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Study Design: We established induced pluripotent stem cells (iPSCs) and neural stem/progenitor cells (NSPCs) from three newborns
with spina bifida aperta (SBa) using clinically practical methods.

Purpose: We aimed to develop stem cell lines derived from newborns with SBa for future therapeutic use.

Overview of Literature: SBa is a common congenital spinal cord abnormality that causes defects in neurological and urological
functions. Stem cell transplantation therapies are predicted to provide beneficial effects for patients with SBa. However, the availabil-
ity of appropriate cell sources is inadequate for clinical use because of their limited accessibility and expandability, as well as ethical
iSsues.

Methods: Fibroblast cultures were established from small fragments of skin obtained from newborns with SBa during SBa repair
surgery. The cultured cells were transfected with episomal plasmid vectors encoding reprogramming factors necessary for generating
iPSCs. These cells were then differentiated into NSPCs by chemical compound treatment, and NSPCs were expanded using neuro-
sphere technology.

Results: We successfully generated iPSC lines from the neonatal dermal fibroblasts of three newborns with SBa. We confirmed that
these lines exhibited the characteristics of human pluripotent stem cells. We successfully generated NSPCs from all SBa newborn-
derived iPSCs with a combination of neural induction and neurosphere technology.

Conclusions: We successfully generated iPSCs and iPSC-NSPCs from surgical samples obtained from newborns with SBa with the
goal of future clinical use in patients with SBa.
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Introduction

Spina bifida aperta (SBa; we primarily refer to the most
severe form of SBa, myelomeningocele) is one of the most
common human congenital abnormalities. SBa is caused
by incomplete neural tube closure, followed by the devel-
opment of open vertebral arches and skin lesions during
early fetal development. Unprotected neural tissues ex-
posed to amniotic fluid are damaged and fail to develop
properly, leading to neurological dysfunction below the
level of the spinal cord defect.

Because of the issues associated with traditional and
available experimental therapies, regenerative therapy is
currently under investigation for treatment of patients
with SBa. The recent development of induced pluripotent
stem cells (iPSCs) [1], which can self-renew, proliferate,
and differentiate into various types of cells or tissue and
are expandable, has facilitated the advancement of regen-
erative medicine. Many studies are being conducted us-
ing iPSCs for the treatment of spinal cord injuries (SCIs),
retinal diseases, and neurodegenerative disorders [2,3].
Considering that SBa-related complications occur over a
long period, a sufficient amount of therapeutic cells would
need to be obtained as soon as possible after birth. We
generated and characterized iPSCs and iPSCs-derived
neural stem/progenitor cells (NSPCs) from newborns
with SBa for future clinical application.

Materials and Methods
1. Patients

We recruited patients for our study in collaboration with
the Fetal Brain Malformation Network, which consists
of Japanese investigators who specialize in research on
congenital central nervous system malformations. We
established primary fibroblast cultures and iPSCs from
three newborns with SBa (patient 3, 8, 34) after obtain-
ing informed consent from parents. These newborns
were diagnosed with lumbosacral myelomeningocele by
specialized obstetricians using prenatal ultrasonography.
All newborns were females born at 38 (patient 3, 34) or
37 (patient 8) weeks of gestation and were delivered by
planned cesarean section.

This study was conducted in accordance with the prin-
ciples of the Declaration of Helsinki and was approved by
the ethics committees of Osaka National Hospital (Nos.

123 and 146) with appropriate informed consent includ-
ing participation and publication.

2. Surgical repair of myelomeningocele

All SBa repair surgeries were performed with the patient
under general anesthesia within the first few hours of
birth by a skilled pediatric neurosurgeon. The neural
placode was dissected from the surrounding tissue at the
transitional border. After careful removal of epidermal
tissue from the rim of the open neural placode and spinal
cord, the surrounding structures were reconstructed using
the five-layer closure method. During repair of the skin
defects and closure of the opening, superfluous dermal
tissue at the edge of the wound was excised to prepare the
suture plane. These fragments of excised skin were used to
establish primary fibroblast cultures.

3. Isolation of SBa patient-derived fibroblasts

The fragments of surgically removed skin (approximately
3%x5-10 mm) were separated from the subcutaneous tissue
and cut into small pieces (approximately 1-2 mm in di-
ameter). They were then digested in a solution containing
50 pg/mL type I collagenase (Life Technologies, Carlsbad,
CA, USA) and 50 pug/mL dispase (Life Technologies) at
37°C for 30 minutes. The extracted cells were collected by
centrifugation and seeded in a cell culture flask with Dul-
beccos modified Eagle’s medium (DMEM)/F12 (Sigma-
Aldrich, St. Louis, MO, USA) containing 15 mM HEPES,
1% antibiotic—antimycotic (Life Technologies), and 10%
fetal bovine serum (Life Technologies), as described pre-
viously [4].

4. Establishment of patient-derived fibroblast cultures
and iPSCs

The skin-derived fibroblasts (1.0x10° cells) were nu-
cleofected with three plasmids, pCXLE-hSK, pCXLE-
hOCT3/4-shp53-F, and pCXLE-hUL [5]. These plasmids
encode the reprogramming factors SOX2 and KLF4,
OCT3/4, and short hairpin RNA against p53, LIN28, and
L-MYC, respectively. All plasmids were kindly gifted by
Prof. Shinya Yamanaka of Kyoto University to Y.K. and
H.O. Nucleofection was performed using a human neo-
natal fibroblast nucleofection kit (Lonza, Basel, Switzer-
land) and the Amaxa Nucleofector I device (Lonza), set
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to program U-020, in accordance with the manufacturer’s
protocol. The transfected cells were seeded in a 6-cm
cell culture dish. After 7 days, the cells were harvested
and seeded on a layer of mouse embryonic fibroblast
feeder cells (Kitayama Labes, Kyoto, Japan) in 5x10" to
5x10° cells/10-cm dish. At approximately 28 days after
nucleofection, human embryonic stem cell (ESC)-like
colonies were picked and cultured in ESC cell medium as
previously described [6]. At passages 11-14, karyotyping
analysis was performed by conventional Giemsa staining
and G-banding [6]. Teratoma formation in NOD/Shi-
scid/IL-2Rg null (NOG) mice was performed at the Cen-
tral Institute for Experimental Animals (CIEA; Kawasaki,
Japan) using the guidelines of the Animal Care Commit-
tee at CIEA [7]. The procedure was also approved by the
Animal Care Committee at CIEA. Control human iPSCs
(hiPSCs; clone 201B7) were obtained from the RIKEN cell
bank (RIKEN, Tsukuba, Japan).

5. Neural induction and neurosphere expansion

A highly efficient neural induction method based on
dual SMAD-inhibition was used as described previously
[8] with slight modifications. Briefly, hiPSCs cultured on
growth-factor-reduced Matrigel (BD Biosciences, San
Jose, CA, USA)-coated dishes were suspended in low-
attachment dishes (Sumitomo Bakelite, Tokyo, Japan) to
generate embryoid bodies (EBs). For neural differentia-
tion, EBs were cultured in DMEM/F12 containing 5%
B27 supplement (Life Technologies), 5% N2 supplement
(Life Technologies), 20 ng/mL recombinant human basic
fibroblast growth factor (bFGF; Wako, Osaka, Japan),
10 uM SB431542 (Sigma-Aldrich), and 1 uM dorsomor-
phin (Wako) under 5% O, for 2 weeks. To generate neu-
rospheres, EBs were mechanically disrupted and seeded
in DMEM/F12 containing 2% B27 supplement, 20 ng/
mL bFGF (PeproTech, Rocky Hill, NJ, USA), 20 ng/mL
epidermal growth factor (EGF; PeproTech), 5 ug/mL
heparin (Sigma-Aldrich), and 10 ng/mL human leukemia
inhibitory factor (LIF; Millipore, Billerica, MA, USA), as
previously described [9]. After 4-8 passages, the nonad-
herent floating neurospheres that stably proliferated were
analyzed as described below. Neurospheres were plated
onto a Matrigel-coated plate in neurobasal medium (Life
Technologies) containing 2% B27 supplement (Life Tech-
nologies) and 2 mM L-glutamine (Life Technologies) to
determine the efficiency of neural conversion.
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6. Immunocytochemistry

The cells were fixed with 4% paraformaldehyde for 15
minutes at 4°C, followed by permeabilization with 0.3%
Triton X/phosphate buffered saline (PBS) for 5 minutes.
To block nonspecific binding, the cells were incubated in
0.01% Triton X/PBS with 10% goat serum for 60 minutes.
The blocked cells were then incubated at 4°C with pri-
mary antibodies (see below) overnight, washed with PBS
three times, and incubated with secondary antibodies (see
below) for 30 minutes. Nuclear staining was performed
with TO-PRO-3 iodide (1:1,000, Life Technologies) or 4’
6-diamidino-2-phenylindole (1:1,000). Fluorescent im-
ages were acquired by confocal laser microscopy with an
LSM510 (Carl Zeiss, Oberkochen, Germany) or fluores-
cence microscopy with an IX81 microscope (Olympus,
Tokyo, Japan). The following primary antibodies were
used in this study: mouse anti-Oct3/4 (1:200, BD Biosci-
ences), rabbit anti-nanog (1:200, ReproCELL, Kanagawa,
Japan), rabbit anti-SSEA3 (1:200, Millipore), rabbit anti-
SSEA4 (1:200, Millipore), mouse anti-TRA-1-60 (1:200,
Millipore), mouse anti-TRA-1-81 (1:200, Millipore), rab-
bit anti-Nestin (1:500, prepared in-house [10]), mouse
anti-beta III tubulin (1:500, Covance, Inc., Princeton, NJ,
USA), mouse anti-PAX6 (1:200, Developmental Stud-
ies Hybridoma Bank, University of Iowa, Iowa City, IA,
USA), and rabbit anti-GFAP (1:80, Sigma-Aldrich). The
following secondary antibodies from Invitrogen (Carlsbad,
CA, USA) were used: Alexa Fluor 488-labeled goat anti-
mouse IgG (1:1,000), IgG Alexa Fluor 568-labeled goat
anti-rabbit IgG (1:1,000), Alexa Fluor 488-labeled goat
anti-rat IgM (1:1,000), and IgM Alexa Fluor 568-labeled
goat anti-mouse IgM (1:1,000).

7. Genomic DNA isolation and polymerase chain reac-
tion for episomal vector detection

Genomic DNA was extracted from each iPSC clone using
the DNeasy Blood & Tissue Kit (Qiagen, Venulo, Nether-
lands). The polymerase chain reaction (PCR) conditions
and primer sequences were used as previously described

[5].

8. RNA extraction and quantitative reverse transcrip-
tion polymerase chain reaction

RNA was extracted from undifferentiated iPSCs, neu-
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ral aggregates, and proliferating neurospheres using the the PrimeStarRT Reagent Kit (Takara Bio., Shiga, Japan).

RNeasy Mini Kit (Qiagen). cDNAs were synthesized using Quantitative reverse transcription polymerase chain

Table 1. Primer sequences

Primer name Use
GAPDH-F gPCR
GAPDH-R qPCR
NESTIN-F gPCR
NESTIN-R gPCR
NANOG-F gPCR
NANOG-R gPCR
SOX2-F gPCR
SOX2-R gPCR
DNMT3B-F gPCR
DNMT3B-R gPCR
0CT3/4-F qPCR
0CT3/4-R qPCR
PAX6-F qPCR
PAX6-R qPCR
pEP4-SR PCR
pEP4-SF PCR

Sequence

CCACTTTGTCAAGCTCATTTCCT
TCTCTTCCTCTTGTGCTCTTGCT
CCAAGACTGCCCTGGAAAC
CCTCCCTCTCCAAGGAAACA
GCAGAAGGCCTCAGCACCTA
GGTTCCCAGTCGGGTTCAC
GGGAAATGGGGAGGGGTGCAAAAGAGG
TTGCGTGAGTGTGGATGGGATTGGTG
TGCTGCTCACAGGGCCCGATACTTC
TCCTTTCGAGCTCAGTGCACCACAAAAC
GACAGGGGGAGGGGAGGAGCTAGG
CTTCCCTCCAACCAGTTGCCCCAAAC
ACCTGGCTAGCGAAAAGCAA
CCCGTTCAACATCCTTAGTTTATCA
TCGGGGGTGTTAGAGACAAC
TTCCACGAGGGTAGTGAACC

gPCR, quantitative polymerase chain reaction; PCR, polymerase chain reaction.

Surgery Plasmid transfection Colony isolation Neural induction Neurospheres
v 2wk v 4wk v 8wk 412 wk v
‘ Birth & repair HPrimay culture (ﬁbroblasts)‘ ‘ iPSC establishment ‘ \ Neural induction \ \ Neurosphere generation \

Patient #8

Fig. 1. Generation of induced pluripotent stem cells (iPSC) and iPSC-derived neural stem/progenitor cells from spina bifida aperta
patient-derived dermal fibroblasts. (A) Time frame for generating patient-derived neurospheres from surgical specimens. Representative
photographs of each stage in the process. (B) Photographs represent the surgical site before incision, the site after myeloplasty and du-

raplasty, and skin sampling procedure.
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reaction for determining marker gene expression was
performed using the Power SYBER Green PCR Master
Mix (Life Technologies) and analyzed with the ABI 7300
Real-Time PCR system (Life Technologies). The relative
expression of each gene was calculated with the ddCT al-
gorithm using glyceraldehyde-3-phospate dehydrogenase
as an internal control, as previously described [11]. The
primer set sequences are shown in Table 1.

Results

1. Isolation of dermal fibroblasts from the surgically
excised skin of newborns with SBa

SBa repair procedures were performed within the first
few hours of birth. In all cases, the skin fragments were
collected, and dermal fibroblast cultures were established
and expanded without contaminating it. The time frame
for the generation of fibroblasts, iPSCs, and neurospheres
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derived from the skin specimens of newborns with SBa is
shown (Fig. 1A). The entire process took approximately 6
months. Representative photographs of the repair process
for patient 8 showed that during skin closure, small skin
fragments were excised in preparation for the skin suture.
These skin fragments were used to establish primary fi-
broblast cultures (Fig. 1B).

2. Generation of SBa patient-derived iPSCs

Three episomal plasmids encoding cellular reprogram-
ming factors were introduced into the SBa patient-derived
fibroblasts by nucleofection. Approximately 3 weeks after
transfection, human ESC-like colonies were visible, and 1
week later, the colonies were isolated and expanded. We
established three iPSC lines (iPS#3, #8, #34 from patient
3, 8, 34, respectively). The established iPSC lines were
analyzed by immunohistochemistry and exhibited an
ESC-like morphology and expressed ESC markers (Fig.

SB-iPS #34

SB-iPS #3

SB-iPS #8

0CT 3/4/NANOG/TOPRO \ \ SSEA3/TRA-1-60/TOPRO \ \ SSEA-4/TRA-1-81/TOPRO \ \

Phase contrast

—

Fig. 2. Imnmunocytochemistry of spina bifida aperta (SBa) patient-derived induced pluripotent stem cells (iPSCs). Immunostaining of three

iPSC lines (iPS #34, #3, and #8) from three different newborns with SBa. (A, E, I) 0CT3/4 and NANOG. (B, F, J) SSEA3 and TRA-1-60. (C, G,
K) SSEA4 and TRA-1-81. Scale bar=50 um. Lower-right panels in each set of micrographs in (A-K) are merged images. (D, H, L) Phase-
contrast microscopic images of the patient-derived iPSC lines. Scale bar=200 um. The morphologies and immunocytochemical features

of the three iPSC lines were typical of pluripotent stem cells.
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Fig. 3. Characterization of spina bifida aperta (SBa) patient-derived induced pluripotent stem cells (iPSCs). (A) Quantitative polymerase chain reac-
tion (PCR) analysis of pluripotency-associated gene expression in the iPSC lines. The expression values were normalized to those of the control
embryonic stem cell line, KhES1 (mean+SD). (B) Conventional PCR for detecting the plasmid vector. No signals were detected in any iPSC lines with
the primer set EP4 (lane No. 1, positive control; No. 2, iPS #34; No. 3, not used in this study; No. 4, iPS #3; No. 5, iPS#8). (C—H) Hematoxylin and eo-
sin staining of subcutaneously formed teratomas in NOG mice following the transfer of iPS #34 cells. The cell/tissue composition of the teratomas
included neural rosettes (C), cartilage (D), osteocytes (E), melanocytes (F), and various types of epithelium (G, H). Neural rosettes in the teratomas
exhibited aligned and well-organized structures (C). Scale bars=100 um. (1) Karyotype of iPS #34 cells shows that the SBa patient-derived iPSCs

exhibit normal (46XX) karyotypes.

2). Real-time PCR analysis showed that the iPSC clones
expressed pluripotent stem cell genes at levels similar to
those of the control iPSC line, 201B7, and the control hu-
man ESC line, KhESI (Fig. 3A). The KhES1 expression
data shown in Fig. 3A were previously reported by our
group [12]. We also showed that the episomal plasmid
vector used for reprogramming was undetectable by PCR
(Fig. 3B). To confirm their pluripotency, the iPS#34 cells
were subcutaneously transplanted into NOG mice. The
transplanted iPSCs formed well-differentiated teratomas
consisting of three germ layers (Fig. 3C-H). And iPSCs
exhibited normal (46XX) karyotypes (Fig. 3I). Thus, we
concluded that the SBa patient-derived iPSCs exhibited
characteristics of ESCs. Unexpectedly, the SBa-derived
teratomas contained well-aligned and closed neural tube-
like structures (Fig. 3C), even though their donors exhib-
ited incompletely closed neural tubes.

3. Neural induction and neurosphere formation from
SBa patient-derived iPSCs

To obtain the amount of cells required for future clini-
cal application, we developed the two-step high efficient
neurosphere production system, which consists of neural
induction and neurosphere expansion. The exposure of
SB patient-derived iPSCs to dual SMAD inhibition for 2
weeks [8] promoted the induction of neural progenitor
cells. To produce large numbers of patient-derived NSPCs,
which would be required for future clinical applications,
we inserted an NSPC propagation step after neural induc-
tion, in which NSPCs were cultured in a neurosphere self-
renewal medium containing bFGF, EGF, and LIF (Fig.
4A). For each of the cultured NSPC lines, we successfully
obtained expandable NSPCs as neurospheres. Quantita-
tive PCR of the neurospheres showed that they expressed
the neural stem cell (NSC) markers NESTIN and SOX2
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Fig. 4. Generation of spina bifida aperta patient-derived neurospheres. (A) Time frame for neural induction and generation and propagation of

SB-iPS #3 SB-iPS #34

SB-iPS #8
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patient-derived neurospheres. Dual SMAD inhibition involved the use of SB431542 and dorsomorphin. (B) Quantitative polymerase chain reaction
analysis of neural stem (NS) cell marker expression in patient-derived neurospheres. Marker expression in each neurosphere culture was normalized
to that of neurospheres derived from the human forebrain-derived NS cell line, oh-NSC-3-fb (means+SD). NS #34, #3, #8, 201B7 were neurospheres
derived from iPS #34, #3, #8, 201B7 (control induced pluripotent stem cells line), respectively. (C—H) Phase-contrast images of each neurosphere
culture and immunostaining for neuronal (B3 tubulin) and glial marker (GFAP) after differentiation of neurospheres. Scale bars=200 ym (C, E, G), 50

um (D, F, H).

at levels similar to those expressed in the human NSC
line oh-NSC-3-fb [9] (Fig. 4B). These neurospheres (Fig.
4C, E, G) could be passaged and could differentiate into
neuronal and glial lineages (Fig. 4D, E, H). Therefore, SBa-
derived neurospheres could be generated and propagated
using our method.

Discussion

The transplantation of iPSC-derived NSPCs in animal
models of SCI is well described and results in functional
recovery. Transplanted neural progenitors produce neu-
rotropic factors, myelinate host neurons, and differenti-
ate into neurons that form functional synapses with host
neurons [13-17]. Patients with SBa suffer from spinal cord
dysfunction, which may be partly due to amniotic fluid
exposure following defective neural tube development

[18]. Because the plasticity of the central nervous system
is greatest during childhood, we reasoned that human
stem cell-based transplantation for children with SBa may
be a promising therapeutic approach. In support of this
possibility, it has been reported that the transplantation of
undifferentiated human ESCs [19] or iPSC-derived neu-
ral crest stem cells [20] into the injured spinal cord in an
animal model of myelomeningocele results in functional
improvement.

We showed that iPSCs could be generated from the skin
of newborns with SBa and that it was possible to generate
the numbers of NSPCs required for spinal cord regenera-
tion. This study suggested that iPSC-based autologous
transplantation therapy for patients with SBa is feasible.
However, preclinical transplantation studies will be re-
quired to establish the safety and efficacy of this therapy.
Autologous iPSC-derived cells are expected to be mini-
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mally immunogenic [21-23]. Thus, the transplantation of
these cells should not require any additional immunosup-
pressive therapy, an advantage for patients with SBa un-
dergoing cell transplantation therapy at an early age.

Other types of somatic stem cells, including NSCs, am-
niotic fluid stem cells (AFSCs), and bone marrow-derived
mesenchymal stem cells (BM-MSCs) have also been con-
sidered as possible sources for regenerative therapy in SBa
[24-26]. NSCs and mesenchymal stem cells (MSCs) were
used in animal model transplantation studies with prom-
ising results [24,26]. AFSCs can be easily isolated, and
their use is associated with fewer ethical issues. In addi-
tion, AFSCs have the potential to differentiate into neural
cells. If techniques for large-scale propagation of AFSCs
are developed, they may become a useful cell source for
regenerative approaches in SBa. BM-MSCs may also rep-
resent a clinically useful cell source; clinical procedures
for their isolation have been established, and they are also
capable of neuronal differentiation. Furthermore, a recent
report indicates that human BM-MSCs can contribute to
bladder regeneration [27]. However, invasive procedures,
which are not easy to perform on newborns, are required
to collect these cells from iliac or femoral bone. If MSCs
could be generated from patient-derived iPSCs, they
would represent a more promising cell source for treating
patients with SBa. Further studies will be required to de-
termine which cell sources are most useful and practical
for treating patients with SBa.

One concern regarding SBa-derived iPSCs is that their
therapeutic potential could be limited because of possible
genetic alterations associated with SBa. However, sporadic
SBa is a multifactorial disease, the development of which
is largely affected by environmental factors. However, we
successfully generated NSPCs that expand and differenti-
ate normally in vitro from all SBa newborn-derived iPSCs.
Thus, we believe that some defects of SBa newborn-de-
rived iPSCs, even if present, could be overcome by culture
conditions, and SBa newborn-derived NSPCs then could
be obtained stably from subsequent neurosphere culture
after neural induction.

Finally, while our study was aimed at mainly develop-
ing a practical method for generating SBa newborn-
derived iPSCs and NSPCs, we have not demonstrated the
therapeutic potential of these iPSC-derived NSPCs until
now. Therefore, although we cannot currently discuss its
clinical application, the accumulating evidence concern-
ing the efficacy and safety of iPSC-derived cells [28,29]

encourages us to advance this basic study toward stem cell
transplantation therapy in patients with SBa.

Conclusions

We successfully established SBa newborn-derived iPSC
lines and iPSC-derived NSPCs from skin fragments ob-
tained during SBa postnatal repair surgery. We also de-
veloped a practical method to generate NSPCs from SBa
newborn-derived iPSCs, which may be useful for advanc-
ing cell transplantation therapy for patients with SBa.
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