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Human induced pluripotent stem cell-derived intestinal epithe-
lial cells (hiPSC-IECs) are expected to be utilized in regenerative
medicine. To perform a safe transplantation without the risk of
tumor formation, residual undifferentiated hiPSCs must be
removed from hiPSC-IECs. In this study, we examined whether
vinblastine (a multiple drug resistance 1 [MDR1] substrate)
could remove residual undifferentiated hiPSCs in hiPSC-IECs
and attempted to generate hiPSC-IECs applicable to transplan-
tation medicine. We found that the expression levels of plurip-
otent markers were largely decreased and those of intestinal
markerswere increased by vinblastine treatment. The treatment
of undifferentiated hiPSCs with vinblastine significantly
decreased their viability. These results suggested that undiffer-
entiated hiPSCs can be eliminated from hiPSC-IECs by vinblas-
tine treatment. We hypothesized that MDR1-negative cells
(such as undifferentiated hiPSCs) die upon vinblastine treat-
ment because they are unable to excrete vinblastine. As ex-
pected, the cell viability of MDR1-knockout hiPSC-IECs was
significantly decreased by vinblastine treatment. Furthermore,
teratomas were formed by subcutaneous transplantation of
hiPSC-IECs mixed with undifferentiated hiPSCs into mice,
but they were not observed when the transplanted cells were
pre-treated with vinblastine. Vinblastine-treated hiPSC-IECs
would be an effective cell source for safe regenerative medicine.
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INTRODUCTION
Intestinal epithelial cells (IECs), which are generated from human
pluripotent stem cells, including human induced pluripotent stem
cells (hiPSCs), are expected to be used in drug discovery and regener-
ative medicine. Because it is difficult to obtain and culture primary
human IECs, many researchers have tried to establish a differentia-
tion method for generating IECs from hiPSCs.1–7 Although the appli-
cation of hiPSC-derived intestinal epithelial cells (hiPSC-IECs) to
pharmacokinetic studies has been attempted, these cells have not
been sufficiently applied to regenerative medicine.
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The need for intestinal regenerative medicine has been increasing in
recent years. In inflammatory bowel diseases, such as ulcerative colitis
and Crohn’s disease, it is known that chronic inflammation by un-
known cause develops. It is difficult to cure these diseases due to
the residual refractory ulcer site. The number of patients with these
diseases is estimated to be about 5 million worldwide,8 and thus the
development of new intestinal regenerative medicine technologies is
imperative. Although cell therapy using biopsy-derived intestinal or-
ganoids has been developed,9–12 ethical and immunity issues would
be a hurdle to widespread use of this approach.

In previous studies, we developed a method for generating functional
IECs from hiPSCs.13–17 Since we developed these cells for pharmaceu-
tical use, their application to regenerative medicine has not been fully
verified. Therefore, in order to meet the recent needs for intestinal
regenerative medicine, we decided to investigate the usefulness of
hiPSC-IECs in regenerative medicine. As an initial part of this inves-
tigation, we needed to address the risk of teratoma formation that
arises from the transplantation of any hiPSC derivatives. In order
to avoid teratoma formation, it is essential to remove residual undif-
ferentiated cells in hiPSC-IECs.

Here, we focused on multiple drug resistance 1 (MDR1) (P-glycopro-
tein [P-gp]) to eliminate residual undifferentiated cells in hiPSC-
IECs. MDR1 is a drug excretion transporter that is highly expressed
in IECs18 but is hardly expressed in undifferentiated hiPSCs.19

Many drugs, including anticancer drugs, have been reported as sub-
strates for MDR1.20–23 Because MDR1 is selectively expressed in
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Figure 1. Removal of residual undifferentiated hiPSCs by vinblastine treatment

(A) The schematic overview shows the protocol of intestinal differentiation of hiPSCs. Details are described in materials andmethods section. (B) The hiPSC-IECs (YOW) were

treated with 10 nM vinblastine during the intestinal maturation step (from day 17 to 27). The gene expression levels of pluripotent markers (NANOG,OCT3/4, and ESG1) and

(legend continued on next page)
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IECs, it is expected that undifferentiated hiPSCs could be eliminated
by using a cytotoxic MDR1 substrate.

In this study, we used vinblastine as a candidate compound and
examined whether it could eliminate residual undifferentiated cells
in hiPSC-IECs. Moreover, we examined whether hiPSC-IECs could
be safely transplanted after treatment with vinblastine.

RESULTS
Vinblastine eliminates undifferentiated cells from hiPSC-IECs

Vinblastine, a substrate for MDR1, has been reported to have cyto-
toxicity.24 To examine the effect of vinblastine on the functions of
hiPSC-IECs, hiPSCs were differentiated into IECs (Figure 1A).
Gene expression analysis was performed on hiPSC-IECs treated
with vinblastine during the intestinal maturation step (from day
17 to 27) (Figure 1B). Vinblastine treatment significantly reduced
the gene expression levels of undifferentiated markers (octamer-
binding transcription factor 3/4 [OCT3/4], Nanog homeobox
[NANOG], and embryonal stem cell-specific gene 1 [ESG1]) and
definitive endoderm (DE) markers (SRY-box transcription factor
17 [SOX17] and hematopoietically expressed homeobox [HEX]). To
investigate the effect of vinblastine treatment on undifferentiated
cells, hiPSCs, DE cells, intestinal progenitor cells, or IECs, the cell
viability was measured 3 days after vinblastine treatment. Vinblas-
tine treatment did not alter the cell viability of intestinal progenitor
cells and IECs. On the other hand, vinblastine treatment signifi-
cantly reduced the cell viability of undifferentiated hiPSCs and DE
cells (Figure 1C). These results suggest that vinblastine treatment
could remove residual undifferentiated cells and DE cells in
hiPSC-IECs. The percentage of cells expressing undifferentiated
cell marker, tumor-related antigen-1-81 (TRA1-81), and DE cell
marker, C-X-C motif chemokine receptor 4 (CXCR4), in vinblas-
tine-treated hiPSC-IECs was measured using flow cytometry. The
percentage of TRA1-81-positive cells decreased as the differentiation
of hiPSC-IECs progressed (Figure S1). Vinblastine treatment
reduced the percentage of TRA1-81-positive cells remaining in
hiPSC-IECs from 6.1% to 0.9%. Furthermore, vinblastine treatment
reduced the percentage of CXCR4-positive cells from 3.3% to 1.3%
(Figure 1D). A colony formation test was performed to evaluate the
contamination rate of functional undifferentiated cells in hiPSC-
IECs. The hiPSC-IECs treated with or without vinblastine were
cultured under conditions suitable for undifferentiated hiPSCs,
and the number of alkaline phosphatase (ALP)-positive colonies
was counted. The number of ALP-positive colonies was significantly
reduced by vinblastine treatment (Figure 1E). These results indi-
definitive endoderm (DE) markers (FOXA2, SOX17, and HEX) were examined by real-tim

The results are represented as means ± SD (n R 3, technical replicate). (C) The undiffe

with 10 nM vinblastine for 3 days, and the cell viability was measured. The cell viability of

(n R 3, technical replicate). (D) The percentage of TRA1-81-positive cells and CXCR4-p

flow cytometry. The results are represented as means ± SD (n = 3, technical replicate).

(10 nM)-treated hiPSC-IECs, a colony formation assay was performed. DMSO- or vinbla

for 7 days. The cells were stained by alkaline phosphatase (ALP), and the number of ALP

technical replicate). Statistical analyses were performed using the unpaired two-tailed
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cated that the residual undifferentiated hiPSCs in hiPSC-IECs
were eliminated by vinblastine treatment.

Vinblastine-induced cytotoxicity is dependent on MDR1

expression

Vinblastine is a substrate for MDR1 and exhibits cytotoxicity in
a concentration-dependent manner (Figure S2).24 Therefore, if
vinblastine is excreted extracellularly by MDR1, cytotoxicity due to
vinblastine would be avoided. We investigated whether the elimina-
tion of undifferentiated hiPSCs by vinblastine was due to the absence
of MDR1 expression. First, the gene expression level of MDR1 dur-
ing the intestinal differentiation process was examined. MDR1 was
hardly expressed in undifferentiated cells and DE cells, while it
increased during the intestinal progenitor and intestinal epithelial
cell differentiation steps (Figure 2A). We have previously succeeded
in establishing MDR1-knockout (KO) hiPSCs.25 The gene expres-
sion levels of the intestinal epithelial cell markers (VIL1, CYP3A4,
and breast cancer resistance protein [BCRP]) were not changed by
MDR1-KO (Figure S3). To examine whether elimination of undiffer-
entiated and DE cells by vinblastine was indeed due to MDR1,
hiPSC-IECs were differentiated from wile-type (WT) or MDR1-
KO hiPSCs in the presence of vinblastine (from day 17 to 27).
Vinblastine treatment did not change the cell viability of WT
hiPSC-derived IECs but markedly reduced that of MDR1-KO
hiPSC-derived IECs (Figure 2B). The cell viability of undifferentiated
WT hiPSCs treated with vinblastine was rescued by adenovirus (Ad)
vector-mediated MDR1 transductions (Figure 2C). These results
suggest that the elimination of undifferentiated hiPSCs by vinblas-
tine was mediated through MDR1.

Vinblastine treatment enhances the functions of hiPSC-IECs

Next, we investigated whether vinblastine treatment could improve
the functions of hiPSC-IECs. We found that vinblastine treatment
increased villin1 (VIL1), sucrase-isomaltase (SI), and fatty acid bind-
ing protein 2 (FABP2) gene expression levels in a concentration-
dependent manner. To examine the effect of vinblastine on drug
metabolism and drug transport, we also examined the gene expres-
sion levels of cytochrome P450 family 3 subfamily A member 4
(CYP3A4), MDR1, BCRP, and peptide transporter 1 (PEPT1), and
found that their expression levels increased depending on the concen-
tration of vinblastine (Figure 3A). We examined the protein expres-
sions by western blotting and found that CYP3A4 was themost highly
expressed in hiPSC-IECs treated with 10 nM vinblastine (Figure 3B).
CYP3A4 activity was the highest in hiPSC-IECs treated with 10 nM
vinblastine (Figure 3C). Similar results were obtained in two other
e RT-PCR. The gene expression levels in the DMSO-treated cells were taken as 1.0.

rentiated hiPSCs, DE cells, intestinal progenitor cells, and hiPSC-IECs were treated

DMSO-treated cells was taken as 100%. The results are represented as means ± SD

ositive cells in DMSO- or vinblastine (10 nM)-treated hiPSC-IECs was examined by

(E) To estimate the number of residual undifferentiated cells in DMSO- or vinblastine

stine (10 nM)-treated hiPSC-IECs were cultured with AK02Nmedium on iMatrix-511

-positive colonies was counted. The results are represented as means ± SD (n = 3,

Student’s t test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 2. Elimination of MDR1-negative cells by

vinblastine treatment

(A) The hiPSCs (YOW) were differentiated into IECs. The

gene expression levels of MDR1 in undifferentiated

hiPSCs (day 0), DE cells (day 3), intestinal progenitor cells

(day 7), and hiPSC-IECs (day 28) were examined by real-

time RT-PCR. The results are represented asmeans ± SD

(n R 3, technical replicate). (B) After 10 nM vinblastine

treatment, the cell viability of wild-type (WT) hiPSC-IECs

andMDR1-knockout hiPSC-IECs was examined. The cell

viability of DMSO-treated WT hiPSC-IECs was taken as

100%. (C) The hiPSCs were transduced with 1,000 VP/

mL of Ad-LacZ or Ad-MDR1 for 90 min. At 48 h post

transduction, hiPSC-IECs were treated with DMSO or

vinblastine (10 nM) for 10 days, and the cell viability was

examined. The cell viability of the Ad-LacZ-transduced

hiPSCs that were treated with DMSOwas taken as 100%.

The data of (B) and (C) are represented as means ± SD

(n = 3, technical replicate). Statistical analyses were per-

formed using the unpaired two-tailed Student’s t test

(***p < 0.001).
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hiPSC lines, Tic and FCL (Figures S4A, S4B, and S5). These results
suggest that vinblastine treatment improved the functions of
hiPSC-IECs.

Importantly, vinblastine treatment did not reduce the percentage of
ALP (membrane enzyme expressed in villi) and VIL1-positive cells
and the expression of VIL1 and E-cadherin in hiPSC-IECs (Figures
3D, 3E, and S6). In order to evaluate the barrier function of hiPSC-
IEC monolayers, we measured transepithelial electrical resistance
(TEER) and calculated themembrane permeability coefficient of fluo-
rescein isothiocyanate-dextran (FD4), which is a substrate for inter-
cellular transport. The TEERs in DMSO- or vinblastine-treated
hiPSC-IECs were both about 200U� cm2, and the membrane perme-
ation coefficient of FD4 of these cells was less than 1.5 cm/s � 10�6

(Figures 3F and 3G). These results showed that vinblastine treatment
can improve the functions of hiPSC-IECs without affecting the for-
mation of tight junctions of hiPSC-IECs.

Vinblastine treatment can avoid the risk of teratoma formation

Finally, to determine whether vinblastine-treated hiPSC-IECs can
avoid the risk of teratoma formation in vivo, we performed transplan-
tation experiments using immunodeficient mice. Undifferentiated
hiPSCs and hiPSC-IECs were mixed at a ratio of 1:1 and cultured
in a medium containing vinblastine for 48 h, and then these cells
were subcutaneously transplanted into immunodeficient mice. This
method is often used in teratoma formation studies of differentiated
cells.26,27 Teratoma formation was assessed at 8 weeks after the
transplantation. Teratomas were observed in mice transplanted
466 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
with DMSO-treated hiPSC-IECs but not in
mice transplanted with vinblastine-treated
hiPSC-IECs (Figures 4A and 4B). Hematoxylin
and eosin (H&E) staining images of teratomas
also showed the presence of mesoderm, endoderm, and ectoderm
tissues (Figure 4C). These results indicate that the risk of teratoma
formation can be reduced by removing residual undifferentiated
hiPSCs using vinblastine.

DISCUSSION
We succeeded in eliminating residual undifferentiated hiPSCs and
improving the functions of hiPSC-IECs by vinblastine treatment.
Vinblastine treatment eliminated not only undifferentiated cells but
also DE cells (Figure 1). Undifferentiated cells form teratomas, while
endodermal cells differentiate into lung epithelium and other cells.28

Undifferentiated cells and endodermal cells have low expression of
MDR1 and cannot excrete vinblastine, resulting in cell death and be-
ing eliminated by vinblastine treatment. Because it is very important
to eliminate both undifferentiated cells and endodermal cells to pre-
vent the generation of unintended tissues, the vinblastine-treated
hiPSC-IECs should be suitable for transplantation medicine.

Vinblastine is one of the typical plant alkaloids extracted from
Catharanthus roseus and is known to exhibit anti-cancer effects by in-
hibiting the formation of microtubules involved in cell division.29,30

Since vinblastine is a substrate for MDR1, we conducted various eval-
uations focusing on MDR1 in the present study. It is known that
several other transporters, including BCRP and multidrug resistance
associated protein 1 (MRP1), are expressed in IECs.31 Since BCRP
and MRP1 are known to be expressed in undifferentiated iPSCs,19

it is thought that drugs that serve as substrates for BCRP and
MRP1 cannot be used to eliminate residual undifferentiated hiPSCs
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Figure 3. Enhancement of intestinal functions of hiPSC-IECs by vinblastine treatment

The hiPSCs (YOW) were differentiated into IECs. During the intestinal maturation step (from day 18 to 28), the hiPSC-IECs were treated with 10 nM vinblastine. (A) The gene

expression levels of intestinal markers (VIL1, SI, and FABP2) and drug-metabolizing enzyme and transporters (CYP3A4, MDR1, BCRP, and PEPT1) in hiPSC-IECs were

(legend continued on next page)
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Figure 4. Safety assessment of hiPSC-IECs

(A and B) Dorsal and ventral view of the same mouse transplanted with DMSO-treated hiPSC-IECs (YOW). To perform the teratoma assay, a mixture of undifferentiated

hiPSCs (5� 106 cells/mouse) and hiPSC-IECs (5� 106 cells/mouse) was subcutaneously transplanted after the DMSO or vinblastine (10 nM) treatment. At 8 weeks from the

transplantation, we determined the presence or absence of teratomas. (C) H&E staining of teratoma sections. Scale bars, 200 mm.
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and improve the function of hiPSC-IECs, even if they have the same
effect as vinblastine. In other words, it is important to be at least a sub-
strate for MDR1 to achieve similar effects with compounds other than
vinblastine.

There are several methods and molecules that were used to eliminate
residual undifferentiated cells, such as the cell lines to express the her-
pes simplex virus thymidine kinase (HSV-tk) gene that enables selec-
tion with ganciclovir,32 use of survivin to induce apoptosis in undif-
examined by real-time RT-PCR. The gene expression levels in the human small intestin

replicate). (B) The protein expression levels of CYP3A4 in DMSO- or vinblastine (1, 3,

activities in DMSO- or vinblastine (1, 3, 10 nM)-treated hiPSC-IECs were examined. (D) T

(E) The VIL1 and E-cadherin expression levels were examined by immunostaining ana

electrical resistance (TEER) values of the DMSO- or vinblastine (10 nM)-treated hiPSC

means ± SD (n R 10, technical replicate). (G) Apical-to-basolateral permeability of FD4

monolayers was measured. The results are represented as means ± SD (n = 3, technic

Dunnett’s post hoc test (*p < 0.05, **p < 0.01, compared with control).
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ferentiated cells and teratomas,33 immunodepletion with antibodies
against pluripotency surface markers (SSEA-5, CD9, CD90, CD50,
and CD200) to remove teratoma-formation potential,34 increased
copy number of tumor suppressors p53 or lnk4a ⁄ARF to downregu-
late tumorigenicity of iPSCs,35 and use of anti-podocalyxin-like
protein-1 antibody to induce cell death of undifferentiated cells.36

As compared with these methods, the method presented in this
study might have an advantage, because vinblastine is a clinically
used compound and has a clear mechanism to eliminate residual
e were taken as 1.0. The results are represented as means ± SD (n = 3, technical

10 nM)-treated hiPSC-IECs were examined by western blotting. (C) The CYP3A4

he ALP staining was performed in DMSO- or vinblastine (10 nM)-treated hiPSC-IECs.

lysis. Nuclei were counterstained with DAPI. Scale bars, 50 mm. (F) Transepithelial

-IEC monolayers were measured by Millicell-ERS2. The results are represented as

(FITC-dextran 4 kDa) across the DMSO- or vinblastine (10 nM)-treated hiPSC-IEC

al replicate). Statistical significance was evaluated by one-way ANOVA followed by
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undifferentiated cells. Like the intestinal tract, the cells in the blood-
brain barrier (BBB), liver, and kidney express MDR1.37–42 Even in
these organ cells, it would be possible to eliminate residual undiffer-
entiated hiPSCs by vinblastine treatment. Indeed, we confirmed that
vinblastine treatment decreased the gene expression level of undiffer-
entiated markers in hiPSC-derived hepatocyte-like cells (Figure S7).

In the present study, we generated hiPSC-IECs containing almost no
undifferentiated cells by vinblastine treatment. In order to apply the
hiPSC-IECs to regenerative medicine in the future, we would like to
confirm the therapeutic effects on damaged intestinal tissue by trans-
planting these cells into intestinal inflammation model mice.

MATERIALS AND METHODS
Human iPSCs

YOW-iPSCs and FCL-iPSCs generated in our previous report were
used in this study.43 The human iPSC line, Tic, was provided from
the JCRB Cell Bank (Tic, JCRB: JCRB1331). MDR1-KO hiPSC
line was recently established.25 hiPSCs were cultured with StemFit
AK02N medium (Ajinomoto) containing 0.1 mg/cm2 iMatrix-511
(Nippi).

In vitro intestinal differentiation

Before the initiation of intestinal epithelial cell differentiation, hiPSCs
were dissociated into single cells by using TrypLE Select Enzyme and
plated onto growth factor-reduced BDMatrigel basement membrane
matrix (BD Biosciences). These cells were cultured with StemFit
AK02N medium until they reached approximately 80% confluence.

The differentiation protocol for the induction of DE cells and intesti-
nal progenitor cells was described previously.15 Briefly, hiPSCs were
cultured in RPMI 1640 medium (Sigma-Aldrich) containing 1 mM
CHIR99021 (FUJIFILMWako), 100 ng/mL activin A (R&D Systems),
1 � GlutaMAX (Thermo Fisher Scientific), penicillin-streptomycin
(P/S; Nacalai Tesque), and 1 � B27 supplement minus vitamin A
(Thermo Fisher Scientific) for 1 day, and then in RPMI 1640 medium
(Sigma-Aldrich) containing 100 ng/mL activin A (R&D Systems),
1 � GlutaMAX (Thermo Fisher Scientific), P/S, and 1 � B27 supple-
ment minus vitamin A (Thermo Fisher Scientific) for 2 days. For the
induction of intestinal progenitor cells, the DE cells were cultured for
4 days in an intestinal differentiation medium, DMEM high-glucose
medium (FUJIFILM Wako) containing 10% KO serum replacement
(KSR; Thermo Fisher Scientific), 1% non-essential amino acid solu-
tion (NEAA; Thermo Fisher Scientific), P/S and 1 � GlutaMAX
supplemented with 20 nM LY2090314 (MedChem Express). For
the induction of intestinal epithelial-like cells, the intestinal progeni-
tor cells were cultured for 20 days in intestinal differentiation me-
dium, DMEM high-glucose medium (FUJIFILM Wako) containing
10% KO serum replacement (KSR; Thermo Fisher Scientific), 1%
NEAA (Thermo Fisher Scientific), P/S, and 1 � GlutaMAX supple-
mented with 2 mM SB431542 (FUJIFILM Wako), 3 nM LY2090314
(MedChem Express), 1a,25-dihydroxyvitamin D3 (Calcitriol,
Cayman Chemical), and 50 ng/mL epidermal growth factor (EGF;
R&D Systems).
Molecular
Real-time RT-PCR

Total RNA was isolated from hiPSCs and their derivatives using
ISOGENE (Nippon Gene). cDNAwas synthesized using 500 ng of to-
tal RNA with a Superscript VILO cDNA synthesis kit (Thermo Fisher
Scientific). Total RNA of Human Adult Normal Tissue: Small Intes-
tine was purchased from BioChain Institute. Real-time RT-PCR
was performed with SYBR Green PCR Master Mix (Thermo Fisher
Scientific) using a StepOnePlus real-time PCR system (Thermo Fisher
Scientific). The relative quantitation of target mRNA levels was per-
formed by using the 2�DDCT method. The values were normalized
by those of the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The PCR primer sequences used in this
study are described in Table S2.
Immunocytochemistry

To perform the immunocytochemistry, the hiPSCs and their deriva-
tives were fixed with 4% paraformaldehyde (FUJIFILMWako) in PBS
for 10 min. After blocking the cells with PBS containing 2% bovine
serum albumin (BSA) and 0.2% Triton X-100 for 20 min, the cells
were incubated with primary antibodies at 4�C overnight and, finally,
with secondary antibodies at room temperature for 1 h. All antibodies
used in this report are described in Table S1.
Western blotting

The cells were homogenized with RIPA Lysis and Extraction buffer
(Thermo Fisher Scientific) containing a protease inhibitor mixture
(Sigma Aldrich). After being frozen and thawed, the homogenates
were centrifuged at 15,000 � g at 4�C for 10 min, and the superna-
tants were collected. The lysates were subjected to SDS-PAGE on
7.5% polyacrylamide gel and then transferred onto polyvinylidene
fluoride membranes (Millipore). After the reaction was blocked
with 1% skim milk in Tris-buffered saline (TBS) containing 0.1%
Tween 20 at room temperature for 1 h, the membranes were incu-
bated with primary antibodies at 4�C overnight, followed by reaction
with secondary antibodies at room temperature for 1 h. The band was
visualized by Chemi-Lumi One Super (Nakalai Tesque), and the
signals were read using an LAS-4000 imaging system (FUJIFILM).
All antibodies used in this report are described in Table S1.
CYP3A4 activity

Tomeasure the CYP3A4 activity, lytic assay was performed by using a
P450-Glo CYP3A4 Assay with Luciferin-IPA (Promega) according to
the manufacturer’s instructions. The luminescence was read by a
Lumat LB 9507 (Berthold Technologies). The CYP3A4 activity was
normalized with the protein content per well, which was evaluated
with Pierce BCA Protein Assay Kit (Thermo Fisher Scientific).
Teratoma formation

hiPSC-IECs (5 � 106 cells) and undifferentiated hiPSCs (5 � 106

cells) were subcutaneously injected into Rag2/Il2rg double KO mice
(Taconic Biosciences). Eight weeks after the injection, teratomas
were collected and processed for H&E staining. All animal experi-
mental procedures used in this study were performed in accordance
Therapy: Methods & Clinical Development Vol. 20 March 2021 469
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with the institutional guidelines for animal experiments at Osaka
University (approval number #28-4).

Flow cytometry

Single-cell suspensions of hiPSC-derived cells were fixed with 4%
paraformaldehyde at 4�C for 10min and then incubated with primary
antibodies, followed by secondary antibodies. MACSQuant Analyzer
(Miltenyi Biotec) and FlowJo software (https://www.flowjo.com/)
were used for analysis. All antibodies used in this report are described
in Table S1.

TEER measurements

TEER values were measured by Millicell-ERS2 (Merck Millipore).
hiPSC-IECs were cultured on BD Falcon cell culture inserts (6 well
plate, 0.4 mm pore size, 2.0 � 106 pores/cm2, BD Biosciences) from
day 0 of differentiation. The raw data were converted to U � cm2

based on the culture insert area (4.2 cm2).

FD4 permeability tests

hiPSC-IECs, which were cultured on the cell culture inserts, were
rinsed with HBSS (Hank’s balanced salt solution). We added the
1.5 mL of HBSS containing 1.0 mg/mL FD4 (average mol wt
3,000–5,000, Sigma-Aldrich) to the apical chamber, and added
2.6 mL of HBSS to the basolateral chamber. After 90 min of incu-
bation at 37�C, the solution was collected from the basolateral
side. The FD4 fluorescent signal was measured with a fluorescence
plate reader (TriStar LB 941, Berthold Technologies) using
490 nm excitation and 520 nm emission filters. FD4 concentrations
were calculated using the standard curve generated by serial dilution
of FD4.

Cell viability

To examine the cell viability, we performed WST (Water soluble
Tetrazolium salts) -8 assay by using Cell Counting Kit-8 (Dojindo
Laboratories) according to the manufacturer’s instructions. The cell
viability was calculated as a percentage of that in the cells treated
with vehicle (DMSO) only.

Detection of residual undifferentiated cells

DMSO- or vinblastine-treated hiPSC-IECs were cultured on iMatrix-
511 with AK02N medium for 10 days. The ALP-positive colonies
were counted. ALP staining was performed using an ALP detection
kit (Chemicon) according to the manufacturer’s instructions. The
efficiency of colony formation of undifferentiated hiPSCs was also
measured.

Caco-2 cell culture and differentiation

The human colorectal adenocarcinoma cell line, Caco-2 (HTB-37),
was obtained from the American Type Culture Collection. Caco-2
cells were cultured with DMEM high-glucose medium containing
10% FBS, 1 � NEAA, P/S, and 1 � GlutaMAX. Caco-2 cells
were cultured for 21 days after they reached confluence for the
differentiation. The passage number of Caco-2 cells was between
20 and 40.
470 Molecular Therapy: Methods & Clinical Development Vol. 20 March
Ad vectors

Ad vectors were constructed by an improved in vitro ligation
method.44,45 The human MDR1 gene (NCBI: NM_000927.4) was
amplified by PCR. The human MDR1 genes were inserted into
pHMEF5,46 which contains the elongation factor 1 alpha (EF1a) pro-
moter, resulting in pHMEF5-MDR1. The pHMEF5-MDR1 was di-
gested with I-CeuI/PI-SceI and ligated into I-CeuI/PI-SceI-digested
pAdHM41-K7,47 resulting in pAd-MDR1. The LacZ-expressing Ad
vectors (Ad-LacZ) were constructed previously.48 All of the Ad vec-
tors contain a stretch of lysine residue (K7) peptides in the C-terminal
region of the fiber knob for more efficient transduction of human
pluripotent stem cells and their derivatives, in which the transfection
efficiency was almost 100%, and were purified as described previ-
ously.49 The vector particle (VP) titer was determined by using a spec-
trophotometric method.50

Data and statistical analysis

Data are presented as means ± SD. Statistical analysis was performed
using Student’s unpaired t test. A value of p <0.05 was considered
statistically significant. All calculations were carried out using Easy
R (EZR) software.
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