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Abstract

The present study examined the efficacy of the neural induction method for human
induced pluripotent stem (iPS) cells to eliminate undifferentiated cells and to determine
the feasibility of transplanting neurally induced cells into guinea pig cochleae for
replacement of spiral ganglion neurons (SGNs). A stepwise method for differentiation
of human iPS cells into neurons was used. Firstly, a neural induction method was
established on Matrigel-coated plates. Characteristics of cell populations at each
differentiation step were assessed. Secondly, neural stem cells were differentiated into
neurons on a three-dimensional (3D) collagen matrix using the same protocol of culture
on Matrigel-coated plates. Neuron subtypes in differentiated cells on a 3D collagen
matrix were examined. Then human iPS cell-derived neurons cultured on a 3D collagen
matrix were transplanted into intact guinea pig cochleae, followed by histological
analysis. In vitro analyses revealed successful induction of neural stem cells from
human iPS cells with no retention of undifferentiated cells expressing OCT3/4. After
neural differentiation of neural stem cells, approximately 70% of cells expressed a
neuronal marker, 90% of which were positive for vesicular glutamate transporter 1
(VGLUTT). The expression pattern of neuron subtypes in differentiated cells on a 3D
collagen matrix was identical to the differentiated cells on Matrigel-coated plates. In
addition, the survival of transplant-derived neurons was achieved when inflammatory
responses were appropriately controlled. Our preparation method for human 1PS
cell-derived neurons efficiently eliminated undifferentiated cells and contributed to the

settlement of transplant-derived neurons expressing VGLUTT in guinea pig cochleae.
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1. Introduction

Sensorineural hearing loss (SNHL) is a common disease affecting hundreds of
millions of people worldwide. SNHL is largely caused by dysfunction of the cochlea, a
sensory organ in the inner ear. Spiral ganglion neurons (SGNs) are primary auditory
neurons in the mammalian cochleae. SGNs are localized in Rosenthal’s canal of the
cochlear modiolus and transmit sound stimulation from cochlear hair cells to the central
auditory system. At present, a cochlear implant (CI), which directly stimulates SGN's
through electrodes, is the only therapeutic option for patients with severe to profound
SHNL. Several clinical studies have indicated poor speech recognition in patients with
poor preservation of SGNs (Starr et al., 1996; Valero et al., 2012). If functional
restoration of SGNs can be achieved by cell transplantation, then the number of patients
who get clinical benefits from CIs will increase. In addition, SGN degeneration is also
one cause of SNHL (Keithley ez al., 1989). In such cases, the efficacy of SGN
regeneration for hearing recovery will be more direct.

Previous studies have demonstrated that cell transplantation is a potential method
for SGN regeneration (Chen et al., 2012; Coleman et al., 2006; Corrales et al., 2006; Hu
et al., 2005; Hu and Ulfendahl et al., 2005; Iguchi et al., 2003; Matsumoto ef al., 2008;
Nishimura et al., 2009; Nishimura et al., 2012; Ogita et al., 2009; Okano et al., 2005;
Palmgren et al., 2012; Reyes et al., 2008; Tamura et al., 2004). Embryonic stem cells
(ESCs) have been identified in these studies as the most promising source of transplants
because of their ability to generate auditory nerve-like glutamatergic neurons (Reyes et
al., 2008) and to form synaptic connections with cochlear hair cells (Corrales ef al.,
2006; Matsumoto et al., 2008) or the central auditory path (Chen et al., 2012).

Furthermore, a few studies have demonstrated functional restoration of SGNs via



transplantation of neural progenitors derived from mouse (Okano ef al., 2005) or human
(Chen et al., 2012) ESCs in animal models with SNHL. These findings indicated SGNs
to be the primary target for cell-based therapies in the treatment of hearing disorders.

The establishment of human (Takahashi et al., 2007; Yu et al., 2007) induced
pluripotent stem cells (iPS cells) has had a significant impact on regenerative medicine.
iPS cells enable one’s own cells to be used as transplants, which gives iPS cells a
substantial advantage over ESCs. Similar to ESCs, several neural induction methods
have been established for iPS cells (Nikoletopoulou and Tavernarakis 2012). These
neural induction methods have contributed to functional restoration of the central
nervous system in animal models of spinal cord injury (Fujimoto et al., 2012;
Kobayashi et al., 2012). Previous studies also have reported that iPS cells and ESCs
have an equivalent potential for SGN regeneration (Nishimura ef al., 2009). However,
using iPS cells carries a risk of tumorigenesis (Miura et al., 2009). Therefore,
researchers have attempted to reduce the risk of tumorigenesis by establishing
integration-free methods for generating iPS cells (Fusaki et al., 2009; Okita et al., 2008;
Stadtfeld et al., 2008) and using selected cell lines (Koyanagi-Aoi et al., 2013). One
solution may be to eliminate undifferentiated cells from transplants, and the use of
terminally differentiated cells is desirable (Doi et al., 2012).

Our ultimate goal is to replace SGNs in patients with SGN degeneration by
transplanting human iPS cell-derived neurons. To achieve successful clinical
application of human iPS cell-derived cells, we must focus on eliminating
undifferentiated cells from transplants and using terminally differentiated neurons. The
present study aimed to examine the efficacy of our method for neural induction of

human iPS cells to eliminate undifferentiated cells and to determine the feasibility of



transplanting differentiated neurons derived from human iPS cells into guinea pig
cochleae. In this study, we established neural induction method for human iPS
cell-derived neurons, and prepared transplants by differentiating neural stem cells into
neurons on a three-dimensional (3D) matrix. Finally, we transplanted these cells into

guinea pig cochleae and examined their fate.



2. Materials and Methods
2.1. Human iPS cells

The human iPS cell line 201B7 (Takahashi et al., 2007) was used in this study.
Human iPS cells were maintained according to the method of Ohnuki et al. (Ohnuki et
al., 2009). In brief, human iPS cells were cultured on SNL feeder cells treated with
mitomycin-C (Kyowa Hakko Kirin Co, Ltd, Tokyo, Japan) using human iPS cell
medium, Dulbecco’s modified Eagle’s medium (DMEM)/F-12 (Nacalai Tesque, Kyoto,
Japan) supplemented with 20% knockout serum replacement (KSR; Invitrogen,
Carlsbad, CA), 1% Glutamax (Invitrogen), 1% minimum essential medium nonessential
amino acid solution (Wako, Osaka, Japan), 0.1 mM 2-mercaptoethanol (Invitrogen),
100 U/mL penicillin, 100 ug/mL streptomycin, and 5 ng/mL recombinant human basic
fibroblast growth factor (bFGF; Wako). Passages were performed using a dissociation
solution, phosphate-buffered saline (PBS) containing 0.25% trypsin (Invitrogen), 1
mg/mL collagenase type IV (Invitrogen), 1 mM CaCl, (Wako), and 20% KSR.

To label human iPS cells with green fluorescent protein (GFP), 201B7 iPS cells
were transfected with PB-EF 1a-EiP piggyBac vector, which expresses
EGFP-IRES-PuroR under the control of human EF1a promoter, and PBasell plasmid,
which expresses piggyBac transposase, using a FuGENE HD (Promega, Tokyo, Japan)
lipofection reagent. After 3 days of plasmid transfection, stably transduced cells were
selected by 1 ug/mL of puromycin. The established cell line was designated as

201B7-GFP and was maintained similarly to 201B7.

2.2. Neural stem cell induction

Induction of neural stem cells from human iPS cells was performed according to a



modified method of Li et al (Li ef al., 2011). Human iPS cells were cultured in
SNL-conditioned medium on Matrigel (BD Biosciences, San Jose, CA)-coated
multiwell culture plates (Matrigel-coated plates) prior to neural induction.
SNL-conditioned medium was the culture supernatant of the SNL feeder cell culture
using human iPS cell medium for 16 h. Two small molecules were used to induce
neural stem cells from human iPS cells: CHIR99021, an inhibitor of glycogen synthase
kinase 33, and SB431542, a transforming growth factor-B-receptor antagonist. Human
1PS cells were cultured on Matrigel-coated plates for 7 days in DMEM/F12, which
included neurobasal medium (Invitrogen; 1:1) supplemented with 1xN2 (Invitrogen),
1xB27 (Invitrogen), 1% Glutamax, 3 uM CHIR99021 (CHIR; Cayman Chemical, Ann
Arbor, MI), 2uM SB431542 (SB; Sigma, St. Louis, MO), and 10° U/mL human
leukemia inhibitory factor (LIF; Nacalai Tesque). Induced cells were maintained in the
same medium and were passaged using Accumax (ICT, San Diego, CA). Overnight
treatment with a ROCK inhibitor (10 uM Y-27632; Wako, Osaka, Japan) was

performed during the initial few passages.

2.3. Neural differentiation of neural stem cells

Neural stem cells derived from human iPS cells were differentiated into neurons on
a Matrigel-coated plate, and the differentiated cells were used for reverse
transcription-polymerase chain reaction (RT-PCR) and immunocytochemistry analyses
to determine the characteristics.

SGNs are glutamatergic neurons. Previous studies have demonstrated neural stem
cells can differentiate into glutamatergic neurons under conditions without exogenous

morphogens (Li ef al., 2009; Liu and Zhang 2011). Therefore, neural stem cells derived



from human iPS cells were cultured in N2B27 medium for differentiation into neurons.
Neural stem cells were seeded on Matrigel-coated plates at a density of 5 x 10*
cells/cm” and cultured in neural stem cell medium for 2 days. Thereafter, the medium
was changed to N2B27 medium containing DMEM/F12: neurobasal medium (1:1),
supplemented with 1xN2, 1xB27, and 1% Glutamax for 7 or 14 days for neural
differentiation. After neural differentiation, the cells were identified by
immunocytochemistry and quantitative analyses of each marker were performed. The
number of each marker-positive cell was counted in three representative images, and

then the average number was calculated from three independent experiments.

2.4. Preparation of transplants on a 3D collagen matrix

Neural stem cells derived from human iPS cells were differentiated into neurons on
a 3D collagen matrix for preparation of transplants. An atelocollagen Honeycomb
sponge (Koken, Tokyo, Japan) served as the 3D collagen matrix. The 3D collagen
matrix is cubical in shape (length times width times height; 2 mm x 2 mm x 3 mm). For
cell attachment, the 3D collagen matrix was immersed in 200 pl of neural stem cell
suspension at a density of 2 x 10° cells/mL in neural stem cell medium in 96-well
culture plate. On the following day, the 3D collagen matrix was transferred to fresh
neural stem cell medium. Induction with N2B27 medium was initiated on the second
day after attachment and maintained in N2B27 medium for 7 days. Immediately after
7-day-differentiation of neural stem cells on a 3D collagen matrix, transplantation into
cochleae was performed. After 7-day-differentiation of neural stem cells on a 3D
collagen matrix, the number of differentiated cells was counted by NucleoCounter

NC-100™ (Chemometec, Allerod, Denmark), which is an automated cell counting



device using fluorescence of Propidium iodide (Shah et al., 2006). For quantification of
cell numbers on a 3D collagen matrix, the number of differentiated cells on a 3D
collagen matrix was counted using three samples per experiment. Three independent
experiments were conducted for calculating the average number. For quantification of
marker expression in cells cultured on a 3D collagen matrix, the ratio of each
marker-positive areas for BIII TUBULIN expressing areas was employed, because
counting numbers of each marker-positive cells on a 3D collagen matrix after
immunostaining was impossible. For measurement of each marker-positive area on a
3D collagen matrix, images were taken with a BioRevo fluorescent microscope,
BZ-9000 (Keyence, Osaka, Japan). Images with a focus on the bottom surface of a 3D
collagen matrix were used. The area was analyzed by application of BZ-9000, Hybrid
Cell Count BZ-H2C. We used two samples per experiment, and repeated the procedures

in three independent experiments for calculating the average value.

2.5. RT-PCR

Total RNA was extracted using an RNeasy Plus Mini Kit (Qiagen, Valencia, CA)
and reverse transcribed with 200 ng RNA using TagMan Reverse Transcription
Reagents and oligo (dT) 16 primer (Applied Biosystems, Foster City, CA). PCR
amplification was performed using an ExTaq HS™ Kit (Takara Bio, Shiga, Japan). The

primer sequences are shown in Table 1.

2.6. Immunocytochemistry
Cells were fixed in 4% paraformaldehyde (PFA) for 15 min. After

permeabilization with 0.2% Triton X-100 for 5 min, cells were treated with 1% bovine
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serum albumin (BSA; Wako) for 10 min at room temperature. Cells were then
incubated with primary antibodies (Table 2) overnight at 4°C. A 4-day incubation
period was required for anti-vesicular glutamate transporter 1 (VGLUT1) antibody. The
specimens were rinsed with PBS and incubated with fluorescent-labeled secondary
antibodies for 1 h at room temperature. Nuclear labeling was performed with 4°,
6-diamino-2-phenyl-indole (DAPI) staining (Invitrogen). Signals were visualized with
an Olympus BX50 microscope equipped with fluorescent filters (Olympus, Tokyo,

Japan) or a BioRevo fluorescent microscope, BZ-9000 (Keyence, Osaka, Japan).

2.7. Animals

The animal experimental protocol described in this study was approved by the
Animal Experimentation Committee of Kyoto University. Female Hartley guinea pigs
(purchased from Japan SLC Inc, Hamamatsu, Japan) were used in transplantation
experiments and for mesenchymal stromal cell (MSC) preparation. Transplant
recipients were four-week-old guinea pigs weighting 300-350 g; 8-12-week-old guinea

pigs were used for MSC preparation.

2.8. Preparation of guinea pig MSC

Bone marrow cells were obtained from guinea pig femoral bones following
euthanasia with an overdose of midazolam and xylazine. Their femurs were crushed
with a hammer and suspended in MSC medium, which consisted of DMEM low
glucose (Invitrogen), 10% fetal bovine serum, and antibiotics (100,000 mg/L sodium
penicillin G, 100 mg/L streptomycin sulfate; Wako). Bone marrow cells were seeded on

a tissue culture dish at a density of 1 x 10’ cells/mL. Nonadherent cells were removed at
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each medium change, which was performed every other day. After two passages,
adherent cells were collected for intravenous injection at a density of 1 x 10" cells/mL

in PBS to reduce immune responses in guinea pig cochleae.

2.9. Surgical procedures for transplantation

Animals were anesthetized with an intramuscular injection of midazolam (10
mg/kg) and xylazine (0.01 mg/kg). After local anesthesia with 0.5% lidocaine, the left
otic bulla was exposed via a postauricular incision, and a small hole was made in the
otic bulla to identify the round window and basal turn of the cochlea. Cochleostomy
was performed to access to the scala tympani in the basal turn of the cochlea. A 3D
collagen matrix alone or containing human iPS cell-derived cells was implanted into the
scala tympani of the cochlear basal turn. The cochleostomy site was closed with the
temporal fascia and a pedicled temporal muscle, which was covered with fibrin glue.
During the survival period, all animals received daily intramuscular injections of an

immunesuppressant (FK506, 1 mg/kg; Astellas, Tokyo, Japan).

2.10. Experimental groups

Normal guinea pigs (n = 4) received implantation of a 3D collagen matrix alone
into cochleae, followed by histological analysis 1 week later. Then, the animals were
used as sham-operated animals to evaluate whether surgical procedures using a 3D
collagen matrix cause cochlear inflammation or not. A 3D collagen matrix containing
human iPS cell-derive cells was transplanted into cochleae (n = 21). MSCs were
administered through the right jugular vein in animals immediately after transplantation

(n=14). And, animals were further divided into two groups according to their survival
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periods, which was either 1 (n =7) or 2 weeks (n = 7). As a control for MSC
administration, the remaining seven animals received an injection of PBS instead of

MSC, followed by histological analysis 1 week after transplantation.

2.11. Histological analysis of transplanted cochleae

One or 2 weeks after transplantation, animals were anesthetized with an overdose
of midazolam and xylazine and were intracardially perfused with PBS, followed by 4%
PFA. The left cochlea was collected and immersed in 4% PFA for 4 h at 4°C. After
decalcification with 0.1 M ethylenediaminetetraacetic acid for 2 weeks at 4°C, the
cochlea was immersed in 30% sucrose overnight and embedded in the Tissue-Tek
O.C.T. Compound (Sakura Finetek Japan, Tokyo, Japan). Cryostat sections (12-pm
thick) were affixed to Matsunami adhesive slide (MAS)-coated glass slides (Matsunami
Glass, Osaka, Japan).

Hematoxylin and eosin (HE) staining and immunostaining were used in
histological evaluation. HE staining was used to evaluate the gross morphology and
determine cell infiltration into the cochlea. For immunohistochemistry, the sections
were permeabilized and blocked with PBT1 solution (0.1% Triton X-100, 1% BSA,
0.02% sodium azide, 5% heat-inactivated goat serum in PBS) for 30 min. Primary
antibodies diluted in PBT1 solution were applied to samples for 16 h at 4°C, followed
by washing three times and incubation of secondary antibodies diluted in PBT2 solution
(0.1% Triton X-100, 0.1% BSA, 0.02% sodium azide in PBS) for 1 h at room
temperature. After a final rinse with PBS, nuclei were stained using DAPI.

Surviving transplanted cells were identified by the expression of both GFP and
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human nuclear antigen (HNA), with normal nuclear morphology demonstrated by DAPI
staining. The number of surviving cells was counted in five mid-modiolus sections of
each cochlea. Each of the average number per section was used for calculating the total

number of surviving transplanted cells in a cochlea.

2.12. Statistical analyses

The proportion of surviving transplanted cells per transplanted cells was compared
between the two groups using a Mann—Whitney U-test. All statistical analyses were
performed using a commercially available software package (GraphPad Prism,
GraphPad Software Inc, La Jolla, CA). Data are presented as mean + standard deviation;

a p-value less than 0.05 was considered statistically significant.

3. Results
3.1. Neural stem cell induction from human iPS cells

In the current study, we used a stepwise method for neural induction of human iPS
cells (Figure 1). The primary step was induction of neural stem cells using the
combination of glycogen synthase kinase 3f inhibitor and a transforming growth
factor-p-receptor from human iPS cells.

Human iPS cells expressed the pluripotent marker OCT3/4 (Figure 2A and Figure
2C). After the primary induction step, 201B7 and 201B7-GFP lines did not express
OCT3/4 (Figure 2B and Figure 2C), which indicated that no undifferentiated iPS cells
remained after the primary induction step. Instead, the remaining cells expressed the

neural stem cell markers NESTIN, SOX1, and PAX6 in RNA levels (Figure 2C), as well
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as NESTIN and SOX2 in protein levels (Figure 2B). In addition, the obtained neural
stem cells allowed passages more than 20 times. These findings demonstrate the
primary induction step successfully eliminated undifferentiated iPS cells and generated

neural stem cells from human iPS cells.

3.2. Neural differentiation of neural stem cells derived from human iPS cells

In the second induction step, we aimed to differentiate neural stem cells into
neurons, particularly glutamatergic neurons, which are consistent with neurons in the
auditory nerve. Differentiated cells that had been cultured in N2/B27 medium on
Matrigel-coated plates for 7 or 14 days were examined to determine the characteristics.
In samples of 14-day cultured cells, RT-PCR analysis revealed that a variety neuron
types were generated (Figure 3A). We found no difference in the expression patterns
between 201B7- and 201B7-GFP cells; both expressed the immature neuronal marker
doublecortin (DCX), neuronal marker MAP2 and SYNAPSINI, thus indicating the
neurons were in various stages of differentiation. In immunocytochemistry, both 7- and
14-day cultured cells exhibited the expression of NESTIN, BIII TUBULIN and
Neurofilament (NF) (Figure 3B). The proportions of BIII TUBULIN-positive cells in 7-
and 14-day cultured cells were 69.1 + 7.9% and 68.7 + 4.8%, respectively, which is
almost identical to previous findings in non-human ES cells (Shimada et al., 2012)
(Figure 3Da). Regarding NESTIN expression, the proportions in 7- and 14-day cultured
cells were 36.8 £2.9% and 30.3 + 3.9%, respectively. The proportions of NF-positive
cells in 7- and 14-day cultured cells were 6.8 + 2.9% and 18.3 + 1.1%, respectively.
GFAP-positive glia were present in 14-day cultured cells, but not in 7-day cultured cells

(Figure 3B). RT-PCR also revealed GFAP expression in 14-day cultured specimens
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(Figure 3A). These findings demonstrated that neural stem cells derived from human
1PS cells had the potential for differentiation into neurons or glia.

For neuron subtypes, RT-PCR analysis revealed the GABAergic neuronal marker
glutamate decarboxylase 67 (GADG67), glutamatergic neuronal marker 7-box brain 1
(TBR1), dopaminergic neuronal marker tyrosine hydroxylase (TH), or cholinergic
neuronal marker choline acetyltransferase (CHAT) (Figure 3A). These findings
indicated that various types of neurons were present in 14-day cultured cells.
Immunocytochemistry demonstrated that various types of neurons were present in both
7- and 14-day cultured cells, including VGLUT1-, TH-, and GABA-positive cells
(Figure 3C). The proportions of VGLUT1-positive cells in BIII TUBULIN- and
DAPI-positive cells were 96.3 + 1.4% and 95.0 &+ 3.4% in 7- and 14-day cultured cells,
respectively (Figure 3Db). The proportions of TH-positive cells were 3.0 + 1.6% and
3.2+ 1.9% in 7- and 14-day cultured cells, respectively. The proportions of
GABA-positive cells were 0.8 + 0.3% and 1.7 £ 2.3% in 7- and 14-day cultured cells,
respectively. Overall, the cell population in 7-day cultured cells was almost identical to
that in 14-day cultured cells for the proportion of neural subtypes. Based on these
findings, we adopted 7-day-differantiation of neural stem cells for the preparation of

transplants.

3.3. Preparation of transplants on a 3D collagen matrix

From the viewpoint that neurons are greatly damaged by detachment from culture
surface, differentiation of neural stem cells on a scaffold can be effective for the
feasibility of transplanting neurons into a cochlea. We, therefore, differentiated neural

stem cells into neurons on a 3D collagen matrix using the same protocol of culture on

16



Matrigel-coated plates. After 7-day-differentiation of neural stem cells on a 3D collagen
matrix, we harvested 9.2 + 1.9 x 10* cells on a 3D collagen matrix (n = 3).
Immunocytochemistry revealed that differentiated cells on a 3D collagen matrix
contained VGLUT1-, TH- or GABA-positive neurons (Figure 4A). The proportion of
VGLUTI1-positive areas in BIII TUBULIN-positive areas was 77.0 = 25.7% (Figure 4B).
The proportions of TH- and GABA-positive areas in BIII TUBULIN-positive areas were
8.6 + 14.2% and 5.7 + 2.1%, respectively. The expression pattern of VGLUT1, TH or
GABA in differentiated cells was almost similar to that in cultured cells on a
Matrigel-coated plate (Figure 3Db). In the following transplantation experiments, we
used the matrix containing human iPS cell-derived cells (9.2 x 10* cells) as a transplant,

which contained several types of neuronal cells at various stages of maturation.

3.4. Inflammatory response in guinea pig cochleae after transplantation and its
inhibition

To evaluate whether surgical procedures using a 3D collagen matrix causes
cochlear inflammation, four animals received implantation of a 3D collagen matrix
alone into cochleae as sham-operated animals, followed by histological analysis one
week after implantation. As a result, cochleae of sham-operated animals exhibited
limited infiltration of inflammatory cells, indicating that the implantation of a 3D
collagen matrix induced virtually no inflammation in guinea pig cochleae (Figure 5SA).

Transplantation of human iPS cell-derived cells into guinea pig cochleae is
xenografting. Therefore, we expected a severe immunoreaction in guinea pig cochleae
following transplantation, which is an obstacle to survival of transplanted cells. Our

preliminary experiment using conventional immunosuppression (intramuscular injection
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of FK506) demonstrated that any transplanted cells were not survived one week after
transplantation, indicating the necessity of additional treatments to reduce immune
rejection. Therefore, we examined whether MSCs were capable to reduce the immune
response leading to promotion of the survival of transplanted cells in guinea pig
cochleae (Aggarwal and Pittenger 2005; Bernardo et al., 2012; Le Blanc et al, 2008). In
total, 14 animals received transplantation, and thereafter were divided into two groups.
Seven animals received an intravenous injection of MSCs, whereas the remaining seven
animals received a PBS injection (Figure 1). One week after transplantation, we
compared the survival rate of transplanted cells and inflammatory cell infiltration
between MSC- and PBS-treated animals. PBS-treated animals exhibited severe
infiltration of inflammatory cells within and surrounding the transplants, whereas
MSC-treated animals showed limited inflammatory cell infiltration in their cochleae
(Figure 5A). Immunohistochemistry revealed that the inflammatory cells were positive
for CD45, a leukocyte marker (Figure 5B). The survival of transplanted cells was rarely
found in PBS-treated animals but was identified in all MSC-treated animals. The
proportions of surviving GFP-, HNA-, and DAPI-positive cells per transplanted cells in
a cochlea were 14.8 = 13.1% for MSC-treated animals and 0.6 = 1.6% for PBS-treated
animals, respectively. The difference in the survival number of transplanted cells
between the two groups was statistically significant (P = 0.0034; Figure 5C). Based on

these findings, we administered MSCs in the following transplantation experiments.

3.5. Survival of human iPS cell-derived neurons in guinea pig cochleae 1 week and
2 weeks after transplantation

To determine the survival period of transplanted cells after transplantation, the
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survival number of transplanted cells in the 1-week-survival group was compared with
that in the 2-week-survival group (Figure 1). Survival of transplanted cells was found in
all seven animals 1 week after transplantation, but in only three of seven animals 2
weeks after transplantation (Figure 6A). The proportions of surviving GFP-, HNA-, and
DAPI-positive cells per transplanted cells in the 1-week-survival group was 14.8 +
13.1%, which decreased significantly in the 2-week-survival group at 2.0 £ 3.5% (P =
0.0141, Figure 6B). The proportions of BIII TUBULIN-positive transplanted cells in the
1- and the 2-week-survival group were 64.3 + 25.4% and 90.7 + 5.4%, respectively.
And VGLUTI-positive neurons derived from transplanted cells were observed in both
groups (Figure 6C). The proportions of VGLUT 1-positive cells in BIII
TUBULIN-positive transplanted cells in the 1- and the 2-week-survival group were 90.7
+ 5.4% and 94.3 £ 7.0%, respectively. These results revealed that human iPS
cell-derived cells survived as neurons in guinea pig cochleae for 2 weeks following
transplantation. Furthermore, the majority of the surviving neurons exhibited a
glutamatergic phenotype. However, the number of surviving transplanted cells in the

2-week-survival group was decreased in comparison with that in the 1-week-survival

group.

4. Discussion

The current study had two aims. The first was the complete removal of
undifferentiated cells from transplants; the second was the settlement of
VGLUT1-expressing neurons in the cochlea by transplanting differentiated neurons
derived from human iPS cells. For the former aim, we succeeded in generating human

1PS cell-derived neurons without contamination from undifferentiated cells expressing
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OCT3/4. For the later aim, the settlement of human iPS cell-derived neurons expressing
VGLUT1 was achieved by implanting cultured cells on a 3D collagen matrix. However,
the present findings revealed that there was a problem in investigating the potential of
human iPS cells when xenografting into the cochlea. Conventional immunosuppression
was not effective in repressing inflammatory responses due to xenografting in the
cochlea. MSC application was required for the survival of human iPS cell-derived
neurons in guinea pig cochleae. Even with MSC application, the long-term survival of
human iPS cell-derived neurons in guinea pig cochleae was still challenging. Therefore,
we should use immune-deficient animals for evaluation of the functionality after
transplantation of human iPS cell-derived neurons.

Recent studies have indicated the necessity of eliminating pluripotent stem cells
from transplants to prevent tumor formation (Chung et al., 2006; Fukuda et al., 2006).
Furthermore, stem cells must be induced to differentiate into neurons expressing a
SGN-like phenotype for better functional restoration of SGNs. In our previous studies
with iPS cells, we used a stromal cell-derived inducing activity (SDIA) method for
neural induction (Nishimura et al., 2009; Nishimura ef al., 2012). After 6 or 7 days of
neural induction, the SDIA method successfully induced neural differentiation.
However, after neural induction of three different iPS cell lines, the proportions of
residual undifferentiated cells expressing OCT3/4 were over 50% (Nishimura ef al.,
2012). Furthermore, the SDIA method was originally developed as a differentiation
method for dopaminergic neurons, and the proportion of VGLUT1-positive neurons was
small after one week transplantation (Nishimura et al., 2009). Our present method for
neural induction of human iPS cells eliminated undifferentiated iPS cells and expanded

over 20 passages. In addition, the high efficiency of our method for induction of
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VGLUT1-positive neurons from human iPS cells is comparable with that of other
neural induction methods with neurons that may closely resemble SGNs (Lee ef al.,
2012; Purcell et al., 2013; Reyes et al., 2008).

In terms of future clinical applications that combine Cls and cell therapy, simple
and safe transplantation procedures are included in critical issues. Furthermore, if tumor
formation occurs in the cochlea, transplant-derived cells should be easily removed.
Therefore, we prepared transplants using a 3D collagen matrix and implanted them into
a cochlea. One or 2 weeks after transplantation, transplant-derived cells survived in 10
of 14 cochleae. Regarding the short-term survival within 2 weeks of transplantation, the
high survival ratio of transplanted cells indicates the stability of our transplantation
procedure using a 3D collagen matrix, which is comparable with that of other
transplantation procedures described previously (Corrales et al., 2006; Nishimura et al.,
2009; Ogita et al., 2009). To obtain functional restoration of SGNs, survival for at least
4 weeks post-transplantation is crucial (Chen et al., 2012; Okano et al., 2005). To
achieve the long-term survival of transplant-derived cells, proper neurotrophic support
and/or forming suitable environments may be indispensable. For this purpose,
cografting of growth factor-releasing cells or consistent infusion of growth factors to
transplanted sites should be utilized (Hu et al., 2005; Palmgren et al., 2012).

Cell transplantations aiming at functional restoration of SGNs face several
challenges. The differentiation of surviving transplanted cells into SGN-like neurons,
projection to the central auditory system, and formation of synaptic connections with
central auditory neurons are all major challenges. Although we did not observe neurite
outgrowth from transplanted cells toward SGNs in our present study, previous studies

have demonstrated that neuritis from transplanted cells that were settled in the scala
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tympani penetrated into Rosenthal’s canal via tiny holes (Coleman et al., 2006, Hu and
Ulfendahl et al., 2005). The tiny holes, Schuknecht’s canaliculae perforantes, are
present in the osseous spiral lamina, lining the medial wall of the scala tympani (Sando
etal., 1971, Lim and Kim et al, 1983, Lim, 1986). Therefore, Schuknecht’s canaliculae
perforante might be a corridor for neurites from transplanted neurons in the scala
tympani extending to host auditory neurons. We previously demonstrated the potential
of mouse ESC-derived cells for transplantation into the cochlea for functional
restoration of SGNs (Okano et al., 2005). In addition, a recent report has shown
restoration of auditory function by transplanting human ESC-derived cells (Chen et al.,
2012). In those studies, neural progenitors were directly injected into the cochlear nerve
trunk. As a result, transplanted cells survived as neurons with neurite elongation
migrated towards the brainstem and formed synaptic connections in the cochlear
nucleus. In previous studies, functionality improvement initiated 4 weeks after
transplantation. Regarding transplantation of neural stem cells into the cochlea, our
previous study demonstrated the majority of the surviving transplanted cells
differentiated into glia (Tamura ef al., 2004) and produced BDNF and glial cell
line-derived neurotrophic factor (GDNF) (Iguchi et al., 2003), which are known to have
trophic effects on SGNs (Shinohara et al., 2002; Yagi et al., 2000; Endo et al., 2005).
To achieve functional restoration of SGNs through transplantation of human 1PS

cell-derived cells, additional treatments, such as trophic support, may be required.

Conclusions
The present findings demonstrated that our method for neural induction of human

iPS cells efficiently eliminated undifferentiated cells and enabled the settlement of
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human iPS cell-derived VGLUT-1-expressing neurons in guinea pig cochleaec. However,
the long-term survival of transplant-derived cells was a future consideration. For future
functional restoration of SGNs with human iPS cell-derived cells, optimization of the
differential stages of iPS cells and the establishment of methods for promoting the
survival of transplanted cells are required. In addition, use of immune-deficient animals
including severe combined immune deficient (SCID) mice should be taken into

consideration.

Acknowledgments

This work was supported by the Project for Realization of Regenerative Medicine
from MEXT, JSPS KAKENHI Grant Number 23229009, Suzuken Memorial
Foundation and Uehara Foundation. Immunofluorescent microscopy and histological
analysis using BioRevo were performed at the Medical Research Support Center,
Graduate School of Medicine, Kyoto University, which was supported by Platform for
Drug Discovery, Informatics, and Structural Life Science from the Ministry of
Education, Culture, Sports, Science and Technology, Japan. The immunesuppressant
FK506 was donated by Astellas. The study sponsors had no role in the study design,

data analysis, or data interpretation or in the writing of the report.

Author Disclosure Statement

All authors declare that no competing financial interests exist.

23



References
Aggarwal S, Pittenger MF (2005) Human mesenchymal stem cells modulate allogeneic

immune cell responses. Blood 105: 1815-1822.

Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, Mclntosh K, Patil S, Hardy W,
Devine S, Ucker D, Deans R, Moseley A, Hoffman R (2002) Mesenchymal stem cells
suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo.

Experimental Hematology 30: 42-48.

Bernardo ME, Pagliara D, Locatelli F (2012) Mesenchymal stromal cell therapy: a

revolution in Regenerative Medicine? Bone Marrow Transplant 47: 164-171.

Chen W, Jongkamonwiwat N, Abbas L, Eshtan SJ, Johnson SL, Kuhn S, Milo M,
Thurlow JK, Andrews PW, Marcotti W, Moore HD, Rivolta MN (2012) Restoration of
auditory evoked responses by human ES-cell-derived otic progenitors. Nature 490:
278-282.

Chung S, Shin BS, Hedlund E, Pruszak J, Ferree A, Kang UJ, Isacson O, Kim KS
(2006) Genetic selection of sox1GFP-expressing neural precursors removes residual
tumorigenic pluripotent stem cells and attenuates tumor formation after transplantation.
J Neurochem 97: 1467-1480.

Coleman B, Hardman J, Coco A, Epp S, de Silva M, Crook J, Shepherd R (2006) Fate
of embryonic stem cells transplanted into the deafened mammalian cochlea. Cel/
Transplantation 15: 369-380.

Corrales CE, Pan L, Li H, Liberman MC, Heller S, Edge AS (2006) Engraftment and
differentiation of embryonic stem cell-derived neural progenitor cells in the cochlear

nerve trunk: growth of processes into the organ of Corti. J Neurobiol 66: 1489-1500.

Doi D, Morizane A, Kikuchi T, Onoe H, Hayashi T, Kawasaki T, Motono M, Sasai Y,
Saiki H, Gomi M, Yoshikawa T, Hayashi H, Shinoyama M, Refaat MM, Suemori H,
Miyamoto S, Takahashi J (2012) Prolonged maturation culture favors a reduction in the
tumorigenicity and the dopaminergic function of human ESC-derived neural cells in a

primate model of Parkinson's disease. Stem Cells 30: 935-945.

24



Endo T, Nakagawa T, Kita T, Iguchi F, Kim TS, Tamura T, Iwai K, Tabata Y, Ito J
(2005) Novel strategy for treatment of inner ears using a biodegradable gel.
Laryngoscope 115: 2016-2020.

Fujimoto Y, Abematsu M, Falk A, Tsujimura K, Sanosaka T, Juliandi B, Semi K,
Namihira M, Komiya S, Smith A, Nakashima K (2012) Treatment of a mouse model of
spinal cord injury by transplantation of human induced pluripotent stem cell-derived

long-term self-renewing neuroepithelial-like stem cells. Stem Cells 30: 1163-1173.

Fukuda H, Takahashi J, Watanabe K, Hayashi H, Morizane A, Koyanagi M, Sasai Y,
Hashimoto N (2006) Fluorescence-activated cell sorting-based purification of
embryonic stem cell-derived neural precursors averts tumor formation after
transplantation. Stem Cells 24: 763-771.

Fusaki N, Ban H, Nishiyama A, Saeki K, Hasegawa M (2009) Efficient induction of
transgene-free human pluripotent stem cells using a vector based on Sendai virus, an
RNA virus that does not integrate into the host genome. Proc Jpn Acad Ser B Phys Biol
Sci 85: 348-362.

Hu Z, Andidng M, Ni D, Ulfendahl M (2005) Neural cograft stimulates the survival and
differentiation of embryonic stem cells in the adult mammalian auditory system. Brain
Res 1051: 137-144.

Hu Z, Ulfendahl M, Olivius NP (2005) NGF stimulates extensive neurite outgrowth
from implanted dorsal root ganglion neurons following transplantation into the adult rat

inner ear. Neurobiology of disease 18:184-192.

Iguchi F, Nakagawa T, Tateya I, Kim TS, Endo T, Taniguchi Z, Naito Y, Ito J (2003)
Trophic support of mouse inner ear by neural stem cell transplantation. Neuroreport 14:
77-80.

Keithley EM, Ryan AF, Woolf NK (1989) Spiral ganglion cell density in young and old
gerbils. Hear Res 38: 125-133.

Kobayashi Y, Okada Y, Itakura G, Iwai H, Nishimura S, Yasuda A, Nori S, Hikishima
K, Konomi T, Fujiyoshi K, Tsuji O, Toyama Y, Yamanaka S, Nakamura M, Okano H

25



(2012) Pre-evaluated safe human iPSC-derived neural stem cells promote functional
recovery after spinal cord injury in common marmoset without tumorigenicity. PLoS
One 7: €52787.

Koyanagi-Aoi M, Ohnuki M, Takahashi K, Okita K, Noma H, Sawamura Y, Teramoto I,
Narita M, Sato Y, Ichisaka T, Amano N, Watanabe A, Morizane A, Yamada Y, Sato T,
Takahashi J, Yamanaka S (2013) Differentiation-defective phenotypes revealed by
large-scale analyses of human pluripotent stem cells. Proc Natl Acad Sci U S A. 110:
20569-20574.

Le Blanc K, Frassoni F, Ball L, Locatelli F, Roelofs H, Lewis I, Lanino E, Sundberg B,
Bernardo ME, Remberger M, Dini G, Egeler RM, Bacigalupo A, Fibbe W, Ringdén O,
Transplantation DCotEGfBaM (2008) Mesenchymal stem cells for treatment of
steroid-resistant, severe, acute graft-versus-host disease: a phase II study. Lancet 371:
1579-1586.

Lee KS, Zhou W, Scott-McKean JJ, Emmerling KL, Cai GY, Krah DL, Costa AC,
Freed CR, Levin MJ (2012) Human sensory neurons derived from induced pluripotent

stem cells support varicella-zoster virus infection. PLoS One 7: €53010.

Li W, Sun W, Zhang Y, Wei W, Ambasudhan R, Xia P, Talantova M, Lin T, Kim J,
Wang X, Kim WR, Lipton SA, Zhang K, Ding S (2011) Rapid induction and long-term
self-renewal of primitive neural precursors from human embryonic stem cells by small
molecule inhibitors. In Proc Natl Acad Sci U S A Vol. 108, pp 8299-8304.

Li XJ, Zhang X, Johnson MA, Wang ZB, Lavaute T, Zhang SC (2009) Coordination of
sonic hedgehog and Wnt signaling determines ventral and dorsal telencephalic neuron

types from human embryonic stem cells. Development 136: 4055-4063.

Lim DJ, Kim HN (1983) The canaliculaec perforantes of Schuknecht. Advances in
Oto-Rhino-Laryngology 31: 85-117.

Lim DJ (1986) Functional structure of the organ of Corti. a review. Hearing Research
22: 117-146.

Liu H, Zhang SC (2011) Specification of neuronal and glial subtypes from human

26



pluripotent stem cells. Cell Mol Life Sci 68: 3995-4008.

Matsumoto M, Nakagawa T, Kojima K, Sakamoto T, Fujiyama F, Ito J (2008) Potential
of embryonic stem cell-derived neurons for synapse formation with auditory hair cells. J
Neurosci Res 86: 3075-3085.

Miura K, Okada Y, Aoi T, Okada A, Takahashi K, Okita K, Nakagawa M, Koyanagi M,
Tanabe K, Ohnuki M, Ogawa D, lkeda E, Okano H, Yamanaka S (2009) Variation in
the safety of induced pluripotent stem cell lines. Nat Biotechnol 27: 743-745.

Nikoletopoulou V, Tavernarakis N (2012) Embryonic and induced pluripotent stem cell
differentiation as a tool in neurobiology. Biotechnol J 7: 1156-1168.

Nishimura K, Nakagawa T, Ono K, Ogita H, Sakamoto T, Yamamoto N, Okita K,
Yamanaka S, Ito J (2009) Transplantation of mouse induced pluripotent stem cells into
the cochlea. Neuroreport 20: 1250-1254.

Nishimura K, Nakagawa T, Sakamoto T, Ito J (2012) Fates of murine pluripotent stem
cell-derived neural progenitors following transplantation into mouse cochleae. Cell
Transplant 21: 763-771.

Ogita H, Nakagawa T, Lee KY, Inaoka T, Okano T, Kikkawa YS, Sakamoto T, Ito J
(2009) Surgical invasiveness of cell transplantation into the guinea pig cochlear
modiolus. ORL J Otorhinolaryngol Relat Spec 71: 32-39.

Ohnuki M, Takahashi K, Yamanaka S (2009) Generation and characterization of human
induced pluripotent stem cells. Curr Protoc Stem Cell Biol Chapter 4: Unit 4A.2.

Okano T, Nakagawa T, Endo T, Kim TS, Kita T, Tamura T, Matsumoto M, Ohno T,
Sakamoto T, Iguchi F, Ito J (2005) Engraftment of embryonic stem cell-derived neurons
into the cochlear modiolus. Neuroreport 16: 1919-1922.

Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka S (2008) Generation of

mouse induced pluripotent stem cells without viral vectors. Science 322: 949-953.

Palmgren B, Jiao Y, Novozhilova E, Stupp SI, Olivius P (2012) Survival, migration and

27



differentiation of mouse tau-GFP embryonic stem cells transplanted into the rat auditory
nerve. Exp Neurol 235: 599-609.

Purcell EK, Yang A, Liu L, Velkey JM, Morales MM, Duncan RK (2013) BDNF
profoundly and specifically increases KCNQ4 expression in neurons derived from
embryonic stem cells. Stem Cell Res 10: 29-35.

Reyes JH, O'Shea KS, Wys NL, Velkey JM, Prieskorn DM, Wesolowski K, Miller JM,
Altschuler RA (2008) Glutamatergic neuronal differentiation of mouse embryonic stem
cells after transient expression of neurogenin 1 and treatment with BDNF and GDNF: in
vitro and in vivo studies. J Neurosci 28: 12622-12631.

Sando I, Masuda Y, Wood RP, Hemenway WG (1971) Perilymphatic communication
routes in guinea pig cochlea. Annals of Otology, Rhinology and Laryngology 80:
826-834.

Shah D, Naciri M, Clee P, Al-Rubeai M (2006) NucleoCounter-An efficient technique
for the determination of cell number and viability in animal cell culture processes.
Cytotechnology 51: 39-44.

Shimada H, Okada Y, Ibata K, Ebise H, Ota S, Tomioka I, Nomura T, Maeda T, Kohda
K, Yuzaki M, Sasaki E, Nakamura M, Okano H (2012) Efficient derivation of
multipotent neural stem/progenitor cells from non-human primate embryonic stem cells.
PLoS One 7T: €49469.

Shinohara T, Bredberg G, Ulfendahl M, Pyykko I, Olivius NP, Kaksonen R, Lindstrom
B, Altschuler R, Miller JM (2002) Neurotrophic factor intervention restores auditory

function in deafened animals. Proc Natl Acad Sci U S 4 99: 1657-1660.

Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K (2008) Induced pluripotent

stem cells generated without viral integration. Science 322: 945-949.

Starr A, Picton TW, Sininger Y, Hood LJ, Berlin CI (1996) Auditory neuropathy. Brain
119 (Pt 3): 741-753.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yamanaka S

28



(2007) Induction of pluripotent stem cells from adult human fibroblasts by defined
factors. Cell 131: 861-872.

Tamura T, Nakagawa T, Iguchi F, Tateya I, Endo T, Kim TS, Dong Y, Kita T, Kojima
K, Naito Y, Omori K, Ito J (2004) Transplantation of neural stem cells into the
modiolus of mouse cochleae injured by cisplatin. Acta Otolaryngol Suppl: 65-68.

Valero J, Blaser S, Papsin BC, James AL, Gordon KA (2012) Electrophysiologic and
behavioral outcomes of cochlear implantation in children with auditory nerve

hypoplasia. Ear Hear 33: 3-18.

Yagi M, Kanzaki S, Kawamoto K, Shin B, Shah PP, Magal E, Sheng J, Raphael Y
(2000) Spiral ganglion neurons are protected from degeneration by GDNF gene therapy.
J Assoc Res Otolaryngol 1: 315-325.

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, Nie J,

Jonsdottir GA, Ruotti V, Stewart R, Slukvin II, Thomson JA (2007) Induced pluripotent

stem cell lines derived from human somatic cells. Science 318: 1917-1920.

29



Figure legends

Figure 1. Flowcharts for experimental design of the present study. The efficacy of
neural induction used in the present study was validated in vitro. As a primary step,
human iPS cells were differentiated into neural stem cells on Matrigel-coated plates
with N2/B27 medium containing two small molecules, SB431542 (SB) and CHIR99021
(CHIR), and leukemia inhibitory factor (LIF). As a second step, neural stem cells were
differentiated into neurons for 7 of 14 days. For preparation of transplants,
7-day-differentiation of neural stem cells was performed on a three-dimensional (3D)
collagen matrix. In transplantation experiments, transplants were implanted into guinea
pig cochleae, and fates of transplanted cells were evaluated 1 or 2 weeks after
transplantation. Effects of mesenchymal stromal cells (MSC) application on the survival
of transplanted cells and inflammation in cochleae were examined in the

1-week-survival group.

Figure 2. Neural stem cell induction from human iPS cells. (A) Immunostaining
demonstrated the expression of GFP (a, d), human nuclear antigen (HNA) (b) and the
pluripotent marker OCT3/4 (e) in human 201B7-GFP iPS cells before neural induction.
DAPI showed nuclei (c, f). Scale bars, 200 um. (B) Immunostaining revealed the
expression of NESTIN (a, d) and SOX2 (e), but no expression of OCT3/4 (b) after
neural induction. DAPI shows nuclei (¢, f). Scale bars, 200 pm. (C) RT-PCR analyses
of 201B7 and 201B7-GFP human iPS cell-derived cells showed the expression of the
neural stem cell marker genes NESTIN, SOX1 and PAX6, but no expression of the

pluripotent marker gene OCT3/4. Undifferentiated iPS cells were used as controls.
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Figure 3. Neural differentiation of neural stem cells derived from human iPS cells.
Neural stem cells were cultured on Matrigel-coated plates for 7 or 14 days. (A) RT-PCR
analysis showed the expression of marker genes for neuronal cells at several stages and
several neuronal subtypes in 14-day cultured cells. Undifferentiated human iPS cells
were used as the negative controls. (B) Immunostaining images after 7- and 14-day
culture. The expression of BIII TUBULIN (BIII TUB) (a, f), NESTIN (b, g) and
Neurofilament (NF) (d, 1) were observed in both samples. GFAP-positive glia were only
observed in 14-day cultured cells (e, j). In both of 7- and 14-day cultured cells, nuclei
were labeled with DAPI (blue). Scale bars, 50 um. (C) Examination of neuronal subtype
by immunostaining. In both 7- and 14-day cultured cells, the expression of VGLUT1
(a-c, j-1), TH (d-f, m-o) or GABA (g-i, p-r) was observed. Scale bars, 100 um. (D) The
proportion of BIII TUB-positive cells in DAPI-positive cells was over 65% in both
samples (a). Quantitative analysis showed that over 90% of both BIII TUB- and
DAPI-positive cells expressed VGLUT1 in both 7- and 14-day cultured cells, only a

few cells were positive for TH or GABA (b). Data are presented as mean £+ SD (n = 3).

Figure 4. Preparation of transplants on a 3D collagen matrix. (A) Immunostaining
images of differentiated cells on a collagen matrix. The expression of VGLUT1 (a), TH
(d), GABA (g), BIII TUB (b, e, h) was observed. Bright field images are shown (c, f, 1).
Scale bars, 500 um. (B) Quantitative analysis showed that over 75% of BIII
TUB-positive area exhibited VGLUT]1 expression. Data are presented as mean = SD (n

= 3).

Figure 5. Inflammatory response in guinea pig cochleae after transplantation and its
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inhibition. (A) A schema of a mid-modiolus section of a guinea pig cochlea (a).
Transplants were implanted into the scala tympani (ST) of the basal portion of the
cochlea. Hematoxylin and eosin staining images of sham-operated (b), PBS-treated (d)
and MSC-treated cochleae (f). Higher-magnification views of boxed areas in (b), (d)
and (f) show severe infiltration of inflammatory cells in PBS-treated animals (e) and
limited infiltration of inflammatory cells in sham-operated (c) and MSC-treated animals
(g). Arrow heads indicate collagen-matrix. Dotted lines indicate Rosenthal’s canal (RC)
with spiral ganglion neurons. Scale bars, 400 um. (b, d, f) and 100 pum. (c, e, g). (B)
Immunostaining images of a cochlea in a PBS-treated animal at low- (a) and
high-magnification (b) show CD45-positive cell infiltration. Scale bars, 1 mm (a) and
50 um. (b). (C) Quantitative analysis in the proportions of GFP-, HNA- and
DAPI-positive cells per transplanted cells revealed significant difference between MSC-
and PBS-treated animals (**P < 0.01 with Mann-Whitney U-test). Data are presented as

mean £+ SD (n = 7). AN, auditory nerve.

Figure 6. Survival of human iPS cell-derived neurons in guinea pig cochleae 1 week and
2 weeks after transplantation. (A) A schema of a mid-modiolus section of a guinea pig
cochlea (a). Immunostaining images of GFP expression in 7-day cultured cells on
Matrigel-coated plates (b-d). Immunostaining images of the whole cochleae in 1- (e)
and 2-week-survival (f) groups. Red arrows show surviving transplanted cells. In
high-magnification images of the scala tympani (ST) of the basal portion of cochleae,
DAPI- (g, k), HNA- (h, I) and, GFP- (i, m) positive cells exhibited the expression of BIII
TUB (j, n). Insets show magnified images of boxed area. Scale bars, 100 um. (B)

Quantitative analysis in the proportions of GFP-, HNA- and DAPI-positive cells per
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transplanted cells demonstrated a significant difference between 1- and 2-week-survival
groups (*P < 0.05 with Mann-Whitney U-test). Data are presented as mean + SD (n = 7).
(C) In both 1- (a-d) and 2-week-survival groups (e-h), DAPI- and GFP-positive cells
expressed BIII TUB and VGLUT1. Insets show magnified images of boxed area. Scale

bars, 100 um. AN, auditory nerve; RC, Rosenthal’s canal.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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