
Hedgehog signaling inhibitors (cyclopa-
mine or KADD-cyclopamine) are used
in many methods.”*>%° Notch signal-
ing is known to control multiple steps of
pancreatic differentiation. Since persis-
tent expression of FGF10 in embryonic
pancreas activates Notch signaling and
blocks endocrine differentiation, Notch
signal activation has been implicated in
the self-renewal of Pdx1-expressing pan-
creatic progenitors. On the other hand,
Ngn3 expression in the pancreas occurs as
a result of decreased Notch signaling, so
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the sequential use of FGF10 and DAPT,
a gamma-secretase inhibitor that blocks
Notch signaling, were included in some
protocols.** It was consistent well with
organogenetic process of pancreas, how-
ever, D’Amour et al. have observed minor
differences in the differentiation when
DAPT, as well as exendin-4, IGF-1 and
HGF, were omitted.!

Various classes of small molecules
other than cyclopamine and DAPT have
also been reported to be effective for dif-
ferentiating human ES cells and iPS cells
into insulin-producing cells. The general
advantages of small molecules compared
with proteins are as follows: (1) effective
and uniform access to cultured cells based
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Table 1. Chemical formulae of the small molecules appeared in this addendum

Name

Retinoic acid

Chemical formula
all-trans-3,7-Dimethyl-9-(2,6,6-trimethyl-1-cyclohexen-1-yl)-2,4,6,8-nona-
tetraenoic acid

6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl- | H-imidazol-2-yl)-2-pyrimidinyl]

Description
Metabolite of vitamine A. Retinoic acid receptor
agonist.

Selective inhibitor of glycogen synthase kinase 3 3.

CHIR9902I

amino] ethyl]amino]-3-pyridinecarbonitrile

(3S,3'R,3’aS,6S,6aS,6bS,7°aR,9R, I 1aS, [ IbR)-3",6’,10,1 1b

cyclopamine

tetramethylspiro[2,3,4,6,6a,6b, 7,8,11,11a-decahydro-1H-benzo[a]fluorene-

9,2’-3a,4,5,6,7,7a-hexahydro-3H-furo[3,2-b]pyridine]-3-ol

KADD-
cyclopamine

DAPT

Nicotinamide

(-)-indolactam V

Dorsomorphin

SB431542

ALKS inhibi-
tor Il

Forskolin

N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2- phenylglycine-1,|-dimethylethyl

6-[4-(2-piperidin-|-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[|,5-a]pyrimi-

3-Keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl)cyclopamine

ester

Pyridine-3-carboxamide

2S§,55)-1,2,4,5,6,8-Hexahydro-5-(hydroxymethyl)- | -methyl-2-(1-
methylethyl)-3H- pyrrolo[4,3,2-gh]-1,4-benzodiazonin-3-one

dine

4-[4-(1,3-benzodioxol -5-yl)-5-pyridin-2-yl- |H-imidazol-2-yl]benzamide
2-(3-(6-Methylpyridin-2-yl)-|H-pyrazol-4-yl)-1,5-naphthyridine

(3R,4aR,5S,6S,6aS,10S,10aR,10bS)-Dodecahydro-6,10,10b-trihydroxy-

3,4a,7,7,10a-pentamethyl- | -oxo-3-vinyl-IH-benzo[f]chromen-5-yl acetate

(8S,9R,10S,11S,13S,14S,16R,17R)-9-fluoro-11,17-dihydroxy-

Dexamethasone

17-(2-hydroxyacetyl)-10,13,16-trimethyl-6,7,8,11,12,14,15,16-

octahydrocyclopenta[a]phenanthren-3-one

*All of the small molecules in the list are available from commercial suppliers.

on membrane permeability, (2) specific
stimulation or inhibition of target signal-
ing pathways, (3) diversity of structure
and properties, (4) low cost and (5) con-
venient to use when constructing a library
for screening. Nicotinamide, a poly(ADP-
ribose) synthetase inhibitor, has been
shown to induce endocrine pancreatic
differentiation and maturation,”® and it
is used in some protocols to improve the
yield of pancreatic endocrine cells.>® Chen
et al. reported that (-)-indolactam V is a
compound that efficiently induces the dif-
ferentiation of human ES cells into Pdx1-
expressing cells. In the method reported
by Kunisada et al. Pdxl expression is
induced when Sox17-positive endodermal
cells are exposed to retinoic acid and dor-
somorphin (a BMP type I receptor inhibi-
tor), while differentiation only proceeds as
far as Ngn3-positive pancreatic endocrine
precursor cells when SB431542, an inhibi-
tor of the transforming growth factory
(TGFB) type I receptor, is added simul-
taneously.® Induction of Ngn3 expression
by SB431542 in Pdx1-expressing pancre-

atic progenitors was reported in rhesus

www.landesbioscience.com

monkey iPS cells,'! however, these two
marker genes can be induced in single
step.® Use of another TGEP type I recep-
tor inhibitor, activin receptor-like kinase
5 (ALKS5) inhibitor II, in pancreatic-a
and B-cell differentiation systems has also
been reported.®’ Forskolin (an activator of
adenylyl cyclase) and dexamethasone (a
synthetic adrenocortical steroid) have also
been shown to enhance cellular matura-
tion, these agents could be combined with
other small molecules to obtain synergistic
effects.® Currently, all of the steps in dif-
ferentiation have been achieved with small
molecules, except that activin A is needed
for endodermal differentiation.® The
chemical structures of the small molecules
mentioned here are listed in Table 1.
Because of differences in the proper-
ties of various human ES cell lines, it has
been pointed out that it is necessary to
find and employ lines that easily differen-
tiate into target lineages such as pancre-
atic cells.'” Abnormalities of karyotype
and variations in the techniques used to
obtain or maintain these cells have been
excluded as major cause of differences

Islets

Activates Wnt signaling.

Hedgehog signaling inhibitor.

Hedgehog signaling inhibitor.

Potent and specific inhibitor of y-secretase. Blocks

Notch signaling.

Inhibitor of poly (ADP-ribose) polymerase.

Protein kinase C activator.

Inhibitor of AMP-activated protein kinase and BMP

siganling.
Inhibitor of TGF-f3 type | receptor.

Inhibitor of TGF-[3 type | receptor.

Activator of Adenylyl cyclase.

Synthetic adrenocortical steroid. Glucocorticoid

receptor agonist.

in differentiation potential, but epigen-
etic differences among human ES cell
lines could be a factor. Epigenetic varia-
tions are more pronounced in iPS cells
than ES cells. Problems with reprogram-
ming and the need for improved iPS cell
generation technologies before clinical
application can be achieved have been dis-
cussed elsewhere.” It is possible that the
efficient use of small molecules will pro-
vide us with a solution to such problems.
Insulin-producing cells were obtained
with a similar efficiency by the method
of Kunisada et al. which mainly employs
small molecule treatment, when different
human iPS cell lines were used.® The ver-
satility of this method has been confirmed
by repeated experiments with multiple iPS
cell lines differing in terms of age, gender
and reprogramming method, but unfor-
tunately no studies have been performed
with human ES cells so far. Use of selected
cell lines that preferentially differentiate
into pancreatic cells would be convenient
for exploring the optimum experimental
conditions. Both effective quality control
and standardization of human iPS cells
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are important before clinical application.
In addition, the success rate could be
increased by using pancreatic B-cells pre-
pared from tailor-made iPS cells in indi-
vidual patients.

The functionality and maturity of pan-
creatic 3-cells obtained by differentiation
from human ES/iPS cells remain contro-
versial. Detailed analysis of pancreatic
B-cells derived from human ES cells has
revealed the expression of genes related
to B-cell functions, such as glucose sens-
ing, exocytosis and transcriptional fac-
tors involved in the pancreatic endocrine
system.!" However, many of the insulin-
producing cells differentiated so far have
also expressed glucagon simultaneously
and little glucose responsiveness had been
acquired. This profile resembles that
of the immature endocrine cells which
emerge during embryonic development.
Nevertheless, insulin-producing cells dif-
ferentiated in vitro are not homogeneous,
so it might be possible to obtain cells that
are useful for cell therapy by purification
based on differences of their properties.'
Moreover, long-term survival and physi-
ological functioning in vivo have been
reported when pancreatic islet-like struc-
tures were prepared from insulin-produc-
ing cells that had been differentiated from
human ES cells and transplanted into an
animal model of diabetes.”

The fact that human ES cells and iPS
cells can undergo differentiation into insu-
lin-producing cells has already been veri-
fied by many studies, as mentioned above.
On the other hand, there are still many
points to be confirmed and problems to
be overcome, including the optimum
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number of cells and transplantation site,
the efficacy of treatment and duration
of action, immunogenicity, safety issues
(including tumorigenicity), before clini-
cally achieving cell therapy with iPS cells
for diabetes. Since such studies should be
performed from several perspectives, in
addition to that of the stem cell field, it is
very important to share basic technology
and materials. A simple, reproducible and
versatile protocol for the differentiation of
B-cells from human iPS cells that employs
small molecules is expected to make a
great contribution in the future.
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