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Background: Dopamine neurons derived from induced pluripotent stem cells have been widely studied for the
treatment of Parkinson's disease. However, various difficulties remain to be overcome, such as tumor formation,
fragility of dopamine neurons, difficulty in handling large numbers of dopamine neurons, and immune reactions.
In this study, human induced pluripotent stem cell-derived precursors of dopamine neurons were encapsulated
in agarose microbeads. Dopamine neurons in microbeads could be handled without specific protocols, because
the microbeads protected the fragile dopamine neurons from mechanical stress.
Methods:hiPS cells were seeded on aMatrigel-coated dish and cultured to induce differentiation into a dopamine
neuronal linage. On day 18 of culture, cells were collected from the culture dishes and seeded into U-bottom 96-
well plates to induce cell aggregate formation. After 5 days, cell aggregates were collected from the plates and

microencapsulated in agarose microbeads. The microencapsulated aggregates were cultured for an additional
45 days to induce maturation of dopamine neurons.
Results: Approximately 60% of all cells differentiated into tyrosine hydroxylase-positive neurons in agarose
microbeads. The cells released dopamine for more than 40 days. In addition, microbeads containing cells could
be cryopreserved.
Conclusion: hiPS cells were successfully differentiated into dopamine neurons in agarose microbeads.
General significance: Agarose microencapsulation provides a good supporting environment for the preparation
and storage of dopamine neurons.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Parkinson's disease (PD) is a neurodegenerative disease mainly
caused by selective loss of dopamine (DA) neurons in the substantia
nigra [1]. L-3,4-Dihydroxyphenylalaninedopa and DA receptor agonists
have been administered to patients in pharmaceutical treatments of
PD [2–4]. Unfortunately, these treatments cannot always be implement-
ed for long periods due to their side effects, such as dyskinesia, and the
efficacy of these treatments gradually decreases. In recent years, cell re-
placement therapy has been considered as an alternative method to
treat PD. Brain tissues from aborted fetuses have been transplanted
into PD patients. Methods for engrafting DA neurons and the associated
physiological recoveries have differed between reports [5–7], possibly
due to immatureDAneurons in the fetal brain tissue or to an insufficient
number of DA neurons in the graft. In addition, the shortage of donors
and ethical concernsmake it difficult to accept cell replacement therapy
as the normal course of treatment for PD.
81 75 751 4646.
a).
Pluripotent stem cells, such as embryonic stem (ES) cells and in-
duced pluripotent stem (iPS) cells, have been regarded as new sources
for cell transplantation therapy [8,9]. The cells can expand in number
without limit under the undifferentiated condition, and can be differen-
tiated into multiple cell types. Differentiation protocols to turn pluripo-
tent cells into DA neurons have been reported [10–12]. Differentiated
DA neurons from ES cells and iPS cells were previously transplanted
into PD model animals to demonstrate the efficacy of these cells in the
treatment of PD [10–12].

Although DA neurons derived from pluripotent stem cells are
considered to have utility in human PD patients, various difficulties
still remain to be overcome. First, tumor formation must be carefully
considered in cell transplantation therapy using iPS-derived cells [13,
14]. Undifferentiated pluripotent stem cells and neural progenitors
contained in transplants may proliferate and overgrow in the host
brain [15]. It has been claimed that the risk of tumor formation can be
reduced by maturing cells for a long period in vitro before transplanta-
tion [16,17]. Second, graft rejection by the host immune system is
unavoidable in transplantation therapy and should be carefully con-
trolled.When DAneurons derived from ES cells are used, the graft is ex-
pected to be recognized as allogeneic tissue and thus will be rejected by
the host immune system [18,19]. Evenwhen iPS cells are derived froma
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patient, the reprogrammingprotocolsmay affect the immunogenicity of
the grafts [20,21]. In addition, approximately 100 iPS cell lines with
human leukocyte antigen (HLA) homozygotes [22] are planning to be
established and banked. Due to economic reasons, these cells will be
used as sources for cell preparations for patient treatments. Third, al-
though a small number of DA neurons are sufficient to demonstrate
the efficacy of cell replacement therapy in PDmodelmice andmonkeys,
a large number of cells are needed to treat humanPDpatients. Sufficient
numbers ofmatured DA neurons are not usually collected from cells ad-
hered on dishes, because matured neurons are very fragile and are eas-
ily damaged by mechanical and enzymatic stress [23]. Fourth, when a
patientwill be treated by transplantation, sufficient amounts of DAneu-
rons should be supplied in a timely fashion, requiring a method of pres-
ervation for DA neurons.

Encapsulation technique was widely studied for the preparation of
many types of cells in vitro [24]. Some researchers reported that pluripo-
tent stem cells differentiated into DA neurons in alginate microcapsules
[25] or synthetic polymer hydrogel [26]. However, the behavior of DA
neurons in long-term culture has not been well characterized. We have
been evaluating themicroencapsulation of islets of Langerhans in agarose
microbeads, which effectively protects the cells from rejection in the
transplantation model and from mechanical stress [27,28]. In this study,
we examined the utility of this cell encapsulation technique for overcom-
ing the abovementioned difficulties with applying DA neurons to PD
patients.
2. Methods

2.1. Human iPS (hiPS) cell culture and differentiation into DA neurons

Three lines of hiPS cells (201B7 line [29] and 253G1 line [30], RIKEN
Cell Bank, Ibaraki, Japan. Squeaky line, JCRB Cell Bank, National Institute
of Biomedical Innovation, Osaka, Japan) were used in this study. 201B7
and 253G1 lines were derived from dermal fibroblasts of the same pa-
tient. Squeaky line was derived from human fetus lung cells (MRC-5).
All experiments were performed in accordance with ethical guidelines
of our university and the cell banks. Undifferentiated hiPS cells were
maintained on SNL 76/7 cells (ECACC, Salisbury, UK) as a feeder layer,
as previously described [31]. hiPS cells were differentiated into DA-
releasing cells via a previously reported method with some modifica-
tions [10]. Details of the differentiation culture are shown in Fig. 1. Undif-
ferentiated hiPS cells were seeded on Matrigel (BD Bioscience, San Jose,
CA, USA)-coated cell culture dishes. Cells were cultured in DMEM/F12
medium (Invitrogen, Carlsbad, CA, USA) supplemented with 2.5 mM
GlutaMax, 15% KnockOut Serum Replacement (Invitrogen), and
0.1 mM 2-mercaptoethanol (Nacalai Tesque, Inc., Kyoto, Japan) at 37 °C
under 5% CO2. Ten micromolar SB 431542 (Wako Pure Chemical Indus-
tries, Osaka, Japan.), 100 nM LDN193189 (Wako), 3 μM CHIR99021
(Wako), 100 ng/mL sonic hedgehog N-terminus (R&D Systems, Minne-
apolis, MN, USA), 2 mM purmorphamine (Wako), and 100 ng/mL fibro-
blast growth factor-8 (Wako) were added to culture medium in a time-
dependent fashion. KnockOut Serum Replacement was gradually shifted
to N2 supplement (Invitrogen) from day 5 to day 11. On day 11, the cul-
ture medium was changed to DMEM/F12 supplemented with 2.5 mM
GlutaMax, 2% B27 supplement (Invitrogen), 10 ng/mL brain-derived
neurotropconhic factor (BDNF, Wako), 10 ng/mL glial cell line-derived
neurotrophic factor (GDNF, Wako), 0.2 mM ascorbic acid (Nacalai
Tesque), 0.5 mM dibutyryl cyclic adenosine monophosphate (dcAMP,
Nacalai Tesque), 1 ng/mL transforming growth factor β3 (TGF-β3, R&D
Systems), 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells
were cultured for an additional week for the maturation of neuronal
cells. On day 18, subpopulations of the cells were used for the following
experiments. The remaining cells were subcultured on a laminin
(50 μg/mL)/poly-L-ornithine (50 μg/mL) (LM/PLO)-coated dish for
further maturation.
2.2. Formation of cell aggregates

On day 18, cells were detached from culture dishes by treatment
with Accumax (Innovative Cell Technologies, Inc., San Diego, CA, USA)
for 3 min. Cells were suspended in DMEM/F12 containing 2.5 mM
GlutaMax, 2% B27 supplement, 10 ng/mL BDNF, 10 ng/mL GDNF,
0.2 mM ascorbic acid, 0.5 mM dcAMP, 1 ng/mL TGF-β3, 100 U/mL pen-
icillin, and 100 μg/mL streptomycin. U-bottom 96-well plates (BD
Falcon, San Jose, CA, USA) were pre-coated with 2% pluronic F127 over-
night to inhibit cell adhesion. After washing with phosphate-buffered
saline (PBS) five times, the cells were seeded into the wells at a density
of 6000 cells/well and centrifuged at 1000 rpm for 3min. The cells were
cultured in an incubator at 37 °C in a 5% CO2 atmosphere for 5 days to
induce the formation of cell aggregates.

2.3. Agarose microencapsulation

Cell aggregateswere enclosed in agarosemicrobeads as previously re-
ported [24]. Briefly, approximately 2000 cell aggregatesweremixedwith
3mL of 5% agarose (Taiyo Agarose, AG LT-600, Shimizu Shokuhin KK, Shi-
zuoka, Japan)/PBS at 40 °C in a glass centrifuge tube. Then, 15mLof liquid
paraffin (Nacali Tesque) at 40 °C were added to the centrifuge tube. The
tubewas shaken on ice to form small droplets of the agarose solution and
to induce gelation. The microbead suspension was centrifuged at
2000 rpm for 5min, and the liquid paraffinwas removed. The suspension
was washed twice with PBS, and the microbeads containing cell aggre-
gates were selected under a microscope. Encapsulated cells were
suspended in DMEM/F12 containing 2.5 mM GlutaMax, 2% B27 supple-
ment, 10 ng/mL BDNF, 10 ng/mL GDNF, 0.2 mM ascorbic acid, 0.5 mM
dcAMP, 1 ng/mL TGF-β3, 100 U/mL penicillin, and 100 μg/mL streptomy-
cin. Culture medium was replaced with fresh medium every three days.
Encapsulated cells were cultured in a static condition for 45 days.

2.4. Cell viability assay

The live/dead assaywas performed by staining cellswith calcein-AM
and propidium iodide (PI). Cell aggregates were exposed to medium
containing 1 μg/mL calcein-AM and 2 μg/mL PI for 1 h and then washed
twicewith PBS. The fluorescentmicrophotographs of cells were record-
ed using a confocal microscope (Fluoview FV10i, Olympus Optical Co.,
Ltd., Tokyo, Japan).

2.5. DA secretion and high-performance liquid chromatography (HPLC)

Microencapsulated cell aggregates (1200) were washed twice with
PBS supplemented with 0.33 mM Mg2+ and 0.9 mM Ca2+. The cells
were incubated for 30 min in 56 mM KCl/Hanks' balanced salt solution
(HBSS) supplemented with 0.33 mMMg2+ and 0.9mMCa2+ to induce
depolarization of cells. The supernatant was collected, and 0.1 mM
ethylenediamine-N,N,N′,N′-tetraacetic acid (EDTA) and 0.1 M
perchloric acid were added to the supernatant to inhibit DA degrada-
tion. The same number of non-encapsulated cell aggregates cultured
on LM/PLO was used as a control.

A TSK-GEL Super-ODS column (100 × 4.6 mm; TOSOH, Tokyo, Japan)
and an EC8020 electrochemical detector (TOSOH) were used for HPLC of
the supernatant. The mobile phase was composed of 0.1 M citrate buffer
solution (pH 2.5), 0.1 mM EDTA, 5 mM sodium 1-octanesulfonate, and
3% (v/v) methanol. The flow rate of the mobile phase was 1.2 mL/min.

2.6. Immunofluorescence

Antibodies against octamer-binding transcription factor 3/4 (Oct3/4,
1:50, rabbit polyclonal, Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), stage-specific embryonic antigen-4 (SSEA-4, 1:200,mousemono-
clonal, Merck Millipore, Billerica, MA, USA), Nanog (1:200, rabbit
monoclocal, Cell Signaling Technologies, Inc., MA, USA), Tra-1-81



Day 0 5 11 181373 23

SB431542

LDN193189

CHIR99021

shh, FGF -8,
Purmorphamine

BDNF, GDNF, AA, dcAMP, TGF

1

KSR N2 B27

Cell aggregates
forma�on Microencapsula�on

5 11 181373 23

SB431542

LDN193189

CHIR99021

shh, FGF -8,
Purmorphamine

BDNF, GDNF, AA, dcAMP, TGF-β3

1

KSR N2 B27

40 68 82

Long-term culture (sta�c culture)

23 40 68

82

IHC, Live/Dead IHC, Live/DeadAgarose-microencapsulated aggregates

Control: Non-encapsulated aggregates

DA secre�on

26 8604

Cryopreserva�on

23 40 68

IC

68

Decapsula�on

Live/Dead

33 47 54 61

Agarose-microencapsulated aggregates

Control: Non-encapsulated aggregates cultured on LM/PLO substrate

IHC, Live/Dead,
DA secre�on IHC, Live/DeadLive/Dead

Freezing & Thawing

Agarose-microencapsulated aggregates

Fig. 1. Experimental protocol. hiPS cells were differentiated into DA neurons in culture medium supplemented with several inhibitors and cytokines. Cells were collected from a dish and
applied to U-bottom 96-well plates at a density of 6000 cells/well to form cell aggregates on day 18. The cell aggregates were encapsulated in agarosemicrobeads on day 23.Microencap-
sulated aggregates were cultured in a static condition for 45 days.
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(1:200,mouse monoclocal, Cell Signaling Technologies), β-tubulin III
(1:500, rabbit monoclonal, Covance, Princeton, NJ, USA), tyrosine hy-
droxylase (TH, 1:200, mouse monoclonal, Millipore, and 1:200, mouse
monoclonal, Covance), forkhead box protein A2 (FoxA2, 1:100, goat
polyclonal, Santa Cruz), LIM homeobox transcription factor 1 alpha
(Lmx1a, 1:1000, rabbit polyclonal, Millipore), nuclear receptor related
1 protein (Nurr1, 1:100, rabbit polyclonal, Santa Cruz) and glialfibrillary
acidic protein (GFAP, 1:200, mouse monoclonal, Millipore) were used
for immunohistochemistry. Cells were fixed with 4% paraformaldehyde
in PBS for 1 h at room temperature, and then sequentially soaked in 5%
sucrose/PBS for 12 h at 4 °C, 10% sucrose/PBS for 12 h at 4 °C, and 20%
sucrose/PBS for 12 h at 4 °C. The cells were embedded in Tissue-Tek
(Sakura Finetechnical Co. Ltd., Tokyo, Japan) and frozen. Frozen speci-
mens of 8 μm thickness were prepared.

The specimens were treated with 0.2% Triton X-100 solution for
15min at room temperature to permeabilize the cells, andwere treated
with Blocking One Reagent (Nacarai Tesque) for 90 min to block non-
specific adsorption of antibodies. Antibody solutions were applied to
the specimens and incubated for 1 h at room temperature. After wash-
ing with PBS containing 0.05% Tween 20, the specimens were treated
with Alexa Fluor 594 anti-mouse IgG, Alexa Fluor 488 anti-rabbit IgG,
and Alexa Fluor 594 anti-goat IgG (Invitrogen) at a dilution of 1:500
for 1 h at room temperature, then washed with PBS containing 0.05%
Tween 20. The cell nuclei were counterstained with 1 μg/mL Hoechst
33258 (Dojindo Laboratories, Kumamoto, Japan). The localization of
secondary antibodies was analyzed with a fluorescent microscope
(BX51 TRF, Olympus Optical Co., Ltd., Tokyo, Japan). To determine the
ratio of TH-positive cells, cells were carefully identified on merged im-
ages enlarged with computer software. Cells were counted at three
sites on the same sample, and these datawere averaged. At least a thou-
sand of cells were counted on each experiment. Data are shown as
mean ± standard deviation (sd) for three independent experiments.
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2.7. Reverse transcription polymerase chain reaction (RT-PCR)

On days 25, 40, and 68 of culture, encapsulated cells were collected
into a centrifuge tube and washed with cold PBS. The microcapsules
were homogenized on ice with a sonicator (VP-30S, Titec, Saitama,
Japan). Total RNAwas extractedwith the SV Total RNA Isolation System
(Promega Corp., Madison, WI, USA). First-strand cDNA was prepared
from the RNA by reverse transcription using the Transcriptor First
Strand cDNA Synthesis Kit (Roche Applied Science, Mannheim,
Germany) primed by oligo(dT)18. cDNA was then amplified by PCR
using the following specific primers [32]: Oct 3/4, 5′-ATT CAG CCA
AAC GAC CAT CT-3′ and 5′-ACA CTC GGA CCA CAT CCT TC-3′; Nanog,
5′-AGC ATC CGA CTG TAA AGA ATC TTC AC-3′ and 5′-CGG CCA GTT
GTT TTT CTG CCA CCT-3′; E-cadherin, 5′-CGA CCC AAC CCA AGA ATC
TA-3′ and 5′-AGG CTG TGC CTT CCT ACA GA-3′; tubulin βIII, 5′-ACC
TCA ACC ACC TGG TAT CG-3′ and 5′-TGC TGT TCT TGC TCT GGA TG-3′;
TH, 5′-GAG TAC ACC GCC GAG GAG ATT G-3′ and 5′-GCG GAT ATA
CTG GGT GCA CTG G-3′; Nurr1, 5′-CTC CCA GAG GGA ACT GCA CTT
CG-3′ and 5′-CTC TGG AGT TAA GAA ATC GGA GCT G-3′; Lmx1b, 5′-
GCA GCG GCT GCA TGG AGA AGA TCG C-3′ and 5′-GGT TCT GAA ACC
AGA CCT GGA CCA C-3′; glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), 5′-ACC ACA GTC CAT GCC ATC AC-3′ and 5′-TCC ACC ACC
CTG TTG CTG TA-3′. The reaction mixtures (20 μL) containing 1 μL
cDNA template, 5U Takara Ex Taq DNA polymerase (Takara Bio Inc.,
Shiga, Japan), 1 μM sense primer, and 1 μM antisense primer were sub-
jected to PCR under the following thermal cycling conditions: denatur-
ation at 94 °C for 30 s, annealing at 56 °C for 30 s, and extension at 72 °C
HG
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2.8. Collection of cell aggregates from microbeads and adherent culture

Agarose microbeads were mechanically disrupted with a scalpel
under a microscope to collect cell aggregates. The cell aggregates
were seeded on a LM/PLO-coated dish and cultured in DMEM/F12
containing 2.5 mM GlutaMax, 2% B27 supplement, 10 ng/mL BDNF,
10 ng/mL GDNF, 0.2 mM ascorbic acid, 0.5 mM dcAMP, 1 ng/mL
TGF-β3, 100 U/mL penicillin, and 100 μg/mL streptomycin. After
14 days of culture, the cells were fixed with paraformaldehyde and
immunologically stained as the same way of Section 2.6.

2.9. Function of cell aggregates in microbeads after cryopreservation

Cell aggregates in agarose microbeads were cryopreserved as previ-
ously reported [18]. Chilled KYO-1 solution (5.38M ethylene glycol, 2M
dimethyl sulfoxide, 0.1 M polyethylene glycol 1000, and 0.00175 M
polyvinylpyrrolidone (molecular weight 10,000) in Euro-Collins solu-
tion) was used for vitrification. Briefly, on day 23, 800 cell aggregates
in agarose microbeads were suspended in 100 μL of Euro-Collins solu-
tion in a cryotube. Chilled KYO-1 solution was sequentially added and
the suspension was incubated as follows: addition of 10 μL KYO-1 and
incubation for 10 min at room temperature, addition of 5 μL KYO-1
and incubation for 15 min at room temperature, addition of 15 μL
KYO-1 and incubation for 15 min on ice, and addition of 980 μL KYO-1
I
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ndicate Oct 3/4 positive cells. D–F: Fluorescent micrographs of cells on day 18. Cells were
and β-tubulin III (F). G–I: High magnification images of D–F. Scale bar: 100 μm.
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Fig. 3. Effect of microencapsulation on the morphology of cell aggregates derived from hiPS
cells (253G1 line). A–D: Phase contrastmicrographs of cell aggregates before (A, C) and after
(B, D) microencapsulation. E, F: Hematoxylin and eosin staining of cell aggregates before
(E) and after (F) microencapsulation. G, H: Confocal images of cell aggregates before
(G) and after (H) microencapsulation. Cells were stained with calcein-AM (green) and PI
(red). Scale bars: 500 μm (A, B), 200 μm (C, D), and 100 μm (E–H).
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and incubation for 5 min at 0 °C. After these procedures, the cryotube
was quickly immersed in liquid nitrogen for 3 min, and then stored in
the vapor phase of liquid nitrogen. After 24 h of cryopreservation, the
cryotube was immersed into a 30% dimethyl sulfoxide-water solution
at room temperature to thaw the suspension rapidly. The suspension
was transferred to a conical tube containing 10mL Euro-Collins solution
and centrifuged at 1000 rpm for 3 min. The supernatant was discarded
and the microbeads were resuspended in 0.75 M sucrose solution
(DMEM/F12, 2% B27 supplement) and incubated at 0 °C for 30 min to
remove intracellular vitrification solution. Then, ice-cold culture medi-
um (1 mL DMEM/F12 plus 2% B27 supplement) was added every
5 min for 20 min. The final suspension was centrifuged at 1000 rpm
for 3 min and resuspended in culture medium. Cells were cultured for
17 days for maturation. Seven hundred cell aggregates in microbeads
were used for the analysis of DA secretion.

2.10. Statistical analysis

Data are shown asmean± standard deviation (sd) for at least three
independent experiments. The data were compared by Student's t-test.
All statistical calculations were performed by using the software JMP
(SAS Institute Inc., NC, USA).

3. Results

3.1. Differentiation of hiPS cells into DA neurons

hiPS 201B7 line and 253G1 line were mainly used in this study. The
cell lines were derived from the same patient. Dual-SMAD inhibition
and floor-plate induction protocol [10], which was developed for effec-
tive differentiation of human ES cells into midbrain DA neurons, was
used to induce differentiation of hiPS cells into DA neurons with some
modification (Fig. 1). Briefly, undifferentiated hiPS cells were seeded
on aMatrigel-coated dish and cultured inmedium containing inhibitors
and cytokines for 18 days. Morphological changes in the iPS cells were
observed after a few days in culture. Expression of pluripotent markers
such as SSEA-4 andOct 3/4 rapidly decreased andwas hardly detectable
at day 18 by immunohistochemistry (Fig. 2A–C). On day 18, 60–80% of
cells expressed midbrain DA neuron markers such as FoxA2, Lmx1a,
Nurr1 (Fig. 2D–E, G–H). At the time, half of the cells were positive for
β-tubulin III, a marker of both immature and mature neurons, but
most cells were negative for TH, a marker of DA neurons (Fig. 2F and
I). Progenitor cells and immature neurons coexisted in the culture. The
cells were subcultured onto LM/PLO substrate and cultured for an addi-
tional week to induce lineage-specific differentiation. Approximately
30% of the cells became TH-positive by day 25 (Fig. S1A). These observa-
tions indicate that the hiPS cellswere successfully differentiated into the
DA neuron lineage. On day 50, cells also expressed dopamine neuron
markers (Fig. S1B and S1C).

3.2. Agarose microencapsulation

On day 18 of culture, cells were collected from the culture dishes and
seeded into U-bottom 96-well plates pre-coatedwith pluronic F127 at a
density of 6000 cells/well to induce cell aggregate formation. After
5 days, a cell aggregate with diameter of 300–400 μm was found in
eachwell. The cell aggregateswere collected from the plates andmicro-
encapsulated in agarose microbeads as previously reported [27]. Fig. 3
contains phase contrast micrographs of microencapsulated cell aggre-
gates and images of hematoxylin and eosin staining of thin sections
before and immediately after microencapsulation. Cells exhibited a
compact multicellular morphology even after encapsulation (Fig. 3E
and F). Live/Dead assay revealed the most of cells were living after mi-
croencapsulation (Fig. 3G and H). No clear difference was observed in
the percentage of PI-positive cells between encapsulated cells and
non-encapsulated cells.
3.3. Long-term culture

Cell aggregateswere cultured for an additional 45 days to inducemat-
uration of DA neurons. Free cell aggregates that lacked microencapsula-
tion gathered together and formed large aggregates (Fig. 4A–C and E–
G). The core of the aggregates became dark. Cell necrosis was seen in
the core of an aggregate due to limited supplies of oxygen and nutrients
as indicated by considerable number of PI-positive cells (Fig. 4D and H).
TH-positive cells observed only in periphery of the aggregates (Fig. 4I–P).

When the cell aggregates were microencapsulated, formation of
large aggregates was inhibited and cells located at the center of the ag-
gregates were still living after long-term culture (Fig. 5A–H). Fig. 5I–P
contains immunofluorescent images of cell aggregates in microbeads.
Most of the cells were tubulin βIII-positive, and some cells became
TH-positive on days 40 and 68. The percentage of cells positive for
both tubulin βIII and TH were 42.0 ± 8.7% and 66.3 ± 7.1% on days 40
and 68, respectively. Encapsulated cells were also stained with other
DA neuron makers such as FoxA2, Lmx1A, Nurr1. GFAP-positive glial
cells were hardly detectable at day 40, but a few GFAP-positive cells
were observed on day 68 (Fig. S2).
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RT-PCR of these cell aggregates revealed the expression of tubulin
βIII and TH (Fig. 5R). Expression of other DA neuron markers, such as
Nurr1 and Lmx1b, were also detected by RT-PCR (Fig. 5R). These results
indicate that the cells were differentiated into DA neurons, which were
maintained in the cell aggregates after 68 days of culture. Pluripotent
stem cell markers Oct 3/4, Nanog, SSEA-4 and Tra-1-81were not detect-
ed in immunofluorescent images (Fig. S3) of encapsulated aggregates
on day 40 and day 68. RT-PCR, however, indicated that expression of
Oct 3/4 disappeared at day 25, but were slightly positive on day 40
and day 68 (Fig. 5R). Cell aggregates derived from hiPS Squeaky line
also could be maintained in agarose microbeads (Fig. S4). The encapsu-
lated cells were stained with DA neuron markers such as TH and Nurr1
(Fig. S4C-D) and produced an adequate amount of dopamine (Fig. S4E).
Agarose beads weremechanically disrupted on day 68 to collect cell ag-
gregates, whichwere seeded onto LM/PLO substrate. Many neurites ex-
tended from the aggregates within 1 day, and were elongated over
1 mm after 2 weeks (Fig. 6).
3.4. DA production

DA production by cells in microbeads was studied by depolarization
in 56 mM KCl. Twelve hundred cell aggregates were incubated for
30min in 0.5mL of 56mMKCl inHBSS. The supernatantswere collected
and analyzed by HPLC (Fig. 7A). The DA peak was small on day 26, but
became large and clearly visible after 61 days of cell culture (Fig. 7A).
The amounts of DA produced by the microencapsulated cells gradually
increased during culture. DA production was sustained to the end of
culture (Fig. 7B). The low level of DA production at day 26 was due to
insufficient maturation of cells, and coincided with a small ratio of TH-
positive cells in the cell aggregates at day 26.

DA production by cell aggregates that were cultured on LM/PLO sub-
strate (Fig. S5)was also examined to assess the effects ofmicroencapsu-
lation on DA production. DA production by cells in adherent culture
gradually increased throughout the culture period. The amounts of pro-
duction were similar to those of the encapsulated cells (Fig. 7B). No sta-
tistical difference in DA production was observed between cells on LM/
PLO substrate and cells in agarose beads.
3.5. Cryopreservation of encapsulated cell aggregates

Vitrificationwas employed for cryopreservation of cell aggregates in
agarose microbeads to avoid intracellular ice formation and to preserve
the integrity of agarose capsules [18]. Cell aggregates from day 23 were
used for cryopreservation. Microbeads and cell aggregates exhibited no
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morphological differences before and after freezing and thawing
(Fig. 8A, D). These cells were further cultured to induce maturation.
After 17 days, no morphological changes or cell death in the cell
aggregates were observed (Fig. 8B, E). TH-positive cells were observed
on day 40 (Fig.8I, K). The amounts of DA secreted from cryopreserved
cells were the same as those secreted by non-cryopreserved cells
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(Fig. 8M). After long-term culture, the cells were still living and
expressed DA neuron makers (Fig. 8C, F, J).
4. Discussion

The floor-plate induction protocol [10] was employed to induce dif-
ferentiation of iPS cells into DA neurons. On day 18, cells were detached
from culture dishes and applied to U-bottom 96-well plates to form cell
aggregates. The cell aggregates were enclosed into agarose microbeads
and cultured for differentiation into DA neurons. Approximately 66% of
all cells became DA neurons. Although LM/PLO substrate was employed
to mature cells into DA neurons in the original protocol, hiPS cells in ag-
gregates efficiently differentiated into DA neurons in agarose microcap-
sules. Cell aggregates without encapsulation adhered each to other and
formed large aggregates, and the amount of DA produced from these ag-
gregates was much smaller than that produced by the cell aggregates in
microbeads due to necrosis in the core of the large cell aggregates. Aga-
rose microbeads effectively inhibited formation of large cell aggregates
and did not disrupt the differentiation of hiPS cells into DA neurons. No
clear difference in DA production was observed between cells on LM/
PLO substrate and cells encapsulated in agarose beads (Fig. 7). DA from
DA neurons rapidly passed through the agarose layer of the microbeads
and was released into the medium, suggesting that the microbeads did
not hinder DA release. Additionally, DA neurons in the microbeads
could be handled without specific protocols, since the microbeads
protected the fragile DA neurons from mechanical stress.
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Once cells have been encapsulated, it is relatively easy to maintain
them in large quantities. More than 1000 capsules can be cultured in a
flaskwithout the need for special protocols. Cell aggregates inmicrobeads
can be cryopreserved (Fig. 8). DA-releasing cells should be supplied at the
time of patient transplantation. Therefore, cryopreservation of DA neu-
rons is one way to realize this goal. Attention should be paid to graft vol-
ume, as there is limited space in brain. When DA neurons are enclosed
into microbeads, the volume of the graft will become several times larger
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than that of cells without microencapsulation. It was reported that more
than 100,000 surviving DA neurons in each putamen are required for
the treatment of PD [9]. In the present study, each microbead contained
3 × 103–4 × 103 DA neurons, as estimated from the number of TH-
positive cells (Fig. 5) and from the measurements of DA release (Fig. 7).
Approximately 25–40 microbeads are required to treat a human patient,
for a total graft volume of less than 0.01mL. Itwill not be difficult to trans-
plant such a small volumeofmicrobeads. Taken together, theseproperties
indicate that agarose microbeads are suitable for preparing a large num-
ber of DA neurons for treatment of human PD patients.

Tumor formation is a substantial problemduring cell transplantation
therapy using iPS derived-cells [13,14]. Undifferentiated pluripotent
stem cells and neural progenitors contained in transplantsmay prolifer-
ate and overgrow in the host brain [15]. We expect that the risk of
tumor formation can be reduced by maturing cells for a long period
in vitro before transplantation, as previously reported [16,17]. However,
our RT-PCR analyses indicated that expression of Oct 3/4 disappeared at
day 25, but was again detectable at day 40 and day 68 (Fig. 5R). We are
uncertain as to the significance of the reoccurrence of Oct 3/4 expres-
sion at this point. Another pluripotent stem cell marker, Nanog, was
not detected by RT-PCR after differentiation culture. The pluripotent
stem cell markers such as Oct 3/4, Nanog, SSEA-4 and Tra-1-81 were
not detected in immunofluorescent images (Fig. S3). Presence of undif-
ferentiated cells should be carefully examined.

Graft rejection by the host immune system is unavoidable in trans-
plantation therapy. DA neurons derived from ES cells are expected to be
recognized as allogeneic tissue in patients. Reprogramming protocols for
the preparation of iPS cells may affect the immunogenicity of iPS cells
[18,19]. The host immune system responds to cells derived from these
cells [20,21]. Immune reactions against DA neurons from banked iPS
cells should be carefully controlled. Given the observations reported
here, we expect that agarosemicrobeadswill provide an environment fa-
vorable to the survival of DA neurons, as agarose microbeads effectively
protect allogeneic islet grafts from rejection in mice diabetes models
[27,28].

Some researchers have claimed that DA release in the substantia nigra
is not sufficient to treat PD, that DAneurons should be integratedwith the
host brain, and that DA release is regulated through synaptic connections
[9]. If these claimswere valid, agarosemicrocapsulation could become an
obstacle. We plan to carry out careful examinations of the functions of
microencapsulated DA neurons in vivo in future works.

5. Conclusion

hiPS-derived precursors of DA neurons were encapsulated in aga-
rose microbeads. Approximately 66% of all cells differentiated into TH-
positive neurons in agarose microbeads. These cells released DA for
more than 40 days. In addition, the microbeads containing cells could
be cryopreserved. Agarose microencapsulation therefore provides a
good supporting environment for the preparation and storage of DA
neurons.
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