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Abstract Embryonic pancreatic bud cells, the earliest pancreas-committed cells, generated from human embryonic stem
cells (hESCs) and induced pluripotent stem cells (hiPSCs) have been shown to differentiate into mature pancreatic p-cells in
vivo, indicating the feasibility of hESC/iPSC-based cell therapy for diabetes. However, the key factors required for the
differentiation of these cells into pancreatic bud cells are incompletely understood. The purpose of this study was to establish
culture conditions that efficiently induce PDX1"NKX6.1" pancreatic bud cells from hESCs/iPSCs. We differentiated a hESC line,
KhES-3, into pancreatic lineages with a stepwise protocol recapitulating developmental process. The induction rate of
PDX1"NKX6.1" cells was correlated with cell density in adherent cultures, and markedly improved with cell aggregation
cultures. The positive effects of cell aggregation cultures on the differentiation of pancreatic bud cells were reproduced in
multiple hESC/iPSC lines. The human PDX1*NKX6.1" cells developed into pancreatic epithelia after implantation into
immunocompromised mice. Moreover, human C-peptide secretion into mouse bloodstream was stimulated by glucose
challenges after in vivo maturation. Taken together, these results suggest that cultures with high cell density are crucial for
the differentiation of pancreas-committed progenitor cells from hESCs/iPSCs. Our findings may be applicable for the
development of hESC/iPSC-based cell therapy for diabetes.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction

Diabetes is caused by an absolute or relative insufficiency of
* Corresponding author. Fax: +81 75 366 7077. insulin which is secreted from pancreatic p-cells, resulting in
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Vence, 2001; Donath and Halban, 2004). The supplementa-
tion of p-cell function is an effective therapeutic strategy,
but the insufficient cell supply is a major obstacle to this
intervention (Matsumoto, 2011). Therefore, vigorous efforts
have been made to develop a stable source of pancreatic
cells for clinical use.

Human embryonic stem cells (hESCs) and induced
pluripotent stem cells (hiPSCs) are attractive cell sources
due to their potential for unlimited proliferation and
differentiation (Dominguez-Bendala et al., 2011; McCall et
al., 2010). Indeed, a number of groups have generated
immature pancreatic B cell-like cells, which are referred to
as insulin-producing or insulin-secreting cells, from hESCs/
iPSCs in vitro (D'Amour et al., 2006; Jiang et al., 2007a,b;
Zhang et al., 2009; Nostro et al., 2011; Kroon et al., 2008;
Mfopou et al., 2010; Shim et al., 2007; Cai et al., 2010; Kelly
et al., 2011; Xu et al., 2011; Kunisada et al., 2012; Rezania
et al., 2011, 2012, 2013; Schulz et al., 2012; Bruin et al.,
2013; Sui et al., 2013). Despite the difficulties in generating
genuine p-cells in vitro, mature insulin-producing cells with
the potential for glucose responsiveness have been obtained
following the implantation of hESC-derived pancreatic
progenitors into immunodeficient mice (D'’Amour et al.,
2006; Kroon et al., 2008; Shim et al., 2007; Kelly et al.,
2011; Rezania et al., 2012, 2013; Bruin et al., 2013).
Therefore, implantation of pancreatic progenitors, instead
of p-cells, is also considered to be a therapeutic option for
diabetes.

Previous reports have described the generation of
pancreatic lineage cells, such as pancreatic progenitors
and insulin-producing cells, from hESCs/iPSCs in vitro, using
stepwise differentiation protocols that recapitulate pancre-
atic development (D'’Amour et al., 2006; Jiang et al.,
2007a,b; Zhang et al., 2009; Nostro et al., 2011; Kroon et
al., 2008; Mfopou et al., 2010; Shim et al., 2007; Cai et al.,
2010; Kelly et al., 2011; Xu et al., 2011; Kunisada et al.,
2012; Rezania et al., 2011, 2012, 2013; Schulz et al., 2012;
Bruin et al., 2013; Sui et al., 2013). However, the
quantitative differences in the differentiation efficiency
among hESC/iPSC lines make it difficult to obtain the stable
production of pancreatic lineage cells with sufficient purity
for use in the clinical setting (Osafune et al., 2008). One of
the solutions for this is the establishment of stable
differentiation methods that can be more broadly applied
to multiple hESC/iPSC lines, based on a complete under-
standing of the mechanisms of pancreatic organogenesis.

The major components of the pancreas are exocrine, duct
and endocrine cells, which originate from the endoderm
layer of early embryos marked by the co-expression of
transcription factors Sox17 and FoxA2 (Jennings et al.,
2013). The endodermal layer extends and folds to form the
primitive gut tube expressing Hnf1p and Hnf4a, which has
potential to differentiate into respiratory apparatus, diges-
tive tract and endocrine organs, including the pancreas.
Distinct pancreatic organogenesis morphologically starts at
the posterior foregut area in the primitive gut tube following
the expression of a transcription factor, Pdx1 (Jorgensen et
al., 2007; Jensen, 2004). Two parts of the Pdx1* gut tube
thicken to form the dorsal and ventral pancreatic buds. It
should be noted that the early pancreatic epithelia formed
by the stratification of the single cell layer of the gut tube
and its protrusion into the surrounding mesenchyme exist as

a three-dimensional highly-dense aggregate expressing
additional transcription factors, Ptfia and Nkx6.1, during
the process of bud formation (Hald et al., 2008;
Ahnfelt-Ronne et al., 2012; Kawaguchi et al., 2002;
Villasenor et al., 2010). After that, microlumens appear
and fuse to form epithelial structures with a branched
tubular network within the aggregated pancreatic buds.
Some epithelia differentiate into hormone-producing endo-
crine lineages, such as insulin-secreting p-cells and
glucagon-secreting «-cells, and migrate into the mesen-
chyme to form pancreatic islets. Therefore, during the long
process of islet formation, cells experience dynamic struc-
tural changes.

The Pdx1 expression is first detected at the presumptive
bud area, maintained throughout the entire pancreatic
development and eventually localized to B- and o&-cells
(Jorgensen et al., 2007; Serup et al., 1995). However, the
Pdx1 expression is not exclusive to the pancreas in gut tube,
and extends anteriorly into the posterior stomach, duode-
num and biliary system in the middle of embryogenesis
(Jorgensen et al., 2007; Fukuda et al., 2006). On the other
hand, the expression of Nkx6.1 and Ptf1a is found only in
Pdx1* pancreatic buds and these are specific for pancreatic
epithelium. Nkx6.1 and Ptfla expression is eventually
restricted to p- and exocrine acinar cells, respectively
(Hald et al., 2008; Oster et al., 1998; Pan et al., 2013).
Therefore, pancreatic bud cells co-expressing Pdx1, Ptfla
and Nkx6.1 are considered to be the earliest
pancreas-committed progenitors. In fact, the results of
implantation experiments have demonstrated that the
PDX1*NKX6.1* cells are progenitors that specifically differ-
entiate into pancreatic cells (Kelly et al., 2011; Rezania et
al., 2013).

In the current study, we evaluated the morphological
characteristics of the pancreatic bud formation and tested
the hypothesis that a high cell density is a key factor
required to induce pancreatic bud cells in hESC/iPSC
cultures. For this purpose, we compared the induction
efficiency of the PDX1*NKX6.1* cells in aggregation cultures
with that in planar culture conditions, and performed the
implantation of the PDX1*NKX6.1* cells into immunocom-
promised mice to confirm whether the generated cells had
the potential to differentiate into pancreatic lineages in
vivo. We found that a high cell density is a crucial factor to
induce PDX1*NKX6.1* pancreatic bud cells in vitro, which
can further differentiate into pancreatic epithelia and
mature into functional endocrine cells in vivo. We also
found that NKX6.1* cells originated from PDX1Meh cells
among heterogeneous PDX1* cell populations.

Material and methods
In vitro differentiation of hESCs/iPSCs

The maintenance culture of a hESC line, KhES-3 (Suemori et
al., 2006), and five hiPSC lines; 585A1, 604B1, 692D2, 648B1
and 409B2 (Okita et al., 2011; Kajiwara et al., 2012) was
performed as described previously (Mae et al., 2013). For
feeder-free cultures, cells were maintained with Essential 8
medium (Thermo Fisher Scientific, Waltham, MA) according
to the manufacturer's instructions. Experiments with hESCs/
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iPSCs were approved by the ethics committee of the
Department of Medicine and Graduate School of Medicine,

Kyoto University. Cells were directed into key stages of

pancreatic development, including definitive endoderm

(Stage 1), primitive gut tube (Stage 2), posterior foregut

(Stage 3) and pancreatic bud (Stage 4). The final protocol
was as follows (Fig. 1A):

Stage 1 hESC/iPSC colonies grown on a feeder layer were

first deprived of feeder cells and dissociated into

A
Undifferentiated Definitive Primitive Posterior Pancreatic
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Figure 1

PDX1*NKX6.1" cells are localized at aggregated areas. (A) A schematic diagram of the procedures used for the

differentiation of pancreatic bud cells from human ESCs. (B-D) A hESC line, KhES-3, was differentiated into definitive endoderm,
primitive gut tube endoderm, posterior foregut and pancreatic bud, and was analyzed by immunostaining for representative markers.
(D) A magnified image of (C). Note that only the aggregated areas of PDX1"e" cells co-expressed NKX6.1. SOX17, SRY (sex determining
region Y)-box17; FOXA2, forkhead box protein A2; HNF, hepatocyte nuclear factor; PDX1, pancreatic and duodenal homeobox 1;
GATA4, GATA binding protein 4; NKX6.1, NKé transcription factor related, locus 1. Scale bars, 300 pm in B and 100 um in C and D.
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single cells as described previously (Suemori et al.,
2006). The cells were resuspended with Stage 1
medium containing RPMI 1640 medium (NACALAI
TESQUE, Kyoto, Japan) supplemented with 2%
(vol/vol) growth factor reduced B27 (GFR-B27,
Thermo Fisher Scientific), 50 U/ml penicillin/
streptomycin (P/S, Thermo Fisher Scientific),
100 ng/ml activin A (R&D Systems, Minneapolis,
MN), 3 uM CHIR99021 (Axon Medchem, Groningen,
Netherlands) and 10 pM Y-27632 (Wako, Osaka,
Japan), seeded on Matrigel (Becton Dickinson,
Franklin Lakes, NJ)-coated plates at a density of
1 x 10° cells/cm? and cultured for one day. For
the next three days, the cells were cultured in
RPMI 1640 medium with 2% GFR-B27, 50 U/ml P/S,
100 ng/ml activin A and 1 uM CHIR99021.

Stage 2 The cells were exposed to Improved MEM Zinc
Option (iIMEM) medium (Thermo Fisher Scientific)
supplemented with 1% GFR-B27, 100 U/ml P/S
(iIMEM-B27) and 50 ng/ml keratinocyte growth
factor (KGF; R&D Systems) for three days.

Stage 3 The cultures were continued for three days in
iMEM-B27 with 0.5 uM  3-Keto-N-aminoethyl-N
’-aminocaproyldihydrocinnamoyl cyclopamine
(KAAD-CYC; Toronto Research Chemicals, Ontario,
Canada), 0.5nM 4-[(E)-2-(5,6,7,8-Tetrahydro-
5,5,8,8-tetramethyl-2-naphthalenyl)-1-propenyl]-
benzoic acid (TTNPB, Santa Cruz Biotechnology,
Dallas, TX) and 100 ng/ml NOGGIN (Pepro-tech,
Rocky Hill, NJ).

Stage 4 The cells were cultured for four to 20 days in
iMEM-B27 with 100 ng/ml KGF, 100 ng/ml
NOGGIN and 50 ng/ml epidermal growth factor
(EGF, R&D Systems). For monolayer and aggrega-
tion cultures, the cells after Stage 3 treatments
were dissociated into single cells by gentle
pipetting after treatment with 0.25% trypsin—
EDTA. The same inducing factors were used as
described above, except for the addition of
10 pM Y-27632 to the Stage 4 treatments. For
monolayer cultures, the cells were seeded on
Matrigel-coated plates at a density of 6-
48 x 10* cells/cm?. To evaluate various extracel-
lular matrices, the cells were seeded on
laminin-111 (10 pg/ml; BioLamina, Sundbyberg,
Sweden), fibronectin (5 pg/ml, Merck,
Whitehouse Station, NJ), Synthemax (Corning,
Corning, NY) and collagen | plates (Becton
Dickinson). For aggregation cultures, the cells
were seeded on a low-binding plate at a density
of 3-30 x 103 cells/well.

Immunostaining

The cells were fixed with 4% paraformaldehyde (PFA) for
20 min at 4 °C. Then, immunostaining was performed as
described previously (Mae et al., 2013). The primary
antibodies used are detailed in Supplementary Table 1. The
cell aggregates or implanted grafts were fixed with 4% PFA
for one to two days at 4 °C. After washing with PBS, the
samples were equilibrated in a 10-30% sucrose solution at

room temperature for 1 h, and then mounted and frozen.
The frozen blocks were sectioned at 10-30 um, and
immunostaining was performed after removing the mounting
medium. For quantification of the Ki-67* and
cleaved-Caspase3* cell ratios, immunostained cells were
analyzed using an image analyzer Celllnsight NXT (Thermo
Fisher Scientific, Waltham, MA) or manual counting.

Flow cytometry

The cells were dissociated into single cells with 0.25%
trypsin—EDTA treatment, fixed, permeabilized and blocked
with a BD Cytofix/Cytoperm Kit (Becton Dickinson). Then,
cells were stained with the antibodies detailed in Supple-
mentary Table 1.

Quantitative real-time reverse
polymerase chain reaction (qQRT-PCR)

transcription-

Total RNA was isolated from the cells with an RNeasy kit
(Qiagen, Venlo, Netherlands), and cDNA was prepared with a
ReverTra Ace gPCR RT Master Mix (TOYOBO, Osaka, Japan)
and oligo (dT)20 primer, according to the manufacturer's
instructions. The qRT-PCR analysis was carried out with SYBR
Premix Ex Taq Il (Takara, Otsu, Japan). The expression of
each gene was normalized to the level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ex-
pression. The primer sequences used are shown in Supple-
mentary Table 2.

Animal studies and transplantation experiments

All animal experiments were performed in accordance with the
Guidelines for Animal Experiments of Kyoto University. Male
seven- to 14-week-old NOD.CB17-Prkdcs9d/J mice (NOD-SCID,
Charles River Laboratories Japan, Yokohama, Japan) were
maintained on a 12-h light/dark cycle with ad libitum access to
a standard irradiated diet. Mice were anesthetized with
inhalable isoflurane and received implants of hESC-derived
cell aggregates after Stage 4. Stage 4 day 4 cell aggregates
(30 x 10° cells/aggregate) were cultured in Stage 4 medium
with or without an ALK5 inhibitor (Santa Cruz) for one to two
additional days before implantation. Then, two hundred cell
aggregates per mouse were implanted under a kidney
subcapsule. At 30-210 days after implantation, the mice
were sacrificed and the serial sections of grafts were examined
by immunostaining, as described above.

The graft function was assessed by measuring human
C-peptide levels in mouse plasma in response to glucose
administration. The mice were fasted for >5 h, and a 30%
glucose solution was administered by intraperitoneal injec-
tion at a dose of 3.0 g/kg body weight. Blood samples were
collected prior to and at 30 min after the glucose adminis-
tration via a tail vein into heparinized capillaries. The
plasma human C-peptide level was analyzed by an ELISA
(Mercodia, Uppsala, Sweden), according to the
manufacturer's instructions. All metabolic analyses were
performed in conscious and restrained animals.
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Statistical analysis

The statistical analyses were performed using paired t-tests
(SigmaStat 3.5, Systat, San Jose, CA). The differences
between groups were considered significant for values of
p <0.05.

Results

hESC-derived PDX1*NKX6.1* cells are formed at
aggregated areas of adhesion cultures

To examine the differentiation of PDX1*NKX6.1" pancreatic
bud-like cells from a hESC line, KhES-3, we developed a
directed differentiation protocol with a monolayer culture
format by modifying the previously reported methods (Kunisada
et al., 2012; Schulz et al., 2012) (Fig. 1A). As analyzed by
immunostaining for representative markers for each step, we
effectively obtained cells of the definitive endoderm
(SOX17"FOXA2*), gut tube endoderm (HNF4a*HNF1p*) and
posterior foregut (PDX1"HNF6* or PDX1*GATA4") (Fig. 1B).

Further differentiation of hESC-derived posterior foregut
toward the pancreatic bud yielded only a small number of
PDX1*NKX6.1" cells. Most NKX6.1* cells were located in the
aggregated areas composed of cells showing bright PDX1
fluorescent signals, whereas the PDX1*NKX6.1~ cells were
mostly found in the remaining monolayered areas (Figs. 1C and
D). The areas of PDX1*NKX6.1" cells were expanded gradually
around the aggregates (data not shown), thus indicating their
further differentiation into PDX1*NKX6.1" cells or the prolifer-
ation of PDX1*NKX6.1* cells within the aggregates. Our
observation of PDX1"NKX6.1* cells in the aggregated areas of
adhesion cultures was reminiscent of the pancreatic budding in
mouse embryos (Jorgensen et al., 2007).

Aggregation cultures efficiently differentiate hESC-
derived PDX1* foregut into PDX1"NKX6.1"*
pancreatic buds

Next, to investigate whether cell aggregation itself is a
factor to promote NKX6.1" cell differentiation, the PDX1*
cells on culture day 10 were either treated with Stage 4
factors (S4F), or were dissociated and treated with Stage 4
factors in monolayer cultures at different cell densities (6—
48 x 10* cells/cm?) (S4F-2D) or in suspension cultures with
cellular aggregates of different sizes (3-30 x 103 cells/
aggregate) (S4F-AG) (Fig. 2A). On day 14, the S4F cells
showed a mixture of aggregated and monolayered areas,
while the cells treated with the S4F-2D formed monolayers
without any aggregated areas (Fig. 2B). Before the induction
on day 10, there were no PDX1*NKX6.1* cells (Fig. 2C). The
S4F cultures generated PDX1*NKX6.1* cells at an 18 + 5%
induction rate. On the other hand, the induction rate of
PDX1*NKX6.1* cells was consistently lower (3—17%) in the
S4F-2D cultures in a coating with various extracellular
matrices (Fig. S1), and there was a tendency for the rate
to increase as the cell density increased. Notably, the much
higher induction rate of PDX1*NKX6.1" cells (38—40%) was
consistently obtained with the S4F-AG cultures, regardless
of the size, compared with the S4F-2D cultures.

To validate the mRNA expression of pancreatic bud markers
in the S4F-AG cultures (hereafter described as aggregation
cultures), we performed gRT-PCR analyses at each time point
during Stage 4. The PDX1 expression was increased in
aggregation cultures shortly after the start of Stage 4, while
the expression level was not changed in the S4F-2D cultures
(hereafter described as monolayer cultures) (Fig. 2D). The
expression of pancreatic bud-specific markers, PTF1A and
NKX6.1, also began to increase one day after the start of
Stage 4, and progressively increased in aggregation cultures,
while the expression in monolayer cultures remained extreme-
ly low.

The positive effects of aggregation cultures on the
differentiation of pancreatic bud cells were reproduced in
multiple hiPSC lines (585A1, 604B1, 648B1, 692D2 and
409B2), in addition to a hESC line, KhES-3 (Fig. 2E). These
results suggest that high cell density cultures with cellular
aggregation promoted the differentiation of multiple hESC/
iPSC cell lines into pancreatic bud cells.

PDX1*NKX6.1* cells emerge from PDX1Me" cells in
cellular aggregates

In our adhesion culture, we found that there was heterogene-
ity of the PDX1* cells in terms of the expression levels (Fig. 1D).
We therefore performed flow cytometric analyses of the cell
populations in cellular aggregates after 0-20 days of Stage 4
treatments to determine the origin of the NKX6.1* cells.
Before the Stage 4 treatments, around 80% of the cells were
PDX1*, and the majority was PDX1™dde or PDX1'°", However,
within one day after the Stage 4 treatments, the majority of
the cells became PDX1Mgh, On day 2, the PDX1Ms" cells started
to diverge into two populations: one population expressing
NKX6.1 and the other showing downregulation of the PDX1
expression (Fig. 3A). The ratio of PDX1*NKX6.1" cells was
significantly increased during the first four to eight days of
Stage 4, and reached around 90% on days 12-20 (Fig. 3B). The
PDX1*NKX6.1" cell ratio was similar regardless of the aggre-
gate size (Fig. S2). These results imply that the lineage
commitment to PDX1*NKX6.1* cells occurs between days 2
and 8.

Next, we investigated the localization of PDX1*NKX6.1*
cells in the cellular aggregates. Immunostaining on cryosec-
tions of aggregates on days 4 and 12 of Stage 4 revealed that
PDX1*NKX6.1* cells were uniformly distributed inside aggre-
gates (Figs. 4A and B). Notably, most PDX1"e" cells were
PDX1*NKX6.1* and were co-stained for GATA4 and SOX9,
other markers for the pancreatic bud (Jennings et al., 2013).
As occurs during in vivo pancreatic development, the
PDX1*NKX6.1" cell areas were stratified to become thick-
ened by day 12 (Fig. 4B), suggesting that the increase in the
PDX1*NKX6.1* cell ratio on days 4-20 might be mainly due to
the proliferation of these cells. In fact, the total cell
numbers were increased by 2-fold on culture day 12 in
Stage 4 compared with that observed on days 1—4 (Fig. S3).
Insulin® (INS*) cells were one component of the
PDX1*NKX6.1~ cells. These INS* cells were PDX1°%, and
some of them were glucagon® (GCG™). There were some INS™
GCG* cells, some ghrelin® (GHR*) cells and some somato-
statin* (SST*) cells, suggesting the lineage commitment into
immature fetal endocrine cells (Rezania et al., 2012).
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Figure 2 Cell aggregation cultures promote PDX1"NKX6.1" cell induction from PDX1" posterior foregut cells. (A) A schematic
diagram of the procedures used to assess the effects of the cell density on the cultures with regard to the induction of pancreatic bud
cells. Posterior foregut cells differentiated in adhesion cultures were treated with the soluble factors required for pancreatic bud
induction (KGF, NOGGIN and EGF), either with only a medium change (S4F) or with re-seeding at different cell densities for monolayer
cultures (6-48 x 10* cells/cm?, S4F-2D) or to form cellular aggregates (3—30 x 10° cells/aggregate) (S4F-AG). (B) Representative
bright field images of the three culture formats. (C) Quantification of the PDX1"NKX6.1" cell ratio. After the induction of pancreatic
bud cells in the three culture conditions described above, cells were examined by flow cytometry. (D) The mRNA expression of
pancreatic bud markers, PDX1, PTF1A and NKX6.1, was assessed by quantitative real-time polymerase chain reaction (qRT-PCR)
before and during pancreatic bud induction with cell aggregation (black circle, solid line) and in monolayer cultures (open circle,
dotted line). The data are presented as the fold-change in gene expression relative to the peak value. (E) A hESC line (KhES-3) and
five hiPSC lines (585A1, 604B1, 692D2, 648B1 and 409B2) were differentiated into posterior foregut cells in adhesion cultures. Then,
the foregut cells were dissociated, re-seeded either for monolayer cultures (12 x 10% cells/cm?, 2D) or to form cellular aggregates
(3 x 10® cells/aggregate, AG) and were treated with KGF, NOGGIN and EGF to induce pancreatic bud cells. After the differentiation,
the PDX1°NKX6.1" cell ratio was measured by flow cytometry. The data are presented as the mean + S.E.M. from three to seven
independent experiments in C and from three independent experiments in D and E. Scale bar, 300 pm.
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PDX1*NKX6.1* cells emerge from PDX1"¢" cells in cellular aggregates. Cell populations were analyzed by flow cytometry

after 0-20 days of aggregation culture at Stage 4. (A) Representative dot plots indicating that NKX6.1" cells emerged from PDX1"e"
cells. (B) Quantification of the induction rate of PDX1"NKX6.1" (black circle, solid line) and the total PDX1" cells (open circle, dotted
line). The data are from three independent experiments presented as the mean + S.E.M.

The commitment to PDX1°NKX6.1" cells requires
both cell aggregation and soluble factors

A novel protocol combining the treatment with three soluble
factors (KGF, NOGGIN and EGF) and cell aggregation cultures
was established to efficiently induce the PDX1*NKX6.1* cells in
this study. Three soluble factors were also effective in inducing
the NKX6.1 gene expression in the adhesion cultures (S4F)
(Schulz et al., 2012) (Fig. S4). To investigate whether the
signals elicited by aggregation cultures were independent of
those induced by the three factors, we examined the effects of
all combinations of the factors on the NKX6. 1 expression after
four-day treatments with aggregation cultures. The cellular
aggregates did not express NKX6.1 without any factor
treatments, while the expression was increased by the
treatments with each single factor or each combination of
two factors out of the three, and the expression was highest
when the cells were treated with all three factors (Fig. 5A).
These data suggest that the signals elicited by aggregation
cultures are independent of those induced by the three
factors.

To determine the timing of the soluble factor treatments
required for PDX1*NKX6.1* cell commitment, cellular aggre-
gates were cultured for 12 days, and NOGGIN or all three
factors were removed for either the last four or eight days.
The removal of NOGGIN did not significantly change the
PDX1"NKX6.1* cell ratio on day 12 (Fig. 5B). On the other
hand, the removal of all three factors for the last four or

eight days slightly decreased the PDX1"NKX6.1* cell ratio on
day 12, but the ratio was still increased compared to that
before the removal. These results suggest that the cell fate
commitment into PDX1*NKX6.1* cells induced by soluble
factors occurred by day 4 of Stage 4.

In order to examine whether the selection for
PDX1*NKX6.1* cell progenitors leads to an increase in the
ratio of PDX1"NKX6.1" cells in aggregation cultures, we
performed time course analyses of the proliferating and
apoptotic cells at Stage 4. The levels of proliferative cells
were increased and few cells were apoptotic in the S4F and
S4F-2D cultures (Fig. S5). The apoptotic cell ratio tended to
be higher in the S4F-AG culture in the early periods of Stage
4 compared with that observed in the S4F and S4F-2D
cultures. The apoptotic cell ratio decreased, while the
proliferating cell ratio increased, with time in the S4F-AG
culture. More apoptotic cells were found among the PDX1~
cells than the PDX1* cells in the S4F-AG cultures, suggesting
that the selection of PDX1* cells may be a mechanism
underlying the increased rate of induction of PDX1*NKX6.1*
cells (Fig. S5D).

PDX1*NKX6.1" cells differentiate into pancreatic
epithelia in vivo

We next examined the developmental potential of the
PDX1*NKX6.1" cells generated with aggregation cultures to
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INS NKX6.1 SST NKX6.1 GHR
Figure 4 PDX1"'NKX6.1" cells in cellular aggregates co-express multiple pancreatic bud markers. The localization of PDX1"NKX6.1*

cells in aggregates was assessed. Cryosections of cellular aggregates at Stage 4, days 4 (A) and 12 (B), were stained for the indicated
markers of pancreatic buds (PDX1, NKX6.1, SOX9 and GATA4) and endocrine cells (INS, GCG, SST and GHR). Pancreatic bud cells were
distributed throughout the entire aggregates, and were segregated from endocrine compartments. SOX9, SRY (sex determining region
Y)-box9; INS, insulin; GCG, glucagon; SST, somatostatin; GHR, ghrelin. Scale bar, 100 pm.

differentiate into pancreatic cells in vivo by implanting the
cell aggregates on days 4-5 of Stage 4 into kidney subcapsule
of immunocompromised mice. Thirty days after implanta-
tion, the aggregates had fused together to become single
grafts (Fig. 6A). In contrast to the uniform distribution
pattern of PDX1* cells inside aggregates before implantation
(Fig. 4), PDX1* cells were well-aligned and formed tubular
structures, which were observed throughout the entire
grafts (Figs. 6B and C). There were INS* cells budding from
tubular structures, as well as endocrine cell clusters
(Fig. 6D), which were reminiscent of human embryonic
pancreatic epithelia (Riedel et al., 2012). Most INS* cells
were polyhormonal, co-expressing GCG, SST and GHR,
without forming islet-like structures or co-expressing
NKX6.1, and showed lower PDX1 expression levels compared
with the surrounding tubular cells, thus indicating the

generation of immature endocrine cells. Some PDX1* cells
were not NKX6.1* but GATA4*, implying the segregation of
endocrine and exocrine lineages. These branched epithelial
structures derived from implanted aggregates were ob-
served in three independent experimental cohorts treated
with KhES-3 hESCs (seven out of seven mice) and one
independent cohort treated with 585A1 hiPSCs (one out of
one mouse) (Fig. S6).

To confirm the differentiation potential of PDX1*NKX6.1*
cells into mature pancreatic p-cells, we examined plasma
human C-peptide levels in host mice and the response to
different blood glucose levels. To obtain a larger number of
pancreatic p-cells in vivo, cellular aggregates were
pre-treated with an ALK5 inhibitor before implantation,
since this treatment was previously reported to promote the
differentiation into -cells (Rezania et al., 2012). We found
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Figure 5 Both cell aggregation cultures and soluble factor

treatment are required for the efficient induction of PDX1"NKX6.1*
cells. (A) NKX6.1 expression was assessed by qRT-PCR in the cells
treated with various combinations of soluble factors (100 ng/ml
KGF, 100 ng/mlNOGGIN and 50 ng/ml EGF) for four days of Stage 4
aggregation culture. Cell aggregation alone did not induce the
expression of NKX6.1. Treatment with all soluble factors with
aggregation cultures most potently induced the expression of
NKX6.1. (B) NOGGIN or all of the soluble factors (KGF, NOGGIN and
EGF) was/were removed at the indicated periods during 12 days of
aggregation culture at Stage 4. (Upper) A schematic diagram of the
procedures used to assess the specific timing requirements for the
soluble factors. (Lower) The quantification of the induction rate of
PDX1"NKX6.1" (black bars) and PDX1*NKX6.1~ (white bars) cells.
The data are from three independent experiments presented as
the mean + S.E.M. n/a, not applicable.

that there was an about 10% increase in the NKX6.1" cell
ratio by pre-treatment with the ALK5 inhibitor (data not
shown). The human C-peptide levels in mouse plasma were
gradually increased over time (Fig. 7A), and human
C-peptide was detected in 11 out of 13 mice by 150 days
after implantation (one mouse died before day 150). We

found a similar tendency for a gradual increase in the human
C-peptide levels in mice that underwent the implantation of
cellular aggregates without the pre-treatment with an ALK5
inhibitor (data not shown). Moreover, we obtained grafts
which were capable of responding to the changes in blood
glucose levels by 150 days (Fig. 7B). There were also
islet-like INS* cell clusters found inside the grafts, which
did not co-express GCG on day 210 after implantation
(Fig. 7C). These results suggest that the pancreatic cells
generated with aggregation cultures have the developmen-
tal potential to differentiate into pancreatic epithelia and
mature into p-cells in vivo.

Discussion

It has recently been demonstrated that hESCs/iPSCs can be
differentiated into pancreatic lineages that show therapeu-
tic potential for diabetes (Rezania et al., 2012, 2013; Bruin
et al., 2013). Although the inducing factors have been
intensively explored, the most suitable conditions to
generate pancreatic cells have not yet been fully
established. The obstacles preventing the establishment of
such conditions include the different propensities for
directed differentiation among hESC/iPSC lines (Osafune et
al., 2008). We herein demonstrated that aggregation
cultures efficiently induced the differentiation of pancreatic
bud cells in multiple hESC/iPSC lines.

During embryonic development, the lineage commitment
into the pancreas occurs at the step of pancreatic bud
formation, in which Pdx1* cells form clusters and start
expressing Ptf1a and Nkx6.1. A previous report utilized a
rotational suspension-based differentiation method to gen-
erate PDX1*NKX6.1* pancreatic bud progenitors from a hESC
line, CyT49 (Schulz et al., 2012). Their use of cell
aggregation cultures throughout the differentiation process
from the undifferentiated state resulted in the efficient
induction of PDX1*NKX6.1* cells. Consistent with that study,
we found that a higher cell density led to more efficient
generation of PDX1*NKX6.1" cells. Although the current
model does not directly address the molecules responsible
for these findings, the previous works and our current study
allow us to hypothesize that a high cell density acts as a
factor to activate the essential signals for the differentiation
of posterior foregut cells into pancreatic bud.

Our findings suggest that the signals elicited by a high cell
density or their surrogate stimuli are potent inducers of the
directed differentiation of hESCs/iPSCs into pancreatic
lineages. The efficient generation of PDX1*NKX6.1* cells
with adherent culture conditions in another report (Rezania
et al., 2012) may have resulted from the acquisition of the
signals due to the culture conditions or because the cell lines
used intrinsically possessed the signals. Indeed, the in-
creased cell number observed in Stage 1 resulted in a higher
cell density at Stage 4, thus producing more efficient
induction of NKX6.1* cells in the adherent cultures without
re-seeding at Stage 4 (S4F; Supplementary Table 3). This
result supports the idea that a high cell density is a key
factor for pancreatic bud induction. We reason that
unknown factors, including cell density factors, acting at
specific times explain the variation in the differentiation
efficiency noted in the different research groups. In the
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HuN Nuclei

INS NKX6.1

Figure 6 The PDX1°'NKX6.1" cells generated with aggregation cultures differentiate into branched pancreatic epithelia in vivo.
Cellular aggregates at Stage 4, days 4-5, were implanted into the kidney subcapsules of NOD-SCID mice. (A) An image of a host kidney
harvested 30 days after implantation. The arrow indicates the location of the graft. (B—D) Cryosections of grafts were stained for the
indicated markers. Representative images of human pancreatic cells are shown. Asterisks indicate the host mouse kidney in B and C.
HuN, human nuclei. Scale bars, 100 um in B and D and 300 pum in C.
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Figure 7 The PDX1"NKX6.1" cells generated with aggregation cultures mature into functional p-cells in vivo. A total of six million
cells at Stage 4, day 5, of aggregation cultures that had been pre-treated with an ALK5 inhibitor were implanted under the kidney
subcapsule of NOD-SCID mice. (A) The average plasma human C-peptide levels in host mice were measured 30 min after glucose
injection (3.0 g/ kg body weight, i.p.) at various time points after implantation, as indicated. (B) The average plasma human
C-peptide levels after >5 h of fasting (before) and 30 min after glucose injection (after) in the host mice were examined on day 150
after implantation. (C) A representative image of hESC-derived islet-like endocrine clusters on day 210 after implantation. The data
are presented as the mean + S.E.M. of 13 mice from four independent cohorts of implantation experiments in A and four mice from
two independent cohorts of implantation experiments in B. *P < 0.05. Scale bar, 100 pm.

present study, the induction rates of PDX1*NKX6.1* cells
were lower with some cell lines than with a hESC line,
KhES-3. One plausible explanation is the low induction
efficiency of cells in the steps before aggregation formation,
such as definitive endoderm or posterior foregut cells. The
optimization of culture conditions for these steps could
make further contributions to resolving the problems of
line-to-line variation of hESCs/iPSCs.

Although the detailed mechanisms underlying the in-
crease in PDX1*NKX6.1* cell induction in aggregation
cultures remain unknown, this finding raises the possibility
that pancreatic bud formation may be regulated by the
molecules associated with contact-dependent cellular inter-
actions, such as extracellular matrices and adhesion mole-
cules, and other membrane-bound receptors (Brafman et
al., 2013; Crisera et al., 2000; Ekblom et al., 1998). Possible
mechanisms include the involvement of laminin—integrin
signaling. During pancreatic development, epithelial cell
delamination and migration into mesenchyme is the early
event in the differentiation process into endocrine cells
(Villasenor et al., 2012). However, we found that the
expression levels of pan-laminin were similar between
NKX6.1* cells and NKX6.1~ cells in both aggregation and
monolayer cultures (data not shown). Although we could not
exclude the possibility that laminin isoforms are different
between the cell populations, we assumed that typical
laminin—integrin signals are not likely to be directly
involved. In addition, based on the findings obtained with
the other extracellular matrices (Fig. S1), at a minimum,
laminin-111, vitronectin (main component of Synthemax),
fibronectin and collagen | are not likely to be involved.
Instead, other cell surface-derived signals, such as those
associated with the apicobasal polarity (Villasenor et al.,
2010; Kesavan et al., 2009) and planar cell polarity pathways
(Cortijo et al., 2012), or unknown autocrine/paracrine
molecules, may be involved. Further studies with compara-
tive analyses of the gene expression profiles between 2D and
aggregation cultures would be helpful to elucidate the
factors responsible for the regulation of NKX6.1 induction in
developing pancreatic buds.

It is possible that the signals elicited by a high cell density
increased the ratio of PDX1"NKX6.1" cells via the direct
induction of differentiation into PDX1*NKX6.1* cells, while
the selective proliferation of progenitor cells and/or
selective apoptosis of uncommitted cells are also possible
mechanisms. The number of proliferating cells was low on
days 1-2 in Stage 4, during which time the PDX1*NKX6.1*
cells emerged in the cell aggregation cultures (Figs. S5A and
C). In addition, the total cell number in the aggregation
cultures was not increased at Stage 4, days 1-2, suggesting
the involvement of selective proliferation to be less likely
(Fig. S3). On the other hand, the number of apoptotic cells
was increased in the cellular aggregates, consistent with the
idea that aggregation cultures selectively delete cells
uncommitted to the PDX1*NKX6.1" cell lineage (Figs. S5B
and D). In fact, more apoptotic cells were found within the
PDX1~ cell population (Fig. S5D), which suggests that
selective apoptosis is a possible mechanism. In the future,
the identification of marker genes for pancreatic cells
uncommitted to NKX6.1* cells and application of subsequent
live cell imaging with the reporter cell line of the marker
would help to clearly demonstrate the involvement of
selective apoptosis in the increased PDX1"NKX6.1" cell
ratio observed in high-density cultures.

It was previously reported that the activation of BMP
signaling facilitates the proliferation of NKX6.1* cells (Sui et
al., 2013). In contrast, our data indicate that the inhibition by
adding NOGGIN increased the NKX6.1 expression (Fig. 5A).
Consistent with our findings, other reports have demonstrated
that NKX6.1* pancreatic progenitors were generated under
continuous suppression of BMP signaling in hESC differentia-
tion cultures (Rezania et al., 2012, 2013; Schulz et al., 2012;
Bruin et al., 2013), and that the phosphorylation of smad1/5/
8, downstream effectors of BMP signaling, was suppressed in
Nkx6.1* cells from developing chick pancreatic buds
(Ahnfelt-Ronne et al., 2010). In addition, the BMP inhibition
by in ovo gene transfer of Noggin into the presumptive
pancreatic region of chick embryos resulted in pancreatic
bud formation without further branching and epithelialization
(Ahnfelt-Ronne et al., 2010). We reasoned that BMP inhibition
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is involved in the commitment to NKX6.1* cells, but that BMP
signaling is necessary for the subsequent proliferation and
differentiation. In agreement with this, we found that the
induction rate of PDX1*NKX6.1* cells was continuously
increased with the removal of NOGGIN after day 4 of Stage 4
(Fig. 5B). Although BMP activation may expand NKX6.1* cells,
we assume that the first four days of aggregation cultures are
critical for the commitment of PDX1*NKX6.1* cells, and that
all three factors are beneficial for the PDX1*NKX6.1* cell
induction.

In summary, the cell density of PDX1* posterior foregut
cells positively correlates with the induction of PDX1*NKX6.1*
pancreatic bud cells in hESC/iPSC differentiation cultures.
Although the molecules that regulate the differentiation step
remain unknown, the signals elicited by high cell density are
crucial for the pancreatic bud induction, and synergistically
work with soluble factors. To our knowledge, this is the first
study clearly demonstrating that the signals derived from
spatial and morphological contexts are associated with the
differentiation of hESCs/iPSCs into pancreatic lineages.
Further studies to elucidate the molecular nature of the
signals based on our findings may contribute to the develop-
ment of hESC/iPSC-based cell therapy for diabetes.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.scr.2015.01.007.
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