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a b s t r a c t
Neural stem/progenitor cells (NS/PCs) derived from human induced pluripotent stem cells (hiPSCs) are
expected to be a valuable cell source for cell therapies that target central nervous system disorders.
For clinical applications, NS/PCs should be induced and maintained under clinical grade conditions,
which are challenging to achieve. In the present study, we established a procedure to obtain xeno-free
long-term self-renewing neuroepithelial-like stem cells (xf-lt-NES cells) from feeder-free hiPSCs using
a newly developed xeno-free medium, StemFit® AS200. xf-lt-NES cells were cultured for long periods in
StemFit® AS200 while retaining normal karyotypes, NS/PC marker expression and differentiation capacity for neuronal and glial differentiation in vitro and in vivo. Furthermore, the cells were cryopreserved
using a deﬁned serum-free freezing reagent, which demonstrated the feasibility of this xeno-free culture
system for large-scale lt-NES cell production and cell banking. Taken together, our system represents a
promising approach for the manufacture of clinically relevant products for cell therapy using NS/PCs.
© 2016 Elsevier Ireland Ltd and Japan Neuroscience Society. All rights reserved.

1. Introduction
A number of studies have shown that the transplantation of
neural stem/progenitor cells (NS/PCs) into damaged neural tissues
promotes functional recovery in animal models via several mechanisms, including cell replacement and trophic support (reviewed
in Lindvall and Kokaia, 2006; Nakamura and Okano, 2013). Therefore, regenerative medicine using NS/PCs is expected to represent
a novel treatment approach for central nervous system (CNS) diseases and injuries.
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Although human NS/PCs may be derived from fetal neural tissues and human embryonic stem cells (hESCs), there has been a
potential concern regarding the clinical application of these cells
because of issues related to ethical problems and/or immune compatibility (Okano et al., 2013; Okita et al., 2011; Turner et al., 2013).
Therefore, the establishment of procedures to generate humaninduced pluripotent stem cells (hiPSCs) from somatic tissues has
created a new avenue for regenerative medicine for various types
of disorders (Takahashi et al., 2007). hiPSCs were initially developed
by retrovirally delivered reprogramming transcription factors and
harbored a potential risk of tumorigenicity as a result of random
insertional mutations by genomic integration of retrovirus (Nori
et al., 2015; Okano et al., 2013). Recently, there has been substantial
progress related to the procedures used to generate iPSCs, which
would overcome the potential adverse effects of random integration of retrovirus during the iPSC generation process. For example,
successful reprogramming of somatic cells using non-integrating
episomal vectors (Okita et al., 2011, 2013) and Sendai virus (Fusaki
et al., 2009; Seki et al., 2010) has enabled the generation of safer
transgene-free or integration-free hiPSCs.
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Many protocols for high-efﬁcient NS/PC induction from human
pluripotent stem cells have been established to date (Chambers
et al., 2009; Koch et al., 2009; Li et al., 2011; Okada et al., 2008; Yan
et al., 2013; Zhang et al., 2001). Among these procedures, human
long-term self-renewing neuroepithelial-like stem cells (lt-NES
cells) are NS/PCs which exhibit characteristics including continuous
expandability, stable neuronal and glial differentiation ability, and
the capacity to generate functionally matured neurons in monolayer culture system (Elkabetz et al., 2008; Falk et al., 2012; Koch
et al., 2009; Zhang et al., 2001). Previous studies have demonstrated that several lines of hiPSCs differentiated into lt-NES cells,
and the transplantation of hiPSC-derived lt-NES cells is a promising approach for stem cell-based therapy (Fujimoto et al., 2012; Oki
et al., 2012).
The previously described accumulating evidence suggests that
iPSC-based cell therapy is theoretically feasible. However, it
remains challenging to achieve clinically relevant iPSC-derived
cell products, which are free from animal products. With an aim
for clinical use, Nakagawa and his colleagues have developed a
novel culture system for hiPSC generation and expansion under
feeder-free and xeno-free conditions (Nakagawa et al., 2014). This
system is noteworthy considering the conventional and classical
culture methods for iPSCs, which required xenogenic factors, such
as bovine serum albumin, in addition to mouse feeders. Thus, this
xeno-free approach has been considered relatively free from the
risks of graft rejection, viral or bacterial infections and lot-to-lot
variation. hiPSC-derived cell therapy products must be generated
using a robust, reproducible, and clinically compliant manufacturing process and meet quality standards. In this report, it is
noteworthy that hiPSCs were generated from peripheral blood
mononuclear cells in a feeder-free system, which is less invasive to
donors. However, it remains unclear whether iPSC-derived somatic
cells could be generated using a xeno-free culture procedure
because the protocol to induce differentiation of iPSCs into speciﬁc cell-types and the maintenance of iPSC-derivatives required
various types of cytokines, growth factors and serum. In the case
of lt-NES cells, the procedures to generate lt-NES cells from hiPSCs
and expand the lt-NES require various animal-origin products or
undeﬁned components, such as knockout serum replacement, B27,
and N2 supplement.
In the present study, we describe a procedure to generate
lt-NES cells from feeder-free cultured hiPSCs under xeno-free
conditions. In this system, we applied StemFit® AS200, a newly
developed xeno-free deﬁned medium, with a similar component
of the xeno-free medium suitable for iPSCs (Nakagawa et al., 2014).
Our present method is expected to practically promote the clinical
application of hiPSCs-derived NS/PCs for the regenerative medicine
of central nervous system (CNS) diseases and injuries, including
spinal cord injury, stroke and traumatic brain injury (Okano et al.,
2013).

2. Materials and methods
2.1. Components of StemFit® AS200
StemFit® AS200, developed by Ajinomoto Co., Inc., Japan,
contains twenty-one amino acids (l-Alanine, l-Arginine, lAsparagine, l-Aspartic Acid, l-Cysteine, l-Cystine, l-Glutamic Acid,
l-Glutamine, Glycine, l-Histidine, l-Isoleucine, l-Leucine, l-Lysine,
l-Methionine, l-Phenylalanine, l-Proline, l-Serine, l-Threonine, lTryptophan, l-Tyrosine and l-Valine), ten vitamins (l-Ascorbic
Acid, Cobalamin, Biotin, Folic Acid, I-inositol, Niacinamide, dCalcium Pantothenate, Pyridoxine Hydrochloride, Riboﬂavin and
Thiamine Hydrochloride), and ﬁve trace minerals (Cupric Sulfate,
Ferric Sulfate, Ferric Nitrate, Zinc Sulfate and Sodium selenite).
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All ingredients are highly deﬁned or puriﬁed materials, and none
of the ingredients are derived from non-human animal sources.
Large-scale manufacturing of StemFit® AS200 has been achieved in
well-validated and qualiﬁed factories in Japan.
2.2. Cell culture
hiPSC lines (1210B2 and 1231A3) were established from peripheral blood mononuclear cells (PBMC) obtained from the same
healthy adult donor (Cellular Technology Limited, Shaker Heights,
OH) under xeno-free and feeder-free conditions via the transduction of reprogramming factors (Oct4, Sox2, Klf4, L-Myc, dominant
negative p53, EBNA1) with episomal vectors (Nakagawa et al.,
2014; Okita et al., 2013). The hiPSC line 201B7 was established
from adult human ﬁbroblasts via the transduction of the reprogramming factors Oct3/4, Sox2, Klf4, and c-Myc using retroviral
vectors (Takahashi et al., 2007). Feeder-free hiPSC lines were maintained as previously described (Nakagawa et al., 2014). Brieﬂy,
hiPSCs were cultivated on human recombinant laminin fragment
iMatrix-511 (Nippi, Inc., Tokyo, Japan)-coated (0.5 g/cm2 ) tissue culture plates in StemFit® AK03 (Ajinomoto) and passaged via
dissociation into single cells using TrypLE Select (Thermo Fisher
Scientiﬁc, Waltham, MA). A ROCK inhibitor, Y-27632 (Wako Pure
Chemical Industries, Osaka, Japan), was used only at the time
of plating at a concentration of 10 M (Watanabe et al., 2007).
The next day, the medium was changed to fresh StemFit® AK03
without Y-27632. A medium change was performed every other
day. hiPSCs were passaged every 8–10 days when they reached
70–80% conﬂuency. For lt-NES cell generation, hiPSC lines were
induced to differentiate as previously described with slight modiﬁcations (Fig. 2A) (Chambers et al., 2009; Falk et al., 2012).
Feeder-free hiPSCs were dissociated into single cells using TrypLE
Select (Thermo Fisher Scientiﬁc) and re-aggregated to form embryoid bodies (EBs) using 96-well low cell-adhesion plates (Sumilon
PrimeSurface plateM; Sumitomo Bakelite Co., Ltd., Tokyo, Japan)
at a density of 5000 cells/well (100 l) in N2 medium that contained Dulbecco’s modiﬁed Eagle’s medium nutrient mixture F12
(DMEM/F12; Wako Pure Chemical Industries), 2 mM l-glutamin,
1.6 g/l glucose, Penicillin/Streptomycin and N2 supplement (Gibco;
Thermo Fisher Scientiﬁc, Waltham, MA) for the conventional
method or StemFit® AS200 (Ajinomoto) without ﬁbroblast growth
factor 2 (FGF2) for the xeno-free method; both methods were supplemented with 100 nM LDN-193189 (Stemgent, Cambridge, MA)
and 500 nM A83-01 (Stemgent). The medium was changed every
day. On day 5, EBs were attached to tissue culture plates precoated
with poly-l-ornithine (PO) and 10 g/ml laminin (Sigma–Aldrich,
St. Louis, MO) in N2 medium supplemented with 20 ng/ml FGF2
(Peprotech, Rocky Hill, NJ) for the conventional method; the xenofree method used tissue culture plates precoated with 0.1 g/cm2
iMatrix-511 in StemFit® AS200. During the subsequent 7-day culture, neural rosette structures were developed. On day 12, they
were manually selected with needles under a microscope and
maintained in suspension culture for 3 days in N2 medium for the
conventional method or StemFit® AS200 for the xeno-free method.
On day 15, ﬂoating neural rosette derived spheres were plated
on tissue culture plates in the same medium. On day 18, the
attached neural rosettes were dissociated into single cells with TrypLE Select and plated on a PO/laminin-coated plate in N2 medium
supplemented with 10 ng/ml FGF2 and 0.1% B27 (Gibco; Thermo
Fisher Scientiﬁc) for the conventional method or StemFit® AS200
for the xeno-free method. The medium was changed every other
day. Cells were passaged every 3–4 days with TrypLE Select and
seeded at a density of 2.0 × 104 cells/cm2 . For human recombinant laminin coating, tissue culture plates were precoated with
L111, L211, L332, L411, L511, or L521 (all obtained from BioLamina, Stockholm, Sweden) at a concentration of 1.1 g/cm2 .
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Fig. 1. AF22 can be maintained in StemFit® AS200. (A) Mean growth rate of AF22 cultured in N2 medium (conventional) or StemFit® AS200 (xeno-free) for ﬁve passages.
Immunostaining for NS/PC markers (Sox1, Sox2, and Nestin) (B) and rosette markers (Dach1 and PLZF) (C) after ﬁve passages in N2 medium (conventional) or StemFit® AS200
(xeno-free). Scale bars: 50 m. (D) Quantiﬁcation of Sox1-, Sox2-, and Nestin-positive cells.

Cells were cryopreserved in STEM-CELLBANKER (Nippon Zenyaku
Kogyo, Fukushima, Japan) at −80 ◦ C using a standard slow-freezing
method.
Neurosphere induction of the human iPSC line 201B7 was performed as previously described (Okada et al., 2008; Nori et al.,
2011). The use of human fetal forebrain tissue-derived neurosphere
lines (oh-NSC-3-fb and oh-NSC-7-fb) was approved by the ethical committees of Keio University (Permit Number: 20030092)
and neurospheres were cultured using the method described
by (Kanemura et al., 2002). Hindbrain tissue-derived lt-NES cell
line SAI1 were cultured as previously described (Tailor et al.,
2013).

2.3. Differentiation of lt-NES cells to neuronal and glial lineages
Neuronal and glial differentiation was performed as previously described (Koch et al., 2009). lt-NES cells were plated on
PO/laminin-coated 8-well chamber glass slides at a density of
2.5 × 104 cells/cm2 in Neurobasal medium (Gibco; Thermo Fisher
Scientiﬁc) containing 2% B27 and 1% GlutaMAX (Gibco; Thermo
Fisher Scientiﬁc), a 1:1 ratio mixture of Neurobasal medium containing 2% B27 and 1% GlutaMAX and N2 medium containing 0.1%
B27 and 0.5% fetal bovine serum, or a medium that consisted of
media hormone mix (Shimazaki et al., 2001) supplemented with
2% B27, 1% non-essential amino acids (Sigma–Aldrich), 60 ng/ml
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Fig. 2. lt-NES cells can be generated from PBMC-derived hiPSCs established under a feeder-free and xeno-free culture system using StemFit® AS200. (A) Scheme of lt-NES
cell induction using N2 medium (conventional) and StemFit® AS200 (xeno-free). (B) Representative images of neural rosette (b, i) and lt-NES cells (c, j) derived from the
feeder-free hiPSC lines 1210B2 and 1231A3 (a, h), respectively. Both lt-NES cell lines express rosette markers (d, e, k, l) and NS/PC markers (f, g, m, n). Scale bars=100 m. (C)
Quantiﬁcation of Sox1-, Sox2-, Nestin-, and Pax6-positive cells. (D) Flow cytometric proﬁles of lt-NES cells, which indicate the percentage of cells that express the antigen
(red line) versus the isotype control (blue dot line). (E) Mean growth rate of 1210B2-lt-NES cells and 1231A3-lt-NES cells for three passages. (F) Representative karyotypes of
1210B2-lt-NES cells at passage 21 and 1231A3-lt-NES cells at passage 17.

T3 (Sigma–Aldrich), 10 ng/ml leukemia inhibitory factor (Nacalai
Tesqu Inc., Kyoto, Japan), and 25 ng/ml ciliary neurotrophic factor
(R&D Systems, Minneapolis, MN) as previously described (Hu et al.,
2009; Kang et al., 2007; Numasawa-Kuroiwa et al., 2014). Half of
the medium was changed every 2 or 3 days.

2.4. Intracerebral transplantation of hiPSC-derived lt-NES cells
All mouse studies were conducted in strict accordance with
the Guide for the Care and Use of Laboratory Animals of the Central Institute for Experimental Animals (CIEA). The experimental
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protocols were approved by the Animal Care Committee of CIEA
(Permit Number: 11029A).
1210B2- derived lt-NES cells (2.0 × 106 cells per mouse) suspended in PBS were bilaterally injected into the striatum of
9-week-old female NOD/Shi-scid, IL-2R␥null (NOG) mice (CLEA
Japan, Tokyo, Japan). The cells were injected stereotaxically using a
glass capillary (inner diameter = 75 m, outer diameter = 100 m;
Sutter Instrument, Novato, CA) connected to a 25-l Hamilton
syringe (1 mm anterior and 2 mm lateral from bregma and 3 mm
below the brain surface) and monitored for 12 weeks. The grafted
animals were deeply anesthetized and perfused with PBS, followed
by 4% paraformaldehyde (PFA) in PBS. The dissected brains were
dehydrated in 100% ethanol, cleared in xylene, and embedded in
parafﬁn. 5-m-thick serial axial sections were cut and processed
for hematoxylin–eosin (H&E) staining and immunohistochemistry.
2.5. Immunochemistry
Cells were ﬁxed in 4% PFA in PBS for 15–20 min at room temperature and washed in PBS. The cells were subsequently permeabilized
and blocked in a blocking solution that contained 5% fetal bovine
serum and 0.3% Triton X-100 in PBS for 1 h at room temperature.
Primary antibodies subsequently described were diluted in a blocking solution and incubated with the cells at 4 ◦ C overnight. After
washing with PBS, secondary antibodies conjugated to Alexa ﬂuor
488, 555 and/or 647 (Molecular Probes; Thermo Fisher Scientiﬁc)
were diluted in 1:1000 and incubated for 1 h at room temperature. Cell nuclei were counterstained with 1 g/ml Hoechst 33258
(Sigma–Aldrich). Images were acquired using a ﬂuorescence microscope (Apoptome; Carl Zeiss, Jena, Germany) and/or a confocal
laser scanning microscope (LSM700; Carl Zeiss). For the quantitative analysis, immunopositive cells were quantiﬁed and normalized
to the total number of Hoechst-stained nuclei by imaging using
IN Cell Analyzer 6000 (GE Healthcare, Little Chalfont, U.K.). For
immunohistochemistry, parafﬁn-embedded brain sections were
deparafﬁnized and rehydrated, followed by antigen retrieval with
Target Retrieval Solution (Dako, Glostrup, Denmark) in an autoclave
(121 ◦ C for 10 min). The sections were subsequently blocked with
Blocking One (Nacalai tesque) for 1 h at room temperature and incubated overnight at 4 ◦ C with the primary antibodies subsequently
described. Following three washes with PBS, they were incubated
in a mixture of the secondary antibodies previously described at
room temperature for 1 h. The cell nuclei were counterstained
with 1 g/ml Hoechst 33258. Following three washes with PBS,
the sections were mounted and examined under a confocal laser
scanning microscope (LSM700; Carl Zeiss). The following primary
antibodies were used for immunochemistry: Sox1 (goat IgG; 1:500;
R&D Systems, Minneapolis, MN), Sox2 (mouse IgG; 1:500; R&D
systems), Nestin (rabbit IgG; 1:300; Immuno-Biological Laboratories Co., Takasaki, Gunma, Japan and mouse IgG; 1:200; Millipore,
Billerica, MA), Pax6 (rabbit IgG; 1:400; BioLegend, San Diego,
CA), Dach1 (rabbit IgG; 1:100; Proteintech Group, Inc., Chicago,
IL), PLZF (mouse IgG; 1:50; Millipore), ␤III-tubulin (mouse IgG;
1:500; Sigma–Aldrich), microtubule-associated protein 2 (MAP2;
mouse IgG; 1:500; Sigma–Aldrich and rabbit IgG; 1:500; Millipore), NeuN (mouse IgG; 1:200; Millipore), HuC/D (mouse IgG;
1:100; Thermo Fisher Scientiﬁc), Synapsin I (rabbit IgG; 1:500;
Sigma–Aldrich), Islet1 (mouse IgG; 1:1000; Developmental Studies
Hybridoma Bank [DSHB], Iowa City, IA), glutamate decarboxylase
67 (GAD67; mouse IgG; 1:500; Millipore), tyrosine hydroxylase
(TH; rabbit IgG; 1:500; Millipore), 5-hydroxytrytamine (5-HT; goat
IgG; 1:400; Immunostar, Hudson, WI), glial ﬁbrillary acidic protein
(GFAP; rabbit IgG; 1:10,000; DAKO), myelin basic protein (MBP; rat
IgG; 1:1000; AbD Serotec, Raleigh, NC), galactocerebroside (GalC;
mouse IgG; 1:500; Millipore), human cytoplasmic marker STEM121
(mouse IgG; 1:100; StemCells, Inc., Cambridge, U.K.), human GFAP

(STEM123; mouse IgG; 1:500; StemCells Inc.), and human nuclear
antigen (HNA; mouse IgG; 1:100; Millipore).
2.6. Flow cytometry
For ﬂow cytometry analysis, the cell suspension was prepared at a concentration of 3.0 × 105 cells/50 l and stained with
ﬂuorescent conjugated antibodies (TRA-1-60-PE, BD Biosciences,
Heidelberg, Germany; PSA-NCAM-APC, Miltenyi Biotec, Bergisch
Gladbach, Germany; CD133-APC, Miltenyi Biotec; CD184-PE, Miltenyi Biotec; and CD24-FITC, BD Biosciences). The antibodies were
diluted in a blocking buffer that contained 0.5% Bovine Serum Albumin and 2 mM EDTA (pH 8.0) in PBS on ice for 30 min in the dark.
After the antibody was discarded, the cells were resuspended in
the blocking buffer and analyzed using a ﬂow cytometer (Verse;
BD Biosciences). The data were analyzed using FlowJo software
(v7.6; TreeStar, Ashland, OR). 7AAD (BD Biosciences) was added
for live/dead discrimination, and an isotype control was used to set
up the background ﬂuorescence.
2.7. Microarray analysis
Total RNA was extracted with an RNAeasy Kit (Qiagen, Hilden,
Germany), and the RNA quality was assessed using an Agilent
2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). Total RNA
(200 ng) was reverse-transcribed, labeled with biotin using the
Target Amp-Nano Labeling Kit for Illumina Expression BeadChip
(Epicentre, an Illumina Company, Madison, WI), and hybridized to
a HumanHT-12 v4 BeadChip (Illumina, Inc., San Diego, CA) according to the manufacturer’s instructions. The array was washed and
stained using an Illumina gene expression kit. Raw intensity values
were acquired using an iScan microarray scanner (Illumina). The
raw probe intensity ﬁles were exported using Illumina GenomeStudio gene expression software (v1.9.0) and loaded into R for
background correction, quantile normalization and log (base 2)
conversion with the limma package. The gene set was ﬁltered
based on the expression levels to remove the genes, which are not
expressed in all samples. For the hierarchical clustering, the normalized data were calculated based on spearman correlation with
average linkage.
2.8. Microelectrode array recording
Microelectrode array (MEA) recording was performed using the
Maestro system (Axion Biosystems, Atlanta, GA). To prepare neurons for array recording, 12-well MEA plates were precoated with
Matrigel (growth factor reduced; BD Biosciences) for 1 h at 37 ◦ C. ltNES cells were subsequently plated onto the electrode area in the
MEA plate at a density of 2.0 × 105 cells/50 l in each well. Once
the cells were attached, Neurobasal medium supplemented with
2% B27 and 1% GlutaMAX, was added to the well. The medium
was subsequently changed every 2 days. The data were acquired
using a sampling rate of 12.5 kHz and ﬁltered using a 200–3000 Hz
Butterworth band-pass ﬁlter. A detection threshold was set to
+6.0 × SD of the baseline electrode noise. Spike raster plots were
analyzed using Neural Metric Tool (Axion Biosystems). The spike
count ﬁles generated from the recordings were used to calculate
the number of active electrodes (deﬁned as an electrode having
an average of more than 5 spikes/min) in each well, the average
per-active electrode mean ﬁring rate (MFR or spikes/min) and the
standard deviation of the average per-active electrode MFR. The
data from the initial 3 min in each data ﬁle were omitted to enable
the activity to stabilize in the Maestro, and 10–15 min of activity
was subsequently recorded. To ascertain the biological nature of
the recordings, the GABA-A receptor antagonist bicuculline methiodide (Bicuculline, Sigma–Aldrich) was added at a concentration of
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50 M, and the activity was recorded, followed by tetrodotoxin
(TTX, Wako) administration to block the activity at a concentration
of 1 M.

3. Results
3.1. Stable lt-NES cell expansion using StemFit® AS200
To apply lt-NES cells to regenerative medicine, they should be
induced and maintained in a xeno-free culture system. We initially examined whether the StemFit® AS200 is suitable and the
lt-NES cells could be maintained in an attempt to induce lt-NES
cells from PBMC-derived iPSCs in chemically deﬁned xeno-free
medium. In the previous reports, N2 based medium has mainly
been used for the lt-NES cell induction and proliferation (Chambers
et al., 2009; Falk et al., 2012; Koch et al., 2009). We thus utilized StemFit® AS200 for lt-NES cell induction and expansion. We
ﬁrst determined whether StemFit® AS200 is a suitable medium for
lt-NES cell expansion. AF22 (lt-NES cell line derived from hiPSCs
established from human adult ﬁbroblast (Falk et al., 2012)) was
maintained in N2 medium or switched to StemFit® AS200 for ﬁve
passages. The growth rate of the AF22 cultured in StemFit® AS200
(xeno-free) was nearly comparable to the AF22 cultured in N2
medium (conventional) (Fig. 1A). AF22 retained the expression of
NS/PC markers (Sox1, Sox2 and Nestin) and rosette markers (Dach1
and PLZF) following culture in StemFit® AS200 (Fig. 1B–D). These
data suggest that StemFit® AS200 is applicable for lt-NES cell maintenance and expansion.

3.2. lt-NES cell induction from hiPSCs using StemFit® AS200
To evaluate the efﬁciency of lt-NES cell induction using
StemFit® AS200, we subsequently performed side-by-side derivation of the feeder-free 201B7 hiPSC line, which was established
from human ﬁbroblasts by retroviral transduction, and preevaluated the long-term safety (Nori et al., 2011, 2015; Takahashi
et al., 2007) using conventional N2 medium and StemFit® AS200.
The lt-NES cell derivation protocol (described in Falk et al., 2012;
Chambers et al., 2009) is shown in Fig. 2A with slight modiﬁcations.
This protocol comprises ﬁve stages: feeder-free culture of hiPSCs,
EB formation, neural rosette formation, neural rosette sphere culture, and lt-NES cell expansion. In the previously reported lt-NES
cell derivation protocol, on-feeder hESC or hiPSC colonies were
lifted up from the feeder cells, dissociated into small aggregates,
and grown in suspension culture for EB formation (Chambers et al.,
2009; Falk et al., 2012; Koch et al., 2009). However, this step cannot
be applied for feeder-free pluripotent stem cells because they do
not form tight colonies. Therefore, we applied a quick aggregation
method as previously described by (Eiraku et al., 2008). Following cultivation of a few passages under feeder-free condition using
human recombinant laminin fragment iMatrix-511 and xeno-free
medium StemFit® AK03, dissociated hiPSCs were cultured in each
well of a low cell-adhesion 96-well plate (spindle shape-bottomed),
which enabled them to proliferate and form uniformly sized EBs.
The morphologies of the neural rosette and lt-NES cells derived
from feeder-free 201B7 hiPSCs in N2 medium (conventional) and
StemFit® AS200 (xeno-free) were comparable with each other, and
both expressed rosette markers and NS/PC markers (Fig. S1A). There
were no signiﬁcant differences in the percentage of NS/PC markerpositive cells (Fig. S1B and C) and growth kinetics (Fig. S1D). These
data suggest that StemFit® AS200 is suitable for lt-NES cell induction.
Supplementary Fig. S1 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.neures.2016.04.003.
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3.3. Generation of lt-NES cells from feeder-free and xeno-free
hiPSCs
To determine whether this xeno-free lt-NES cell derivation
method is clinically applicable, we subsequently differentiated hiPSCs established by a clinically relevant protocol at Center for iPS
cell Research and Application (CiRA) into lt-NES cells. The hiPSC
lines 1210B2 and 1231A3 were established from PBMC of the
same healthy donor under xeno-free and feeder-free conditions
by transduction of reprogramming factors (Oct4, Sox2, Klf4, LMyc, dominant negative p53 and EBNA1) with episomal vector
(Nakagawa et al., 2014; Okita et al., 2013). We performed xeno-free
lt-NES cell (xf-lt-NES cell) induction from these feeder-free hiPSC
lines using StemFit® AS200. The resulting immunocytochemical
analysis indicated that 1210B2-derived lt-NES cells (1210B2-ltNES cells) and 1231A3-derived lt-NES cells (1231A3-lt-NES cells)
expressed rosette markers and NS/PC markers (Fig. 2B and C).
There were no Oct4- or Nanog-positive cells (data not shown). Flow
cytometric analysis also demonstrated a high percentage of NS/PC
marker-positive cells in the 1210B2-lt-NES cells and 1231A3-lt-NES
cells (Fig. 2D). Furthermore, their growth rates were comparable
with each other (Fig. 2E), and they retained a normal karyotype
over 15 passages (Fig. 2F). These data suggest that PBMC-derived
hiPSC lines can be differentiated into lt-NES cells established under
a xeno-free and feeder-free culture system using StemFit® AS200.
For lt-NES cell expansion, poly-l-ornithine/mouse laminin
(PO/mL) is used as a substrate. To achieve a completely deﬁned
culture system, we assessed various isoforms of commercially
available human laminin (L111, L211, L332, L411, L511, or L521)
for coating matrices. We ﬁrst compared the relative proliferative
capacity of 1210B2-lt-NES cells cultured on these laminin isoforms.
The total number of 1210B2-lt-NES cells was determined seven
days after seeding an equal number of cells. The 1210B2-lt-NES
cells proliferated on L111, L332, L511, and L521 comparable to
PO/mL (Fig. S2A). We subsequently assessed whether the NS/PC
character is retained on the human laminin isoforms L111, L332,
L511, and L521. After cultured on each human laminin isoforms
for seven days, 1210B2-lt-NES cells were ﬁxed and stained for
NS/PC markers (Fig. S2C). The percentages of NS/PC marker-positive
cells cultured on L111 were comparable with PO/mL and relatively
higher than other human laminin isoforms (L332, L511, and L521)
(Fig. S2B). Although reproductive and detail investigations are necessary, these data suggest that L111 is a strong candidate suitable
for lt-NES cell expansion as a xeno-free substrate.
Supplementary Fig. S2 related to this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.neures.2016.04.003.
3.4. Xeno-free and conventional hiPSC-derived lt-NES cells from
various origins exhibit similar gene expression patterns
To investigate whether hiPSC-derived lt-NES cells induced by
StemFit® AS200 have similar gene expression patterns as cells
induced by conventional medium, we performed a microarray experiment (Analyzed samples: three feeder-free-hiPSC lines
(201B7-ff-hiPSC, 1210B2-ff-hiPSC, and 1231A3-ff-hiPSC), 201B7derived neurosphere (Nori et al., 2011), two human fetal forebrain
tissue-derived neurosphere lines (oh-NSC-3-fb and oh-NSC-7fb (Kanemura et al., 2002)), six lt-NES cell lines (201B7-lt-NES
cell induced by StemFit® AS200 or N2 medium, 1210B2-lt-NES
cell induced by StemFit® AS200, 1231A3-lt-NES cell induced by
StemFit® AS200, AF22 (Falk et al., 2012), and human fetal hindbrain
tissue-derived lt-NES cell line SAI1 (Tailor et al., 2013))). A hierarchical cluster analysis showed that the lt-NES cell lines exhibited
close correlations, which indicates high similarity among the ltNES cells derived from various origins (Fig. 3). Interestingly, the
gene expression proﬁles of 201B7-derived lt-NES cells induced by
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3.6. xf-lt-NES cells differentiate into neurons and glia in vivo

Fig. 3. lt-NES cells from different sources showed similar characteristics. Hierarchical clustering among three feeder-free hiPSC lines (ff-hiPS) and nine NS/PC
lines including six lt-NES cell lines of different origins. Similarity between samples was deﬁned as the spearman correlation between the log-ratio expression
proﬁles. Analyzed samples: feeder-free hiPSC lines (201B7-ff-hiPS, 1210B2-ff-hiPS,
and 1231A3-ff-hiPS), two human fetal forebrain tissue-derived neurosphere lines
(oh-NSC-3-fb and oh-NSC-7-fb), six lt-NES cell lines (201B7-lt-NES [Con and Xf],
1210B2-lt-NES [Xf], 1231A3-lt-NES [Xf], AF22 [Con], and SAI1 [Con]), and 201B7neurosphere induced by different method. Con: lt-NES cells induced by N2 medium,
Xf: lt-NES cells induced by StemFit® AS200.

N2 medium and StemFit® AS200 are similar to each other, whereas
the proﬁles of the 201B7-derived neurosphere induced by different
methods were distinct from them. These data indicate that lt-NES
cells exhibit similar gene expression patterns regardless of their
origins and derivation medium.
3.5. xf-lt-NES cells differentiate into functional neurons
We assessed whether xeno-free hiPSC-derived lt-NES cells
retain the capacity to differentiate into neurons and glia. Over
a period of 2 weeks in conditions that promote differentiation, 1210B2-lt-NES differentiated into substantial numbers of
␤III-tubulin-, NeuN-, and Synapsin1-positive neurons and GFAPpositive cells (Fig. 4Aabc). Although the colocalization of MBP, GalC
and ␤III-tubulin indicated the myelinating axon-like process, no
oligodendrocyte-like morphology was identiﬁed after at least 4
weeks of in vitro differentiation (Fig. 4Ad). Clusters of neurons also
expressed MAP2, a marker for more mature neurons (Fig. 4Af).
These neurons contained small numbers of tyrosine hydroxylase
(TH)-positive dopaminergic (Fig. 4Ae), Islet1-positive (Fig. 4Af), 5HT-positive serotonergic (Fig. 4Ag), and GAD67- and GABA-positive
GABAergic neurons (Fig. 4Ah). These data indicate that xeno-free
lt-NES cells differentiate into neurons and glia. We subsequently
investigated the electrophysiological activity of lt-NES cell-derived
neurons using a microelectrode array (MEA) recording system.
After plating lt-NES cells on the MEA plate, we cultured them in the
neuronal differentiation medium and recorded the spontaneous
activity (Fig. 4B). The spontaneous activity of the 1210B2-lt-NES
cells gradually increased and remained high over 100 days after
in vitro differentiation (data not shown). To conﬁrm these signals
reﬂect the neuronal network activity and this culture responds to
the synapse receptor-related drugs, we applied the GABA-A receptor antagonist bicuculline methiodide to the culture media at 101
DIV. Bicuculline administration increased the ﬁring rate and the
number of active electrodes, which indicates that some GABAergic
neuronal activity was blocked. The subsequent administration of
TTX, which blocks voltage-gated sodium channels, completely terminated the ﬁring activity (Fig. 4C and D). These ﬁndings indicate
that 1210B2-lt-NES cell-derived neurons maintained long-term
spontaneous neuronal activity and formed functional ion channels.

To determine whether xeno-free hiPSC-derived lt-NES cells
retain the neurogenic potential following transplantation in vivo,
1210B2-lt-NES cells (1.0 × 106 cells, passage 20) were bilaterally
injected into the striatum of NOG mice. The animals were sacriﬁced after 12 weeks and immunohistochemical analysis was
performed. A substantial number of human cytoplasm speciﬁc
marker STEM 121-positive grafted cells remained in the transplanted site (Fig. 5A). No tumor formation was identiﬁed in
1210B2-lt-NES cell-grafted mice (Fig. 5B) as assessed with H&E
staining. The human nuclei antigen (HNA)-positive grafted cells
mainly differentiated into NeuN-, HuC/D- and Synapsin1-positive
neurons (Fig. 5C and D), and some cells expressed subtype speciﬁc markers, such as TH and GAD67 (Fig. 5E and F). Furthermore,
STEM123 (human GFAP speciﬁc antibody) and GFAP-positive astrocytes and MBP-positive cells were also detected (Fig. 5G and H).
These data demonstrate that xeno-free hiPSC-derived lt-NES cells
survive and differentiate into neurons and glia in vivo.

4. Discussion
In this study, we established a protocol to induce lt-NES cells
from hiPSCs under xeno-free and feeder-free conditions. As the
clinical grade hiPSC lines established at CiRA are maintained under
xeno-free and feeder-free culture conditions using StemFit® AK03
and iMatrix-511 (Nakagawa et al., 2014), we optimized the lt-NES
cell induction method from hiPSCs established and cultured under
the same conditions. We demonstrated that StemFit® AS200 is suitable for lt-NES cell induction and expansion (Figs. 1, 2, and S1). The
described StemFit® AS200 formulation is xeno-free and designed to
meet the quality requirements in clinical settings, thereby ensuring
lot-to-lot consistency. We also demonstrated that human laminin
isoform L111 supports the proliferation of hiPSC-derived lt-NES
cells and maintained their NS/PC character (Fig. S2). This ﬁnding is
reasonable because L111 is the main component in Matrigel, which
is used for NS/PC expansion in monolayer cultures (Chambers et al.,
2009). We used PO/mouse laminin for lt-NES cell expansion instead
of human laminin; thus, this culture system must be standardized to a completely xeno-free system for clinical application in
the future.
The growth rate and expression of NS/PC marker of hiPSCderived lt-NES cells induced by StemFit® AS200 were comparable to
lt-NES cells induced by conventional N2 medium, which contains
animal-derived undeﬁned components (Fig. S1D). In addition, ltNES cells induced by StemFit® AS200 cells were maintained for long
periods, while retaining normal karyotypes (Fig. 2F). These ﬁndings
demonstrate the feasibility of this culture system for manufacturing clinically relevant NS/PCs for cell therapy applications.
In this study, we also investigated the global gene expression
proﬁle of NS/PCs from various origins and derivation methods
(Fig. 3). Hierarchical clustering indicated that hiPSC-derived NS/PCs
(lt-NES cells and neurosphere) clustered apart from human fetal
tissue-derived neurosphere. The hiPSC line 201B7-derived neurosphere is not clustered together with the fetal tissue-derived
neurosphere, which suggests that their similarity is not dependent
on their culture conditions, but instead on their origin. However,
lt-NES cells shared similar expression proﬁles regardless of their
origin or derivation medium. Importantly, 201B7-derived lt-NES
cells induced by conventional or xeno-free methods exhibited relatively high correlations, which suggests that lt-NES cells can be
consistently derived using this xeno-free culture system.
One of the mechanisms by which transplanted NS/PCs promote
functional recovery is that they differentiate into neurons, integrate
into the injured neural tissue and form synaptic connections with
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Fig. 4. hiPSC-derived xf-lt-NES cells differentiated into functional neurons in vitro. (A) Neuronal and glial differentiation of 1210B2-lt-NES cells (a, b: 14 DIV; c, d: 28 DIV).
(e–h) Subtypes of neuronal differentiation at 28 DIV. Cell nuclei were stained with Hoechst. Scale bar = 50 m. (B–D) Evaluation of neuronal network activity in neurons
differentiated from 1210B2-lt-NES cells using a MEA system. (B) Representative images of cultured neurons differentiated from 1210B2-lt-NES cells on the 64-electrode
array. Scale bars = 200 m. (C and D) Effects of the GABA-A receptor antagonist Bicuculline and TTX on the mean ﬁring rate at 101 DIV. (C) Mean % change in the mean ﬁring
rate (spikes/min) after chemical treatment. Mean ﬁring rate per active electrode in the basal condition was considered 100%. (D) Representative images of raster plot and
activity map after chemical administration. Neurons exhibited spike synchronization and an increased mean ﬁring rate. The neuronal activity was completely inhibited by
the sodium channel blocker TTX.
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Fig. 5. hiPSC-derived xf-lt-NES cells transplanted into mouse striatum survived and differentiated into neurons and glia. (A) STEM121-positive 1210B2-derived lt-NES cells
survived in the striatum of host mice 12 weeks after transplantation. Scale bar = 1 mm. (B) Representative H&E image of 1210B2-derived lt-NES cell-grafted mice. Scale
bar=100 m. (C–H) Confocal immunoﬂuorescence microscopy indicates a substantial number of HNA- or STEM121-positive cells are NeuN-(C), HuC/D-(D), and Synapsin1(D) positive cells. Some cells are GFAP-(G a,b) and MBP-(H) positive, which indicates that 1210B2-lt-NES cells differentiated into three neural lineages in vivo. A small number
of TH-(E) and GAD67-(F) positive cells were identiﬁed. Scale bars = 10 m.
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host neurons (Okano et al., 2003; Abematsu et al., 2010; Nori et al.,
2011; Cummings et al., 2005). We demonstrated that 1210B2-ltNES cells differentiated into electrophysiologically and synaptically
connected neurons in vitro (Fig. 4).
Moreover, they differentiated into neurons and glia after being
grafted in the mouse brain (Fig. 5). These transplant-derived neurons contained small numbers of TH-positive dopaminergic and
GAD67-positive GABAergic subtypes. These results suggest that
hiPSC-derived lt-NES cells induced by a xeno-free method differentiate into neurons and glia and contribute to functional recovery
in vivo. Thus, it is expected that the present method would contribute to the regenerative medicine of CNS diseases and injuries
in the future.
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