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Definitive endoderm (DE) is a vital precursor for internal organs such as liver and pancreas. Efficient protocol to
differentiate human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs) to DE is essential
for regenerative medicine and for modeling diseases; yet, poor cell survival during DE differentiation remains
unsolved. In this study, our use of B27 supplement in modified differentiation protocols has led to a substantial
improvement. We used an SOX17-enhanced green fluorescent protein (eGFP) reporter hESC line to compare
and modify established DE differentiation protocols. Both total live cell numbers and the percentages of eGFP-
positive cells were used to assess differentiation efficiency. Among tested protocols, three modified protocols
with serum-free B27 supplement were developed to generate a high number of DE cells. Massive cell death was
avoided during DE differentiation and the percentage of DE cells remained high. When the resulting DE cells
were further differentiated toward the pancreatic lineage, the expression of pancreatic-specific markers was
significantly increased. Similar high DE differentiation efficiency was observed in H1 hESCs and iPSCs through
the modified protocols. In B27 components, bovine serum albumin was found to facilitate DE differentiation
and cell survival. Using our modified DE differentiation protocols, satisfactory quantities of quality DE can be
produced as primary material for further endoderm lineage differentiation.

Introduction

Generation of lineage-specific cells for cell replace-
ment therapy is one of the ultimate goals in regenerative

medicine [1,2]. Pluripotent stem cells (PSCs), such as human
embryonic stem cells (hESCs) and induced pluripotent stem
cells (iPSCs), can differentiate into all three germ layers:
definitive endoderm (DE), mesoderm, and ectoderm [3,4].
Internal organs, including the pancreas, liver, lungs, thyroid,
and thymus, are derived from the endoderm lineage. The
generation of DE, the first step in PSC differentiation, is
extremely critical to obtain mature and fully functional en-
doderm lineages [5]. Various protocols have been developed
to generate DE in vitro by recapitulating in vivo embryo-
genesis, but their efficiency varies widely [6–11]. It has been
reported that the initiating DE density is influential for the
final differentiation yield [12]. In view of the variability in
DE production outcomes, validation and improvement of
these protocols are needed.

Sox17, a high-mobility-group box domain (HMG domain)
transcription factor, is essential for DE formation [13,14].
SOX17 has been widely used as a DE-specific marker for
hESC-derived DE [15,16]. In DE differentiation studies, the
percentage of DE varies from protocol to protocol; thus, the
SOX17 gene expression level used for assessment of DE

differentiation reflects a heterogeneous population, not just
DE. As a relative value, it is hard to compare this parameter
among studies. Additionally, this parameter does not always
represent the exact differentiation efficiency due to the het-
erogeneity of differentiation products. Accurate and quanti-
tative methods are needed for comparing protocols. The
establishment of a reporter hESC line with an enhanced green
fluorescent protein (eGFP) targeted to the SOX17 locus offers
a valuable tool for in vitro endodermal development analysis
[17]. In these SOX17-eGFP cells, eGFP expression was re-
ported to faithfully represent SOX17-expressing endoderm
cells [17]. With this cell line, an accurate and quantitative
examination of DE differentiation through eGFP expression
is available. Therefore, in this study, such an SOX17-eGFP
reporter cell line was used to monitor the progress of DE
differentiation and to assess DE differentiation protocols.

In previous studies, DE differentiation was reported to
reach as high as 80% [15,18]. However, in the first stage of
in vitro hESC differentiation, dramatic cell losses were
observed in our previous study (unpublished data). This high
level of cell loss leads to a small absolute DE cell number in
spite of a high DE percentage in the final product. No study
has been done to either assess DE efficiency with consid-
eration of the final total live cell number or improve cell
survival during DE differentiation.
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Collectively, to have a thorough evaluation of differen-
tiation efficiency, measurement of both the percentage of
differentiated DE cells and the total live cell number is
necessary. In this study, we used an SOX17-eGFP hESC
reporter cell line and both aforementioned parameters (final
total live cell number and the percentage of eGFP+ cells) to
compare and optimize DE differentiation protocols. Over 40
protocols, including 7 published ones, were compared and 3
optimized protocols were developed as a result. These op-
timized protocols were also effective in supporting differ-
entiation of other hESCs and iPSCs toward DE. The
progenies from these protocols favored pancreatic lineage
differentiation. B27, a key component in all three optimized
protocols, was identified to improve cell survival during DE
differentiation. As a result of this study, satisfactory quan-
tities of quality DE cells can be produced and used as pri-
mary material for further endoderm lineage differentiation.

Materials and Methods

Human iPSC generation

Three oriP/EBNA-based episomal vectors (obtained
from Addgene), pEP4EO2SEN2K, pEP4EO2SET2K, and
pCEP4-M2L, were cotransfected into 2 · 106 human new-
born fibroblasts (ATCC� CRL-2703) through nucleofection
using the Amaxa 4D-nucleofector system. The transfected
fibroblasts were placed onto Matrigel-coated dishes in hu-
man fibroblast medium [Dulbecco’s modified Eagle’s
medium (DMEM), 10% fetal bovine serum (FBS), 2 mM
l-glutamine, 50 units/mL penicillin, and 50 mg/mL strep-
tomycin]. On day 1 post-transfection, the fibroblast medium
was replaced with hESC medium (GlobalStem; Molecular
Transfer, Inc.) supplemented with 20% knockout serum
replacer (Life Technologies) and 0.5 mM sodium butyrate
(Sigma-Aldrich). The culture medium was refreshed every
other day. Around day 20, visible colonies with ESC-like
morphology were picked and transferred to mouse embry-
onic fibroblast feeder layers in hESC medium supplemented
with 20 ng/mL of basic fibroblast growth factor (bFGF; Life
Technologies).

hESC and iPSC culture

hESC lines, S17d5 and H1, as well as iPSCs, were cultured
on g radiation-inactivated mouse embryonic fibroblasts. Cell
culture medium was replaced daily. The medium comprised
80% DMEM/F12 (11330-032; Life Technologies), 20%
knockout serum replacer (10828-028; Life Technologies),
1 mM l-glutamine (35050-061; Life Technologies), 0.1 mM
2-mercaptoethanol (21985-023; Life Technologies), 0.1 mM
nonessential amino acids (11140-050; Life Technologies),
and 16 ng/mL recombinant bFGF (233-FB/CF; R&D Sys-
tems). After confluency, cells were pretreated with 10mM
ROCK inhibitor Y27632 (CD0141; Chemdea), dissociated by
Accutase (SCR005; Millipore), and seeded with 10mM
Y27632 in fresh culture medium. The undifferentiated cells
were passaged every 3–5 days in a ratio of 1:3 to 1:5.

Feeder-free culture of S17d5 cells was performed on
8.8 mg/cm2 Matrigel (354230; Corning) in mTeSR1 media
(05850; Stem Cell Technologies). The subculture procedure,
ratio, and frequency for feeder-free culture were the same as
the aforementioned feeder culture.

Cell differentiation

The DE differentiation was performed using seven pub-
lished protocols as described elsewhere (Fig. 1A) [6–11]. The
DE differentiation basal medium in the modified D’Amour
(Mod-D’Amour) protocol and three respective modified
protocols (Protocol 7, Protocol 4, and Combined Protocol 4
and 7) was R medium, which comprised 1% nonessential
amino acids, 2 mM l-glutamine, 50 units/mL of penicillin,
and 50 mg/mL of streptomycin (P4333; Sigma-Aldrich) in
RPMI-1640 medium (R8758; Sigma-Aldrich) (Fig. 2A).

When the density of undifferentiated cells reached 3.2–
5.2 · 105 cells/cm2, differentiation was initiated, and this
differentiation initiating day was counted as day 0. On day
0, the Mod-D’Amour protocol included 100 ng/mL activin
A and 6.45 mM CHIR99021 (13122; Cayman Chemical)
in R medium; Protocol 7 included 100 ng/mL activin A,
50 ng/mL bone morphogenetic protein 4 (BMP4), and 1%
B27 (17504-044; Life Technologies); Protocol 4 included
100 ng/mL activin A, 6.45mM CHIR99021, and 1% B27;
and the Combined Protocol 4 and 7 included 100 ng/mL
activin A, 50 ng/mL BMP4, 6.45 mM CHIR99021, and 1%
B27 (Fig. 2A). In the subsequent 3 days of DE differentia-
tion, the Mod-D’Amour protocol was supplemented with
100 ng/mL activin A and 0.2% FBS (16000-044; Life Tech-
nologies), while the three modified protocols (Protocols 4, 7,
and 4 + 7) were supplemented with only 100 ng/mL activin A
(Fig. 2A). After DE differentiation, from day 4, S17d5 cells
were continuously differentiated toward insulin-producing
cells (IPCs) following previously described protocols [19].

All growth factors were purchased from R&D Systems. In
the B27 component study, the use of CHIR99021 and activin
A was the same as in Protocol 4, while the use of 1% B27
(17504-044; Life Technologies) in Protocol 4 on day 0 was
replaced with 1% B27 without vitamin A (12587-010; Life
Technologies), 1% B27 without antioxidants (10889-038;
Life Technologies), 1% bovine serum albumin (BSA, fatty
acid-free, 03117057001; Roche), or 1% N2 (17502-048; Life
Technologies), respectively. The details of all other tested
protocols are listed in Supplementary Table S1 (Supplemen-
tary Data are available online at www.liebertpub.com/scd).

Flow cytometry

Cells were dissociated with Accutase and prepared as
single-cell suspensions. For analysis of the percentage of
eGFP+ cells (eGFP+%), each single-cell suspension was
directly analyzed. For analysis of the percentage of CXCR4+

cells (CXCR4+%) in S17d5 and H1 hESCs and iPSCs, single-
cell suspensions were stained with phycoerythrin-conjugated
anti-human CXCR4 antibody (1/80, 306506; BioLegend) and
analyzed. A viability dye, 7-amino-actinomycin D (420404;
BioLegend) at 0.5mg/mL, was used to stain each sample be-
fore flow cytometric analysis to eliminate background noise
from dead cells. Flow cytometric analysis was performed with
a BD LSRII Flow Cytometer and analyzed by FACSDiva
software.

Quantitative reverse transcriptase–polymerase
chain reaction

Total RNA was isolated from cells with a Direct-zol RNA
MiniPrep kit (R2052; Zymo Research) and used to perform
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reverse transcription with the High-Capacity cDNA Reverse
Transcription kit (4368814; Applied Biosystems). Quantita-
tive reverse transcriptase–polymerase chain reaction (qRT-
PCR) was performed in duplicate using iTaq Universal
SYBR Green Supermix (1725120; Bio-Rad) and the Bio-Rad
CFX96 Real-Time System. Expression levels were normal-
ized using actin as an endogenous control.

Primer sequences used in qRT-PCR were as follows:
ACTB (forward, 5¢-CATGTACGTTGCTATCCAGGC-3¢, and
reverse, 5¢-CTC CTTAATGTCACGCACGAT-3¢), OCT4
(forward, 5¢-GGG AGATTGATAACTGGTGTGTT-3¢, and
reverse, 5¢-GTGTA TATCCCAGGGTGATCCTC-3¢), NA-
NOG (forward, 5¢-TTT GTGGGCCTGAAGAAAACT-3¢,
and reverse, 5¢-AGGGC TGTCCTGAATAAGCAG-3¢),
ZIC1 (forward, 5¢-CGTTCG GAGCACTATGCTG-3¢, and
reverse, 5¢-TGTTGCACGAC TTTTTGGGGT-3¢), Brachy-

ury (BRA) (forward, 5¢-TATG AGCCTCGAATCCACAT
AGT-3¢, and reverse, 5¢-CCTCG TTCTGATAAGCAGT
CAC-3¢), SOX7 (forward, 5¢-ACGC CGAGCTCAGCAA
GAT-3¢, and reverse, 5¢-TCCACGTA CGGCCTCTTCTG-3¢),
GSC (forward, 5¢-AACGCGGAGA AGTGGAACAAG-3¢,
and reverse, 5¢-CTGTCCGAGTCCA AATCGC-3¢), SOX17
(forward, 5¢-GGCGCAGCAGAATC CAGA-3¢, and reverse,
5¢-CCACGACTTGCCCAGCAT-3¢), FOXA2 (forward, 5¢-GG
GAGCGGTGAAGATGGA-3¢, and reverse, 5¢-TCATGTTG
CTCACGGAGGAGTA-3¢), insulin (INS) (forward, 5¢-AA
GAGGCCATCAAGCAGATCA-3¢, and reverse, 5¢-CAGG
AGGCGCATCCACA-3¢), PDX1 (forward, 5¢-AAGTCTAC
CAAAGCTCACGCG-3¢, and reverse, 5¢-GTAGGCGCC
GCCTGC-3¢), chromogranin A (CHGA) (forward, 5¢-TAAA
GGGGATACCGAGGTGATG-3¢, and reverse, 5¢-TCGGA
GTGTCTCAAAACATTCC-3¢), AFP (forward, 5¢-CTTTG

FIG. 1. Comparison of seven published protocols for definitive endoderm (DE) differentiation. (A) Summary of published
DE differentiation protocols [6–11]. In the modified D’Amour (Mod-D’Amour), Chetty, Teo, Tahamtani 1, and Tahamtani
2 protocols, growth factors, small molecules, and supplements were added to R medium (comprising 1% nonessential amino
acids, 2 mM l-glutamine, 50 units/mL of penicillin, and 50mg/mL of streptomycin in RPMI-1640 medium) in a two-step
manner. In the Pauklin and Hannan protocols, chemically defined medium containing polyvinyl alcohol was used as the
basal medium. FBS, fetal bovine serum; BMP4, bone morphogenetic protein 4; FGF2, fibroblast growth factor 2. (B) The
percentage of eGFP+ cells after 4-day DE differentiation of S17d5 cells. (C) Total live cell numbers at the end of 4-day DE
differentiation of S17d5 cells. Independent runs were normalized to 1.0 · 106 starting undifferentiated cells (dotted line).
*P < 0.05 compared with the Mod-D’Amour protocol by Student’s unpaired t-test. Data are presented as mean – standard
error of the mean (SEM), n = 3–5. (D) Representative flow cytometric histograms of SOX17-enhanced green fluorescent
protein (eGFP) induction through published DE differentiation protocols.
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GGCTGCTCGCTATGA-3¢, and reverse, 5¢-GCATGTTGA
TTTAACAAGCTGCT-3¢), ALB (forward, 5¢-TGCAACTC
TTCGTGAAACCTATG-3¢, and reverse, 5¢-ACATCAACC
TCTGGTCTCACC-3¢), and CDX2 (forward, 5¢-GACGTG
AGCATGTACCCTAGC-3¢, and reverse, 5¢-GCG TAGCCA
TTCCAGTCCT-3¢).

Total live cell number counts

Cells were dissociated with Accutase into single-cell
suspensions. Trypan blue at 0.2% was mixed with single-
cell suspensions in a 1:1 ratio, and the live cell density was
counted with a Cellometer Mini (Nexcelom Bioscience).
The total live cell number was calculated by multiplying the
volume of a single-cell suspension by the live cell density.
The results were normalized to 1 million starting undiffer-
entiated cells on day 0. The total eGFP+ cell number was
calculated by multiplying the percentage of eGFP+ cells by
the total live cell number.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde at 25�C for
15 min, washed with phosphate-buffered saline (PBS), and
blocked with 5% donkey serum for 1 h in PBS. After
blocking, 10mg/mL human SOX17 antibody (AF1924; R&D
Systems) was used as a primary antibody with incubation
overnight at 4�C, and a donkey anti-goat secondary antibody
(1/250; 705-605-147; Jackson ImmunoResearch Labora-
tories) was applied at 25�C for 1 h. Cells were washed thrice
with PBS and counterstained with DAPI. Photography was
done using a Leica DMI6000 B inverted microscope with
Leica Application Suite Advanced Fluorescence software.

Statistical analysis

The analysis was done on three to five independent ex-
periments. Results are presented as mean – standard error of
the mean. Student’s unpaired t-test was used for comparing
two datasets. Differences with P values smaller than 0.05
(P < 0.05) were considered statistically significant. Graph-
Pad Prism software was used in all statistical analysis.

Results

Comparing published DE differentiation protocols

To find the most efficient DE differentiation strategy, we
first performed a systematic comparison of published DE
differentiation protocols with the SOX17-eGFP reporter

hESC line, S17d5. The ability of S17d5 to identify SOX17+

DE cells was assessed by differentiating cells with the first
reported protocol established by D’Amour et al. [6]. Due to
the low bioactivity and high expense of using Wnt3a re-
combinant protein, it was replaced by a glycogen synthase
kinase-3 (GSK-3) inhibitor, CHIR99021, in the D’Amour
protocol [20]. This modified D’Amour protocol was termed
Mod-D’Amour and used as a control while testing different
modified protocols. In undifferentiated hESCs, more than
99% of cells were eGFP-, while after 4 days of differenti-
ation, 74.0% – 2.3% of cells became eGFP+. Immunostain-
ing of S17d5 cells showed that on day 4, 100% SOX17+

cells were eGFP+ and 100% eGFP+ cells were SOX17+.
These data confirmed a previous study showing that eGFP
expression faithfully represents SOX17 expression in this
reporter cell line [17].

We next used S17d5 cells to evaluate the efficiency of seven
published DE differentiation protocols. Various growth fac-
tors, small molecules, supplements, and basal media were ap-
plied in these protocols (Fig. 1A) [6–11]. Two parameters were
used for evaluation: the total live cell number and eGFP+%.
The Mod-D’Amour, Chetty, and Teo protocols resulted in a
similar high eGFP+% of over 50%, while the Tahamtani-1,
Tahamtani-2, Pauklin, and Hannan protocols led to a signifi-
cantly lower eGFP+% than the Mod-D’Amour protocol (Fig.
1B). Representative flow cytometric histograms of eGFP
fluorescence are shown in Fig. 1D. We observed that abundant
cell death during the differentiation process led to a low total
live cell number on day 4 in all the tested protocols (Fig. 1C).
Among these seven protocols, the Teo protocol produced the
most live cells; however, the cell number was low, suggesting
that optimization is still required.

Optimizing DE differentiation protocols

From the seven published protocols, different components
(such as small molecules, growth factors, and basal media)
were selected to generate 26 distinct combinations, which
were tested for DE differentiation (Supplementary Table
S1), including three protocols that were modified from the
Teo protocol (Protocol 7, Protocol 4, and Combined Pro-
tocol 4 and 7). The Teo protocol was identified as the most
efficient among all the published protocols tested. The dif-
ferences between the Teo protocol and its respective control
Mod-D’Amour, included half the concentration of activin A,
the use of BMP4, and the replacement of low concentration
(0.2%) FBS by B27 supplements. Among the 26 modified
protocols, we found that the three protocols modified from

FIG. 2. Three modified protocols for DE differentiation. (A) Summary of control and three modified DE differentiation
protocols. Supplemented R medium (comprising 1% nonessential amino acids, 2 mM l-glutamine, 50 units/mL of peni-
cillin, and 50mg/mL of streptomycin in RPMI-1640 medium) was added to induce differentiation on a daily basis. (B)
Bright field and immunofluorescence of eGFP+ cells on day 4 of S17d5 cell DE differentiation. Scale bar, 250 mm. (C) Daily
total live cell number changes during S17d5 cell DE differentiation. (D) The percentage of eGFP+ cells after 4-day DE
differentiation of S17d5 cells. (E) Total live cell numbers at the end of 4-day DE differentiation of S17d5 cells. (F)
Representative flow cytometric histograms of CXCR4 induction after 4-day DE differentiation of S17d5 cells. (G) Gene
expression of lineage-specific markers on day 4 of DE differentiation. OCT4 and NANOG, pluripotency markers; ZIC1,
ectoderm marker; Brachyury (BRA), mesoderm marker; SOX7, visceral endoderm marker; GSC, mesendoderm marker;
SOX17 and FOXA2, endoderm markers. (H–J) Three modified protocols for DE differentiation in feeder-free condition.
Independent runs were normalized to 1.0 · 106 starting undifferentiated cells (dotted line). *P < 0.05 compared with the
Mod-D’Amour protocol by Student’s unpaired t-test. Data are presented as mean – SEM, n = 3–5.
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the Teo protocol were the most robust protocols (Fig. 2A)
on endoderm differentiation. Live eGFP+ cells were ob-
served directly under a fluorescence microscope to provide
an immediate quality control for DE differentiation effi-
ciency (Fig. 2B).

Percentages of eGFP+ cells and the total live cell number
on day 4 of differentiation were assessed quantitatively.
Compared with the Mod-D’Amour eGFP+%, Protocol 7 and
Protocol 4 generated similar high eGFP+ percentages
(74.1% – 2.4% and 76.0% – 1.9%, respectively), while Com-
bined Protocol 4 and 7 generated 60.9% – 3.9%, which was
significantly lower (Fig. 2D). However, the total live cells
increased by 8.9- to 12.4-folds in the modified protocols (Fig.
2E). No synergistic effect was observed from Combined
Protocol 4 and 7 versus Protocol 4 or 7. From the daily live
cell count, the major cell death in the Mod-D’Amour protocol
occurred on the first day of differentiation (Fig. 2C). How-
ever, supplementation with 1% of B27 prevented massive cell
death. To validate our findings from SOX17-eGFP expres-
sion, flow cytometric analysis with an additional endoderm
marker, CXCR4, was used to label differentiated cells on day
4 (Fig. 2F). Consistent with the eGFP results, similar per-
centages of CXCR4+ cells were observed from products of
both the Mod-D’Amour and the modified protocols.

To assess gene expression, we performed qRT-PCR to
measure marker genes for pluripotency, ectoderm, mesoderm,
and endoderm in day-4 differentiated cells (Fig. 2G). Expression
of pluripotent markers, OCT4 and NANOG, the ectoderm marker,
ZIC1, and the visceral endoderm marker, SOX7, was low. Pro-
tocol 7 and the combination Protocol 7 and 4 increased mesoderm
marker BRA expression compared with the other protocols.
Levels of the mesendoderm marker, GSC, and the endoderm
marker, FOXA2, increased by over 100-fold in all protocols.
Expression of the key endoderm marker, SOX17, increased more
than 1,000-fold in all protocols. Our data suggest that the three
modified protocols are optimized to prevent massive cell
death during endoderm differentiation and are able to gener-
ate DE cells both at high percentages and in large amounts.

Feeder-free culture of hESCs and iPSCs has increased in
popularity. To determine the DE differentiation efficiency of
three modified protocols in feeder-free condition, undifferen-
tiated S17d5 was transferred onto Matrigel in mTeSR1 and
passaged thrice to adapt to the condition. We then performed
DE differentiation and observed less cell death in feeder-free
culture than on feeders for the Mod-D’Amour protocol during
differentiation (Fig. 2E, I). One possible reason for this differ-
ence is that the adaptation to feeder-free culture may increases
stress tolerance of hESCs [21]. When comparing the three
modified protocols, the total live cell number did not show a
significant difference (Fig. 2I). However, Protocol 4 consis-
tently has eGFP+ cells at a higher percentage (92.6% – 1.0%)
compared with Mod-D’Amour (70.4% – 8.0%) and generated
more than 2-fold of total GFP+ cells as a result (Fig. 2H, J). To
summarize, on the first day in feeder-free culture condition, the
addition of B27 was beneficial for high efficient DE induction
and produced more than twice the DE cells compared with the
Mod-D’Amour protocol.

Differentiation toward the pancreatic lineage

One major clinical application of in vitro produced DE
cells is to further differentiate into IPCs. To determine

whether DE cells generated through modified protocols can
efficiently differentiate into pancreatic progenitors/IPCs,
S17d5 cells were further differentiated through a stepwise
procedure (Fig. 3A). Four steps were performed as previously
reported: DE to primitive gut tube, posterior foregut, pancre-
atic endoderm and endocrine precursors, and finally hormone-
expressing endocrine cells [19]. The progenies from different
DE protocols were evaluated by the expression of lineage-
specific markers. Compared with the Mod-D’Amour protocol,
the gene expression of the IPC-specific markers, CHGA, INS,
and PDX1, was significantly increased in progenies from the
three optimized DE protocols (Protocols 4, 7, and 4 + 7) (Fig.
3B). In the meantime, the expression of the hepatic-specific
markers, ALB and AFP, was significantly downregulated.
Progenies from the three optimized DE protocols (Protocols 4,
7, and 4 + 7) generated pancreatic lineages as efficiently as, or
even better than, the progenies from the Mod-D’Amour DE
protocol. Moreover, no significant cell loss was observed in
the process of IPC differentiation after DE formation. We
assessed the total live cell number on day 16 of IPC differ-
entiation. As shown in Fig. 3C, the total live cell number on
day 16 was maintained at the level of day 4 (Figs. 2E and 3C).

Thus, our results suggest that DE produced by the modified
protocols can be efficiently differentiated toward pancreatic
lineages with much higher cell numbers. Application of these
three optimized DE protocols may be able to increase the
efficiency of efforts aimed at pancreatic lineage differentiation
by providing more DE cells at the onset of differentiation.

Optimized DE protocols enhance DE differentiation
from other hESCs and iPSCs

Different pluripotent cell lines were found to have vary-
ing differentiation potentials [22,23]. To confirm that our
modified DE differentiation protocols can be used on other
pluripotent cells, additional cell lines were tested, including
the hESC line, H1, and an iPSC line. The total live cell number
was assessed at the end of the 4-day differentiation process.
Similar to S17d5 cells, the total live cell numbers increased
significantly in the modified protocols compared with the Mod-
D’Amour protocol in both H1 hESCs and iPSCs (Supple-
mentary Figs S1A and S2A). After differentiation, cells were
analyzed by flow cytometry with the endoderm marker,
CXCR4 (Supplementary Figs S1B and S2B). The percentages
of CXCR4+ cells from both H1 hESCs and iPSCs were similar
among the Mod-D’Amour protocol and the three modified
protocols. The percentage of CXCR4+ endoderm cells derived
from iPSCs was slightly lower in all the protocols compared
with H1. This may be due to a lower endoderm differentiation
potential of this iPSC line. The success of DE differentiation of
H1 hESCs and iPSCs was also shown by a decreased expres-
sion of pluripotent markers, OCT4 and NANOG, and increased
expression of DE markers, SOX17 and FOXA2 (Supplemen-
tary Figs S1C and S2C). These data suggest that the three
modified protocols can optimize the generation of DE cells in
other hESCs and iPSCs.

B27 components facilitate DE differentiation
and sustain cell survival

In the three modified protocols, the use of B27 supple-
ment in the first day of differentiation was shown to improve
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cell survival during DE differentiation while maintaining
differentiation efficiency. To identify which component in
B27 contributed to this effect, four different supplements
with partial B27 components were used to replace complete
B27 in Protocol 4 during DE differentiation. These re-
placements included B27 without vitamin A (B27-Vitamin
A), B27 without antioxidant (B27-Antioxidants), BSA (fatty
acid-free), and N2 (Fig. 4A). Compared with Mod-D’Amour
and Protocol 4, the substitution of B27 by B27-Vitamin A,
B27-Antioxidants, and BSA fatty acid-free in Protocol 4
generated similar high eGFP+ percentages (59.2% – 6.5%,
61.2% – 8.7%, and 81.8% – 6.6%, respectively), but not N2
supplement (34.0% – 5.2%) (Fig. 4B). One-day treatment of
all of these B27 substitutes was able to generate significantly

higher total live cell numbers and eGFP+ cell numbers
compared with 3-day FBS (0.2%) treatment in the Mod-
D’Amour protocol (Fig. 4C, D). BSA alone showed a
great improvement on eGFP+ cell numbers, although it
was not as good as complete B27. Interestingly, N2
supplement increased the total live cell number, but re-
duced eGFP+% (Fig. 4B, C). These data suggest that BSA
(fatty acid-free) may be the major component in B27 to
improve DE differentiation.

Discussion

DE is the first stage of in vitro differentiation from PSCs
to vital organ lineages with therapeutic potential, such as

FIG. 3. DE cells generated through optimized protocols efficiently produce pancreatic progenitors/insulin-producing cells
(IPCs). (A) Schematic of IPCs differentiated through optimized DE protocols subsequent to the pancreatic hormone–
expressing endocrine cell differentiation protocol [19]. KGF, keratinocyte growth factor; DMEM, Dulbecco’s modified
Eagle’s medium. (B) Gene expression of endoderm lineage-specific markers on day 16 of cell differentiation. The relative
expression of markers by Mod-D’Amour progenies was set as 1, whereas other protocols were compared with Mod-
D’Amour. INS, PDX1, and CHGA, pancreatic markers; ALB and AFP, hepatic-specific makers; CDX2, intestinal marker.
(C) Total live cell numbers at the end of 16-day IPC differentiation of S17d5 cells. Independent runs were normalized to
1.0 · 106 starting undifferentiated cells (dotted line). *P < 0.05 compared with the Mod-D’Amour protocol by Student’s
unpaired t-test. Values presented are mean – SEM, n = 3–5.
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pancreatic beta cells and hepatocytes. The combination of
activin A and Wnt3a has been commonly used to induce DE
differentiation. High percentages of DE cells, up to 80%–
90%, can be achieved through such treatments [15,18].
However, poor cell survival occurred during this induction
[24]. To overcome the high level of cell death, optimization
of the DE differentiation procedure is needed. In this study,
we used an SOX17-eGFP reporter hESC line to assess
previously developed DE differentiation protocols and to
modify protocols for a higher cell survival rate. The dif-
ferentiation into DE was directly observed through SOX17-
eGFP expression. Over 40 combinations involving different
components were tested (Supplementary Table S1). We
found that four factors are important in inducing DE dif-
ferentiation and maintaining cell survival: activin A, the
GSK-3 inhibitor CHIR99021, BMP4, and B27 supplement.

The role of activin A in stimulation of the transforming
growth factor beta signaling pathway and induction of DE
differentiation has been widely recognized [25,26]. A con-
centration of 10–100 ng/mL of activin A has been applied in
previously published protocols [6,8,10]. Protocols such as
those of D’Amour et al. [6,15] and Chetty et al. [7] using
100 ng/mL activin A generated eGFP+ cells at the highest
percentage, consistent with the notion that high concentra-
tions of activin A lead to high percentages of DE differen-

tiation [26]. Our data also showed that increasing the activin
A concentration from 50 to 100 ng/mL results in a high
percentage of DE cells.

The GSK-3 inhibitor, CHIR99021, has been reported to
support both DE and mesoderm differentiation from human
PSCs through activation of Wnt signaling [20,27]. The
specific cell fate is modulated by concentration and incu-
bation time [27,28]. Upon high concentration and long in-
cubation of CHIR99021, cells favor to develop toward the
mesoderm; while upon low concentration short-term culture
with an addition of activin A, cells favor to develop toward
DE [27].

BMP4 represses cell pluripotency through BMP signaling
[8,20]. With altered signaling time windows and interaction
with different pathways, BMP4 has been reported to dif-
ferentiate hESCs into various cell types. A long incubation
of BMP4 will direct hESCs to the trophectoderm or
primitive endoderm [29,30]. Maintaining NANOG ex-
pression by activation of activin and FGF signaling can
promote BMP4-induced differentiation toward the me-
sendoderm instead of extraembryonic lineages [31]. A
short-term incubation of BMP4 (no more than 24 h) will
induce hESCs to generate mesendoderm/mesoderm pro-
genitors [32]. Furthermore, combining BMP4 and activin
A can promote DE formation [8].

FIG. 4. Substituting B27 for
other supplements in Protocol
4. (A) Formulation comparison
of supplements. (B) The per-
centage of eGFP+ cells after 4-
day DE differentiation of
S17d5 cells. (C) Total live cell
numbers at the end of 4-day
DE differentiation of S17d5
cells. (D) Total live eGFP+ cell
numbers at the end of 4-day
DE differentiation of S17d5
cells. Independent runs were
normalized to 1.0 · 106 start-
ing undifferentiated cells
(dotted line). *P < 0.05 com-
pared with the Mod-D’Amour
protocol by Student’s unpaired
t-test. Data are presented as
mean – SEM, n = 3–4.
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BMP4 and CHIR99021 have similar effects in promoting
DE formation [20]. However, no synergetic effect was
found when applying both factors together with activin A.
By combining BMP4 and CHIR99021 in Combined Proto-
col 4 and 7, the resulting eGFP+ percentage was *15%
lower than using the two factors separately in Protocol 7 and
Protocol 4, respectively. However, the total live cell number
was the highest in Combined Protocol 4 and 7. As a result,
the total eGFP+ cell numbers produced through the three
modified protocols had no significant difference. The si-
multaneous activation of BMP and Wnt signaling does not
promote further DE differentiation. We speculate that the
reason for this might be due to the interaction between BMP
and Wnt signaling. BMP signaling initiates Smad1 phos-
phorylation through activation of BMP receptors, mitogen-
activated protein kinase, and GSK-3 [33,34]. Wnt signaling
has a regulatory effect on the BMP/Smad1 signal [34]. Thus,
the activation of both BMP and Wnt signaling may trigger
the same downstream targets in promoting DE formation.
However, it is unclear whether the DE differentiation po-
tential of the two treatments (BMP4 vs. CHIR99021) would
be different or not. In this study, we only differentiated DE
further toward the pancreatic lineage, and DE derived from
these two treatments shows no obvious differences.

A high concentration of FBS inhibits DE differentiation,
so only a low concentration of FBS has been used in mul-
tiple DE differentiation protocols [15]. However, low serum
in the first day of DE differentiation results in massive cell
death, resulting in less than 10% of input cells left at the end
of DE differentiation. By comparing multiple protocols, we
found that B27 supplement can maintain a high cell survival
rate on the first day of differentiation. This supplement was
first developed to increase the survival of rat embryonic
hippocampal neurons during in vitro culture [35], and it is
beneficial for the culture of various cell types, including
neural cells and stem cells [36,37]. We found here that with
addition of 1% B27 during the first day of differentiation,
the total live cell numbers increased significantly in the
three modified protocols. Interestingly, prolonged B27
treatment from day 1 to 4 reduced eGFP+% (Protocol 8,
Supplementary Table S1), suggesting that 1 day of B27
supplement is sufficient to improve DE differentiation.

This serum-free B27 contains 20 components, including
vitamins, proteins, and other compounds [35]. Since B27 is
a commercial product, in which the concentration of each
component is confidential, we are not able to test each of the
components. We tested four B27 substitutes: B27 without
vitamin A (19 components of 20), B27 without antioxidants
(15 components of 20), BSA fatty acid-free (one of the main
component of B27), and N2 supplement (5 components of
20). Our results showed that BSA fatty acid-free alone can
improve DE differentiation, although it is not as good as
complete B27. BSA is widely used in serum-free culture of
mammalian cells because albumin is a major protein in
serum [38]. Albumin influences cell growth by mediating
both the extracellular physical environment and intracellular
biomolecular interactions [38]. Further investigation into the
role of BSA and other components could help to reveal the
molecular mechanisms of DE differentiation.

In vitro generation of insulin-producing beta cells derived
from stem cells is attracting great attention in regenerative
medicine. For example, Melton’s group recently made a

breakthrough in the production of functional beta cells [39].
Both hESCs and iPSCs were induced toward beta cells in a
35-day, six-stage in vitro suspension-based culture system.
Activin A and CHIR99021 were applied in the DE induction
stage and generated over 95% of SOX17+ cells. In spite of
this high differentiation percentage, no cell survival rate was
described. Because of the similarity of the Melton and Mod-
D’Amour protocols, a high cell loss may have occurred.
Since DE progenies generated through our modified proto-
cols not only generated more endoderm cells but also more
endoderm progenies, substituting the first stage of DE
generation in Melton’s protocol for our optimized DE pro-
tocols may lead to an increased number of live DE cells and
a better overall yield of mature beta cells.

In summary, two criteria, total live cell number and
percentage of eGFP+ cells, were used to optimize DE dif-
ferentiation with the S17d5 reporter cell line. Three proto-
cols (Protocol 7, Protocol 4, and Combined Protocol 4 and
7) were developed to improve DE differentiation. The use of
1% B27 supplement in these three protocols prevented
massive cell death and greatly increased total DE cell
number. Progenies of these optimized protocols could be
further differentiated toward IPCs and lead to a significant
increase of PDX1 and INS expression. These modified
protocols also promoted DE differentiation in H1 hESCs
and iPSCs. Therefore, the improved differentiation proto-
cols for generating DE cells set a new basis for the next step
of endoderm lineage differentiation.
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