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Abstract

Although the application of human embryonic stem cells (hESCs) in stem cell-replacement
therapy remains promising, its potential is hindered by a low cell survival rate in post-
transplantation within the inner ear. Here, we aim to enhance the /n vitro and in vivo survival rate
and neuronal differentiation of otic neuronal progenitors (ONPs) by generating an artificial stem
cell niche consisting of three-dimensional (3D) hESC-derived ONP spheroids with a nanofibrillar
cellulose hydrogel and a sustained-release brain-derivative neurotrophic factor delivery system.
Our results demonstrated that the transplanted hESC-derived ONP spheroids survived and
neuronally differentiated into otic neuronal lineages /n vitroand in vivo and also extended neurites
toward the bony wall of the cochlea 90 days after the transplantation without the use of
immunosuppressant medication. Our data /n vitro and in vivo presented here provide sufficient
evidence that we have established a robust, reproducible protocol for /n vivo transplantation of
hESC-derived ONPs to the inner ear. Using our protocol to create an artificial stem cell niche in
the inner ear, it is now possible to work on integrating transplanted hESC-derived ONPs further
and also to work toward achieving functional auditory neurons generated from hESCs. Our
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findings suggest that the provision of an artificial stem cell niche can be a future approach to stem
cell-replacement therapy for inner-ear regeneration.
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1. Introduction

Between 25 and 48 million United States (US) residents are afflicted with sensorineural
hearing loss (SNHL), usually an irreversible condition [1,2]. SNHL typically results from
hair cell (HC) loss, initiating a cascade of trans-synaptic degeneration and the secondary loss
of obligatory links to the brain, spiral ganglion neurons (SGNs). The degeneration of SGNs
follows a distal-to-central progression, peripheral processes degenerating first [3-5]. This
pattern has negative implications for successful hearing restoration through cochlear
implants (CIs), the only currently available treatment of SNHL [6,7]. Indeed, improvements
in CIs’ have plateaued in recent years [8,9] due partly to candidates’ ears typically having
widespread loss of the peripheral processes of SGNs [3,10,11], creating “electrode-neuron
gaps” that reduce spatial selectivity. This issue cannot be addressed without correcting this
loss.

Stem cell-replacement therapy with human embryonic stem cells (hESCs) has been
proposed for restoring damaged HCs and SGNs [12,13]. However, HC replacement is
technically challenging, as precise placement in the difficult-to-access scala media is
rquired, the diameter of which is less than 1 mm in humans [14]. Furthermore, HC
replacement therapy would still require the restoration of SGN peripheral processes and
synaptogenesis. Unfortunately, the most promising report to date of stem cell-based therapy
showed neither broad nor cochlear-specific restoration of HC-SGN synapses, nor has this
report been successfully replicated [15,16].

Our long-term goal, then, is realizing a next-generation “biohybrid” CI that integrates the
proven CI approach with human embryonic stem cell-replacement therapy. Such hybrid
devices are more practical than stem cell-only approaches, as the latter must overcome the
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additional challenge of restoring HCs, as mentioned above. Newly regenerated, stem cell-
derived SGN neurites can extend between Rosenthal’s canal and the scala tympani [4,14,17—
19]. By focusing on human stem cell transplantation to the scala tympani, newly regenerated
SGNs can bridge electrode-neuron gaps to improve spatial selectivity, preserve tonotopy, and
motivate higher Cl-electrode densities, which should increase Cl performance, user
satisfaction, and overall quality of life. It will also broaden the pool of candidates, thus
serving a wider patient population [20].

Stem cells normally reside in microenvironments (“niches”) that interact with surrounding
cells to regulate and promote proliferation, differentiation, and survival [21,22]. While many
questions remain as to which stem cell niche components are fundamental for hESCs to
adequately, efficiently differentiate to SGNs, the key players of a stem cell niche generally
include cellular components, an extracellular matrix (ECM), and secreted factors [23,24]. In
the case of the inner ear, which consists of three primarily fluid-filled chambers—the scala
tympani, scala media, and scala vestibuli—all three constituents of a stem cell niche are
absent, creating an inhospitable environment for transplanted hESC-derived ONPs [25].
Indeed, previous efforts have been made to transplant hESC-derived ONPs or murine
mesenchymal stem cell-derived ONPs into these chambers or even directly into the
modiolus where SGNs are housed [26-29]. The survival rate of transplanted cells, however,
has been marginally low—on the order of 0.1-1.0% [26,28,30-32]. Therefore, the successful
use of stem cell therapy in the inner ear may require the creation of a supportive artificial
stem cell niche within the inner ear, though the precise constituents of the normal
microenvironment in the inner ear are still unknown.

When transplanted cells are injected into the scala tympani in a dissociated form, the cells
first float in the perilymph within the scala tympani and then individually adhere to a layer
of squamous epithelium that covers the scala tympani circumferentially [33]. The lack of
direct cell contact with other transplanted stem cells, however, can result in insufficient bona
fide cell-cell adhesion, molecule secretion, and receptor interaction with membrane-bound
ligands, leading to poor engraftment and inefficient neuronal differentiation [24]. To
circumvent the lack of direct contact in transplanted hESC-derived ONPs in the inner ear,
we have generated hESC-derived ONP spheroids [24,34]. We define a “spheroid” as a self-
organizing multicellular structure of stem cells consisting of organ-specific progenitors that
allow transplanted cells to maintain direct cell contact among each other, thereby
maintaining the secretion of cell-cell adhesion molecules and receptors [35]. We hypothesize
that this spheroid structure promotes the survival of cells and facilitates otic neuronal
differentiation.

The implantation of a hydrogel ECM can also provide a supportive stem cell niche by
integrating a mechanical scaffold with the scala’s squamous epithelium [36-38]. ECMs can
hold transplanted stem cells in place and localize cell-to-cell signaling. Their integration
with spheroids can reduce undesirable agglomeration in addition to insulating cells from
injection shearing forces that may lead to apoptosis [39].

Nanofibrillar cellulose (NFC) hydrogel, can mimic native soft tissue ECMs in fiber size and
mechanical properties [40-42]. An NFC hydrogel is also injectable and thus capable of
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delivering cells (such as hESC-derived spheroids) to the desired target. Cellulose is
biocompatible, showing moderate foreign body responses, if any, and is safe for stem cell
applications, having no known toxicity to hESCs [42—44]. Therefore, we hypothesize that
utilizing an NFC hydrogel ECM provides a supportive stem cell niche in the inner ear for
hESC-derived ONP spheroids.

Conventional growth factors suffer from fragility and thermo-instability under normal
physiological conditions both /n vitro and in vivo, exhibiting short half-lives typically
ranging from minutes to hours [45]. So far, this drawback has been addressed by large
overprovisions of the requisite growth factor(s) and, in /in vitro cultures, by frequent media
changes to maintain a reservoir of bioactive protein in the culture medium. The polyhedrin
delivery system (PODS®) is a crystalline growth factor formulation developed to overcome
the limitations of standard soluble growth factors. The PODS® technology has adapted viral
machinery to encase a chosen growth factor (i.e., BDNF) into polyhedrin protein cases [46—
48]. The resultant growth factor co-crystals have slow degradation profiles under
physiological conditions and therefore allow the sustained release of embedded bioactive
growth factor protein. We focus on brain-derived neurotrophic factor (BDNF), which
promotes survival and neuronal differentiation of SGNs /n vivoand /n vitro [49-51].
Degradation of the PODS® crystals is facilitated by cell- and protease-mediated processes,
allowing the release of physiologically relevant levels of cargo protein (in this case, BDNF)
over several weeks. We hypothesize that PODS®-human BDNF (hBDNF) system stably
provides BDNF to hESC-derived ONPs, facilitates otic neuronal differentiation, and
improves the engraftment of transplanted cells.

The purpose of this study is to create an artificial stem cell niche using hESC-derived ONP
spheroids, NFC hydrogel, and a self-sustaining source of BDNF to promote the survival and
neuronal differentiation of transplanted hESC-derived ONPs. In this study, we first examined
the effects of the NFC hydrogel and PODS®-hBDNF on hESC-derived ONP spheroids /n
vitro, followed by /n vivo analysis using diphtheria toxin (DT) receptor—positive mice (DTR
mice) [52-54]. In the DTR mouse model, the gene for human DT receptor (hDTR) was
inserted under the regulation of the promoter for Pou473, an HC-specific transcription factor
[52]. The DTR mouse model serves as a suitable model for our long-term aim (i.e.,
designing a “biohybrid” CI) because a single DT injection at postnatal day 28 (P28) results
in HC wipeout with retention of SGNs [55]. This feature provides us with hESC-derived
ONP spheroids to bridge the electrode-neuron gaps between extant SGNs and future
biohybrid CI electrodes. We also used a DTR mouse model for this study to create HC
damage rather than SGN damage in the bony modiolus because surgical access to the bony
modiolus poses significant risks of cerebrospinal fluid leaks and of damaging modiolar
blood vessels [14,33], complications that can result in meningitis and inner-ear ischemic
stroke.

Toward these ends, we characterized the survival and neuronal differentiation of the
embedded hESC-derived ONPs in an artificial stem cell niche using immunocytochemistry
and immunohistochemistry along with the viscoelastic and rheological analysis of the NFC
hydrogel. Our findings suggest that this combination of factors may enable a future approach
to stem cell-replacement therapy for inner-ear regeneration.
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2. Materials and methods

2.1. Differentiation of human embryonic stem cells into otic neuronal progenitors

The hESC lines H1, H7, and H9 were used in this study (WiCell, Madison, WI, USA).
ONPs were generated based on our previously established protocol [56]. See also the
Supplemental Data in detail. A stepwise series of ligands and growth factors was added to a
neuronal induction medium (NIM) to promote hESC differentiation toward a late-stage ONP
lineage (Fig. 1).

2.2. Three-dimensional spheroid culture with nanofibrillar cellulose hydrogel

The hESC-derived late-stage ONPs were seeded into a 96-well Clear Round Bottom Ultra-
Low Attachment Microplate® (#7007; Corning Life Science, Tewksbury, MA, USA) at
50,000 cells per well and centrifuged at 900 rpm for 20 minutes followed by incubation at
37°C for two days. Late-stage ONP spheroids were also generated by seeding 1 million cells
into an EZSPHERE® culture plate (#2641701; Nacalai USA, CA, USA) at 37°C for two
days. A 96-well Flat-Bottom Clear Plate® (Greiner Bio-One, Nirtingen, Germany) was
loaded with GrowDex®-T (#200103010; UPM-Kymmene Corporation, Helsinki, Finland)
pre-mixed with 800,000 PODS®-hBDNF (#PPH1-50; Cell Guidance Systems, Cambridge,
UK) or 20 ng/mL of recombinant human BDNF (RhBDNF) (R&D System, Minneapolis,
MN, USA). Spheroids were then carefully transferred from culture plates to a flat-bottom
plate with direct injection into the GrowDex®-T solution. GrowDex®-T was diluted to 0.5%
(w/v) and 0.375% (w/v) throughout the /n vitro study based on the manufacturer’s
instructions. Anionic NFC hydrogel (GrowDex®-T) was kindly provided by the UPM-
Kymmene Corporation (Helsinki, Finland). Cellulose kraft pulp was chemically modified
and fibrillated to form anionic NFC hydrogels, the diameter of which ranged from 4-10 nm
and lengths from 500-10,000 nm, which were measured using electron microscopy.
PODS®-hBDNF was kindly provided by Cell Guidance System (Cambridge, UK).
NeuroFluor™ NeuO (#01801; STEMCELL Technologies, British Colombia, Canada) was
used for the detection of live neurons.

2.3. Immunocytochemistry (monolayer culture)

Immunocytochemistry on cells cultured on a two-dimensional (2D) monolayer was
performed based as previously described [56]. See also the Supplemental Data for further
details. The primary and secondary antibodies used in this study are also listed in
Supplementary Tables S1 and S2, respectively. Immunocytochemistry controls were also
performed as previously described [57,58]. The primary antibody controls were performed
with immunocytochemistry with the primary antibody and hESC-derived ONPs with a
second primary antibody to each antigen [57]. Secondary antibody controls were performed
each time multiple primary antibodies were used [57]. Labeling controls (detection controls)
were performed for a sample from each batch of hESC culture [57]. See Supplementary Fig.
S1 for exemplary figures for these control conditions.
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Immunocytochemistry (three-dimensional spheroid culture)

For hESC-derived late-stage ONP spheroids, culture medium was first removed and
spheroids were fixed with 4% (w/v) paraformaldehyde for 30 minutes followed by blocking
overnight in a solution composed of 5% bovine serum albumin (Sigma-Aldrich, St. Louis,
MO, USA) and 0.1% Triton X-100 in Dulbecco’s Phosphate-Buffered Saline (Corning Life
Sciences, Tewksbury, MA, USA). Each sample was incubated for three days at room
temperature with the primary antibodies listed in Supplementary Table S3. This was
followed by several phosphate-buffered saline (PBS) washes and incubation in the dark for
three days at room temperature with Alexa Fluor 488 and 647 (#ab150129, #ab150075;
Abcam, Cambridge, MA, USA). Nuclei were stained with 4’ 6-diamidino-2-phenylindole
(DAPI; #D1306; Thermo Fisher Scientific, Waltham, MA, USA) for 30 minutes. Images
were then assessed using a Nikon A1l confocal microscope (Nikon, Tokyo, Japan). ImageJ
ver. 2.0.0-rc-69/1.52p. (National Institutes of Health, Bethesda, MA, USA) was used to
quantify the images. Further details on image acquisition and quantification of immuno-
positive cells are described in the Supplementary Data.

2.5. Enzyme-linked immunosorbent assay for brain-derived neurotrophic factor

To measure the concentration of BDNF secreted from PODS® crystals, the culture media
from both a control and an experimental condition were collected at each time point and
immediately stored at —80°C before running an enzyme-linked immunosorbent assay
(ELISA). The same method was applied to measure the degradation of RhnBDNF. All
samples were quantified with a BDNF ELISA kit (#BGK23560; PeproTech, Rocky Hill, NJ,
USA), and the results were analyzed with a Synergy HTX Multi-Mode Reader (BioTek,
Winocski, VT, USA) at a 450-nm wavelength, as instructed by the manufacturer.

2.6. Rheological characterization of nanofibrillar cellulose hydrogel

Rheological characterization was performed on an MCR302 Rheometer (Anton Paar, Graz,
Austria) using a 25-mm diameter plate at 37°C. Each sample was dispensed on the preheated
rheometer plate with a gap distance of 1 mm, and excess hydrogel was removed. The testing
protocol was then applied to the sample. Each hydrogel sample was used for only one test.

2.7. Quantitative real-time polymerase chain reaction (RT-gPCR)

2.8.

RNA extraction and quantitative real-time reverse transcriptase polymerase chain reaction
(RT-gPCR) were performed using standard techniques. Further details of the method and
primers used for RT-gPCR can be found in the Supplementary Data.

Deafening and genotyping of diphtheria toxin receptor—positive mice

The Institutional Animal Care and Use Committee (IACUC) of the Northwestern University
Feinberg School of Medicine approved our experimental procedures (IACUC Protocol
number: 1S00011516). The protocol was also reviewed and approved by the US Army
Animal Care and Use Review Office. Both male (N=18) and female (N=19) DTR mice (3-6
months old) were used as hESC-derived ONP recipients. Ten wild-type (WT) C57/BL6 mice
were used as a control. We chose a deaf-animal model in the DTR mouse group and
developed a colony from a contribution of DTR mice provided by Dr. W. Edwin Rubel
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(University of Washington, Seattle, WA, USA). The DTR mice were deafened at a young-
mature age (P28—P35) using a single intramuscular injection of DT at a dose of 25 ng/g
(intramuscular injection), causing HC degeneration [53,54,59]. For identification of DTR
mice (Poudf3PTR/*) and WT mice (Pou4£3!*), a tail biopsy was collected and DNA was
extracted using a DNA blood and tissue kit (Qiagen, Germantown, MD, USA). The target
allele was amplified using a Mastercycler® nexus (Eppendorf, Hamburg, Germany) and the
primer (0.4 uM) listed in the Supplemental Data. For further details, see the detailed
description of PCR in the Supplementary Data.

2.9. Auditory brain stem response

Hearing loss induced by DT injection was confirmed by auditory brain stem response (ABR)
recordings before and after injection. DTR mice were anesthetized with 67 mg/kg of
ketamine and 3.3 mg/kg of xylazine (intraperitoneal injection with additional dosing of
ketamine as needed). Both tone-burst and click-evoked ABRs were used to assess the
sensitivity of the nerve to acoustic stimuli to confirm the efficacy of the DTR mouse model.
Both stimulus control and averaging were performed using TestPoint (Cape Town, South
Africa) as well as SmartEP (Intelligent Hearing Systems, Miami, FL, USA). A detailed
description of the ABR parameters and settings is provided in the Supplementary Data. We
performed tone burst—evoked ABR on both three DTR mice and four WT mice to
thoroughly test the frequency-specific hearing threshold. Click-evoked ABR was performed
on the remaining mice.

2.10. Transplantation of human embryonic stem cell-derived otic neuronal progenitors

Human ESC-derived ONPs were transplanted in left cochleae. Right cochleae were used as a
control condition. Meloxicam (2 mg/kg, subcutaneous injection) was given prior to surgery
to minimize respiratory distress; follow-up doses (1 mg/kg/day) were given for three days.
Anesthesia was induced with isoflurane at 3-4% (reduced to 1-2% after induction) and was
delivered with oxygen (0.3 L/min) and nitrous oxide (0.25 L/min) gas. The animals’ heads
were secured to a custom head-holder that delivered the anesthetic gas. Body temperature
was maintained by a circulating water pad, and insensate fluid loss was replaced at 0.1
mL/10g (body weight). A post-auricular incision was made, and bone (caudal to the
stylomastoid foramen) was removed with a surgical drill to reveal the round window. The
round window membrane was then excised using a 30-33 G needle. Dissociated hESC-
derived ONPs (250,000 cells) or hESC-derived ONP spheroids (five spheroids, each
containing 50,000 ONPs) were delivered to the scala tympani by a glass micropipette while
manipulating the pipette’s pressure with a Xenoworks Digital Injector (Sutter Instrument,
Navato, CA, USA). The pressure range used for a spheroid transplantation was between -1
hPa and +5 hPa. Two pL of 1% GrowDex®-T with 800,000 of PODS®-hBDNF were
delivered using a 10-uL Hamilton syringe. After the transplantation was completed, the
round window was covered by a small piece of fascia and secured with Vet Bond™ adhesive
(3M, Minneapolis, MN, USA). Muscle and skin were closed in layers, and the animal was
allowed to recover with thermal therapy. The animal was kept for 90 days, allowing
engraftment and neuronal differentiation in the inner ear. No immunosuppressant was
administered postoperatively [26,30].
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2.11. Immunohistochemistry

After completion of the post-implantation survival period, each animal was euthanized, the
cochlea was dissected, and the specimen was sectioned into 10-pm slices on a Leica
CM3050 S cryostat (Leica Inc., Nussloch, Germany). Immunohistochemistry was performed
using standard techniques with a mouse anti-human nuclear antibody (AHNA) (1:100,
STEM101, Takara Bio, Tokyo, Japan) and a rabbit anti-B-I11 tubulin antibody (1:500,
Abcam, Cambridge, MA, USA). See further details on this process in the Supplementary
Data. Both positive and negative control conditions were obtained to ascertain the
specificities of AHNA (Supplementary Fig. S2). Laser scanning confocal imagery was
performed with a Leica TCS SP5 microscope (Leica Inc., Nussloch, Germany). Whole-
mount HC staining was also performed on a WT mice, as well as DT-injected DTR mice,
and non-DT-injected DTR mice. Further details can be found in the Supplementary Data.

2.12. Neurite-bearing, neurite growth, and neurite arborization assays

The pan-neuronal marker B-111 tubulin was used to visualize neurite-bearing cells, measure
neurite length, and calculate neurite arborization area. The analysis was performed by
examining an individual confocal optical Z-stack section through the entire extent of each
spheroid at the observation time point using ImageJ ver. 2.0.0-rc-69/1.52p (National Institute
of Health, Bethesda, MD, USA) [60]. Further details can be found in the Supplementary
Data.

2.13. Quantification of the surviving anti-human nuclear antibody-positive cells in the
inner ear

The total profile number was calculated by the counting profiles of the AHNA™* cells
[61,62]. Only cells with the confirmation of AHNA-positive immunostaining were counted
as surviving ONPs. The total profile number of the AHNA-positive cells was determined for
each of the five sections of each animal in four anatomic subdivisions of the cochlea: basal
turn, mid-turn, apical turn, and modiolus [63]. A more detailed description of the
quantification, including Abercrombie’s method of estimating the number of cells from
profile counts, can be found in the Supplementary Data [61].

2.14. Calcofluor white staining for nanofibrillar cellulose hydrogels

The presence of NFC in a transplanted cochlea was evaluated with Calcofluor White
staining (Sigma-Aldrich, St. Louis, MO, USA). Calcofluor white is a non-specific
fluorochrome that binds to cellulose and chitin in cell walls [64]. Three DTR mice
transplanted with GrowDex-T and PODS® were used. Due to fluorescence crossover
between Calcofluor White and DAPI, no counterstain was used. Further details can be found
in the Supplementary Data.

2.15. Hematoxylin and eosin (H&E) histology

Hematoxylin and eosin (H&E) staining was performed on transplanted DTR mouse cochleae
to examine the extent of tissue response from xenograft transplantation. Further details of
the H&E staining method can be found in the Supplementary Data.
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2.16. Detection of major histocompatibility complex class | and class Il antigens by flow

cytometry

Flow cytometry assays were performed on both hESCs (H9), hESC-derived ONP spheroids,
and human embryonic kidney cells (HEK 293 cells: control) using a BD LSRFortessa™
(BD Biosciences, San Jose, CA, USA) using standard protocol. Major histocompatibility
complex (MHC) class | and class Il antigens were used as transporters because they play
critical roles in immune rejection in xenograft [65]. Further details of this method are
outlined in the Supplementary Data.

2.17. Statistical analysis

When appropriate, and as indicated in each figure, statistical analysis was performed. Three
biological and technical replicates were obtained and used for statistical analysis unless
otherwise noted [66,67]. Experimental values are typically expressed as means + standard
error. All statistical analyses were performed with R (version 3.5.1. 2018-07-02, Vienna,
Austria) [68]. Normal distributions were assumed. An analysis of variance (one-way) with
Bonferroni-corrected post hoc t-tests or two-tailed t-tests was performed. P values smaller
than 0.05 were considered statistically significant.

3. Results

3.1 Neuronal differentiation of human embryonic stem cell-derived otic neuronal
progenitors with the polyhedrin delivery system

The human ESCs H1, H7, and H9 were sequentially differentiated into late-stage ONPs
using the protocol outlined in Fig. 1 and then treated with 800,000 of PODS®-hBDNF for
seven days in NIM or BrainPhys™ (Fig. 2A). Compared to late-stage ONPs (Fig. 2B), the
treated cells presented more bipolar-shaped neurites, which is consistent with the
morphology of human SGNs (Fig. 2C) [69]. After seven days of treatment, late-stage ONPs
highly expressed GATA3 (an otic lineage marker) [70,71], Neurogenin-1 (NeuroG1, an otic
lineage marker) [72,73], PAX8 (an otic lineage marker; more specifically marking the otic
placode and otic vesicle) [74,75], SOX2 (a neuronal progenitor marker) [70], nestin (a
neuronal progenitor marker) [70], vesicular glutamate transporter-2 (VGLUT2, a
glutamatergic neuronal marker) [76], p-I1I tubulin (a pan-neuronal marker) [77,78], and
peripherin (a peripheral sensory neuron marker) [79] (Fig. 2D-1). PODS®-hBDNF-treated
ONPs did not express E-cadherin (ECAD, an otic epithelial marker) [80], PAX6 (a central
nervous system neuronal marker) [81], nor SOX10 (a glial marker) [82] (data not shown),
suggesting that the cells differentiated toward otic neuronal lineage instead of an otic-
epithelial lineages, central nervous system neuronal lineages, or glial lineages.

With PODS®-hBDNF treatment of the late-stage ONPs, the proportion of nestin and SOX2
positive cells were expressed significantly less than other markers, suggesting that the
treatment facilitated otic neuronal differentiation (Fig. 2J). In the quantification of PAXS,
nestin and SOX2-positive cells, the PODS® treatment significantly decreased the positivity
of nestin (from 71.3% + 3.42 to 41.0% = 4.35) and that of SOX2 (from 64.2% + 2.35 to
45.2% + 2.90) compared to RnBDNF treatment, suggesting that PODS® treatment more
effectively differentiated the late-stage ONPs into otic neuronal lineages (Fig. 2K). However,
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there were no statistically significant differences in the expression of PAX8 between
RhBDNF (99.6% + 0.294) and PODS®-hBDNF treatment (99.8% + 0.222) (Fig. 2K).

3.2. The generation of human embryonic stem cell-derived otic neuronal progenitor
spheroids

The hESC-derived ONP spheroids were generated from dissociated late-stage ONPs using
an EZSPHERE® or 96-well Clear Round Bottom Ultra-Low Attachment Microplate® (Fig.
3A-B). A live neuron assay was performed to evaluate the viability of an hESC-derived
ONP spheroid cultured in NIM/Brainphys™ after seven days. An hESC-derived ONP
spheroid was labeled with 0.25 uM of NeuroFluor™ NeuO and incubated for one hour
(shown in green in Fig. 3C), demonstrating that the spheroid was B-I11 tubulin—positive [83].
The control condition can be found in Supplementary Fig. S3. A 3D immunocytochemical
analysis also indicated that hESC-derived ONP spheroids expressed the positivity of PAXS,
B-111 tubulin, and nestin when cultured in NIM/BrainPhys™ for seven days (Fig. 3D),
suggesting that the spheroids were differentiating into otic neuronal lineages.

3.3. Rheological and viscoelastic properties of nanofibrillar cellulose hydrogel

Before performing a 3D culture of hESC-derived ONP spheroids with NFC hydrogel, the
mechanical properties of the hydrogel were first rheologically characterized by frequency
sweep testing (Fig. 4A). The frequency sweep in Fig. 4A shows the previously reported
characteristic behavior of NFC hydrogel: The loss factor (tan 6=G”/G’) was much lower
than 1 [40]. This finding demonstrates its gel-like structure. This behavior is also nearly
independent of the frequency. In addition, 0.375% GrowDex®-T showed a higher loss factor
(tan6=G"/G’) than both 0.5% and 1% GrowDex®-T. Viscosity over shear stress was also
measured to optimize the concentration suitable for the injection of GrowDex®-T, and 1%
GrowDex®-T showed higher viscosity than both 0.5% and 0.375% GrowDex®-T at lower
shear stresses (Fig. 4B). At high stress levels (> 20 Pa, applicable to injections), it also
exhibited more fluid-like behavior (Fig. 4B). Shear moduli (G) of different concentrations of
GrowDex®-T were estimated to determine their rigidities. In Fig. 4C, 1% GrowDex®-T
demonstrates a disproportionally higher shear modulus than both 0.5% and 0.375%
GrowDex®-T above a 7% shear strain.

3.4. Invitro culture of human embryonic stem cell-derived otic neuronal progenitor
spheroids with nanofibrillar cellulose hydrogel

After the rheological characterization, we cultured hESC-derived ONP spheroids with
0.375% GrowDex®-T for seven days. Fig. 4D shows a schematic diagram of this part of the
experiment. Three-dimensional immunocytochemistry was then performed to assess the
positivity of PAX8, p-111 tubulin, MAP2 (a neuronal cytoskeleton marker) [84,85],
VGLUT?2, and peripherin to show that hESC-derived ONP spheroids were expressing otic
neuronal signals (Fig. 4E-G).
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3.5. Quantitative real-time polymerase chain reaction on human embryonic stem cell—
derived otic neuronal progenitor spheroids with nanofibrillar cellulose hydrogel

Fig. 4H demonstrates that gRT-PCR on hESC-derived ONPs spheroids cultured in 0.375%
GrowDex®-T and 800 K of PODS®-hBDNF for seven days showed more down-regulation
of PAX8 and up-regulation of MAP2, VGLUT2, peripherin, and B-I1I-tubulin than hESC-
derived ONPs spheroids cultured in Brainphys with 20 ng/mL RhBDNF for seven days.

3.6. Enzyme-linked immunosorbent assay for brain-derived neurotrophic factor

Before the use of PODS®-hBDNF with our ONP spheroi culture, we quantified the release
kinetics of PODS®-hBDNF using ELISA. The concentration we detected from the
supernatant of NIM containing 800,000 of PODS®-hBDNF showed steady zero-order
release kinetics of hBDNF from PODS®-hBDNF with approximately 25-50 pg/mL per day
(Fig. 5A-B). Although PODS®-hBDNF crystals were encased in different concentrations of
GrowDex®-T (i.e., 0.5% vs. 0.375%), both groups showed similar release profiles with a
total amount of approximately 300 pg/mL over seven days (Fig. 5A-B). On the contrary, a
one-time dosage of 20 ng/mL of RhnBDNF provided a sufficient amount of hBDNF on the
first day, but after three days, the active hBDNF left in both the culture media had less than
100 pg/mL (Supplementary Fig. S4). Finally, we evaluated endogenously secreted hBDNF
from hESC-derived ONP spheroids. An ONP spheroid (with cell density of 50,000 cells/
spheroid) was cultured in NIM without PODS®-hBDNF. There was virtually no BDNF
detected in this NIM-only condition with the ELISA spheroids (shown in green in Fig. 5A—
B).

3.7. Invitro culture of human embryonic stem cell-derived otic neuronal progenitor
spheroids with nanofibrillar cellulose hydrogel and a polyhedrin delivery system

The hESC-derived ONP spheroids were further cultured with GrowDex®-T and PODS®-
hBDNF for seven days. The schematic diagram in Fig. 6A shows this part of our experiment.
Phase-contrasted images of hESC-derived ONP spheroids cultured in GrowDex®-T and
PODS®-hBDNF demonstrate that the integrity of the spheroids tended to decline more with
GrowDex®-T and PODS®-hBDNF than with only GrowDex®-T over 48-72 hours (Fig.
6B(a—c) vs. Fig. 6B(e—f)). The image also shows that the cells in the spheroids may have
been migrating toward PODS®-hBDNF crystals, suggesting that a BDNF gradient may be
attracting hESC-derived ONPs in a chemotactic fashion (Fig. 6B(f), white arrow). Fig. 6C-F
and Fig.7 A-D show the immunocytochemistry of hESC-derived ONP spheroids cultured
with 0.5% and 0.375% GrowDex®-T, respectively, for seven days. As seen in Fig. 6B,
hESC-derived ONP spheroids maintained the integrity of their spheroidal shapes better when
they were cultured without GrowDex®-T or PODS®-hBDNF (Fig. 6C).

The quantification of PAX8 expression in immunocytochemistry demonstrates the
advantages of GrowDex®-T and PODS®-hBDNF in enabling otic neuronal differentiation.
We chose PAX8 expression to gauge the degree of otic neuronal differentiation, as PAX8
expression is known to peak at the otic placode or otocyst stages (corresponding to the ONP
stage) [86,87] and then to down-regulate afterward [86-88]. Fig. 7E demonstrates that
PAX8-positive cells are significantly more common in NIM-only conditions (97.7% + 0.14
for 0.5% GrowDex®-T and PODS®-hBDNF and 99.0% + 0.44 for 0.375% GrowDex®-T
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and PODS®-hBDNF; shown in green bars) compared to other conditions. This finding
suggests that GrowDex®-T in conjunction with PODS®-hBDNF can facilitate otic neuronal
differentiation. This finding is also apparent in the second rows of Fig. 6C—F and Fig. 7A-D,
which show that the positivity of PAX 8 was most obvious under NIM-only conditions.

The quantification of neurite lengths in hESC-derived ONP spheroids demonstrates
significantly longer neurites in the spheroids that were cultured in the combination of
GrowDex®-T and PODS®-hBDNF (Fig. 7F). The number of neurite-bearing cells in the
ONP spheroids was significantly smaller when they were cultured under NIM-only
conditions (Fig. 7G). Finally, a similar trend was observed in our neurite arborization assay
as in the neurite growth assay (Fig. 7F) in that axonal branching was significantly greater in
a culture condition with both GrowDex®-T and PODS®-hBDNF (Fig. 7H).

In vivo transplantation of human embryonic stem cell-derived otic neuronal

progenitor spheroids into the inner ear

Fig. 8A shows the experimental paradigm of this part of the study. Prior to stem cell
transplantation in the inner ear, both tone burst—evoked and click-evoked ABRs were used to
assess the sensitivity of the inner ear to acoustic stimuli to confirm the efficacy of the DTR
mouse model. Fig. 8B and 8C shows exemplary data of typical tone burst-evoked ABR
waveforms on a WT C57/BL6 mouse (Fig. 8B) and a deafened DTR mouse (Fig. 8C). A
level- and frequency-series of tone burst—evoked ABRs demonstrated that a DTR mouse had
no detectable ABRs even at the lowest attenuation levels (i.e., 0 to =20 dB, equivalent to 100
to 120 dB SPL) (Fig. 8C). Fig. 8D shows exemplary data of click-evoked ABR waveforms
for a WT mouse (left column) and a deafened DTR mouse (right column). The deafened
DTR mouse demonstrated no detectable waves | or V even with the highest stimulation
levels, indicating that it was adequately deafened for the study. Fig. 8E shows the plots of
ABR threshold audiograms of three DTR mice injected with DT and of eight WT mice. For
each DTR mouse, no ABRs were detected at any tested frequency. Fig. 9A shows
immunohistochemistry of the cochleae of WT mice and DTR mice. Confocal fluorescence
images of phalloidin (red) and myosin Vlla (green) in the whole-mounted auditory
epithelium demonstrate intact HCs in both a WT and a DTR mouse without DT injection
(control conditions are shown in Fig. 9A(a) and (b)). On the contrary, a P28 DT-treated
mouse DTR with DT injection shows no signs of inner or outer HCs demonstrating ablation
by DT throughout the cochlea (Fig. 9A(c) shows the basal turn and (d) the apical turn).

The hESC-derived ONP spheroids were then transplanted into the DTR mice cochleae. After
90 days, hESC-derived ONP spheroids transplanted into the inner ear with 1% GrowDex®-
T and PODS®-hBDNF were engrafted in the scala vestibuli (Fig. 9B(a)) and in the scala
tympani (Fig. 9B(b—c)). As Fig. 9B shows, the transplanted cells still maintained aggregated
forms in the inner ear. Fig. 9B(b) also demonstrates that hRESC-derived spheroids lodged in
the wall of the scala tympani and extended neurites toward the modiolus (white arrow). A
dissociated form of stem cell transplantation can be found in Supplementary Fig. S5.

We then performed quantification of the engrafted hESC-ONP spheroids. The AHNA+
profiles indicate that the engrafted ONP spheroids tended to lodge more in the basal turn of
the cochlea than the mid- or apical turns (Fig. 9C(a)). Also, hESC-derived ONPs with
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dissociated forms did not survive as efficiently as those with spheroid forms (Fig. 9C(b)).
Engraftment was significantly better with GrowDex®-T and GrowDex®-T with PODS®-
hBDNF (Fig. 9C(c)). Further quantitative analysis confirmed that GrowDex®-T with
PODS®-hBDNF promoted the neurite extension of engrafted hESC-derived ONPs /in vivo
(Fig. 9C(d)). Finally, the overall survival rate of our transplanted spheroids with GrowDex®-
T and PODS®-hBDNF after 90 days was approximately 0.1% (see the Supplementary Data
for further details). We evaluated the presence of NFC hydrogel in the transplanted cochlea
using Calcofluor White staining. Fig. 9D shows that the NFC hydrogel was present for 7
days (Fig. 9D(b)) and also 90 days (Fig. 9D(c)) after transplantation.

Finally, immunorejection was evaluated with H&E staining, as our transplant was
xenografted (i.e., human stem cells to mice). Fig. 9E(a) shows a control cochlea without
transplantation; that is, there was no areolar fibrous tissue or any lymphocyte infiltration
noted. Fig. 9E(b) and (c) show an hESC-transplanted cochlea with GrowDex®-T and
PODS®-hBDNF (on day 7 and 90, respectively). In Fig. 9E(b), there is mild areolar fibrous
tissue infiltration in the scala vestibuli (red circle). Fig. 9E(c) shows lymphocyte aggregation
and dilated blood vessels in the surrounding area of the transplanted cochlea but little overall
cell response inside the membranous labyrinth.

Fig. 9F shows protein expression of MHC class | and MHC class Il antigen assessed by flow
cytometry in undifferentiated H9 hESCs (upper row) and hESC-derived ONP spheroids
(lower row). Both undifferentiated H9 hESCs and hESC-derived ONP spheroids
demonstrated no detection of MHC class | or MHC class Il antigens. Positive-control of
flow cytometry can be found in Supplementary Fig. S6.

4. Discussion

The number and integrity of surviving SGNs have been implicated in the hearing
sensitivities of deafened patients reliant on Cls or future stem cell-replacement therapy
[77,89,90]. A sustained ability to repopulate SGNs would enable improved clinical results
[10,91-94]. Moreover, while HC regeneration is an important research area, successful
inner-ear function will still depend on the effective transmission of electrical signals to the
brainstem via SGNs. Therefore, new techniques to enhance the efficiency of stem cell-
derived ONP transplantation to augment extant SGN populations are critical. Historically,
the low overall survival of stem cell-derived ONPs transplanted into the inner ear can be
attributed to its relatively inhospitable environment and its inadequate levels of trophic factor
[26,30,63,95]. To overcome these issues, we created an artificial stem cell niche using
hESC-derived ONP spheroids, NFC hydrogel, and a self-sustaining source of BDNF to
promote the survival and neuronal differentiation of transplanted hESC-derived ONPs. We
used hESCs-derived ONPs to generate spheroids, as their use is more clinically relevant to
the core interests of the study than autologous murine stem cells. In addition, human and
murine stem cells behave drastically different in culture. For instance, there are profound
differences in cell cycle regulation, control of apoptosis, and cytokine expression between
the two [96]. Given that the majority of ongoing clinical trials use human pluripotent stem
cells, our work represents a significant step in advancing stem cell replacement therapy in
the human inner ear.
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Immunocytochemistry of our monolayer culture revealed that hESC-derived ONPs cultured
with PODS®-hBDNF for seven days expressed adequate markers for human SGNs, a
finding consistent with our previously reported data [56,63,70,87]. We also performed qRT-
PCR, demonstrating that our hESC-derived ONP spheroids also had otic lineages, although
not identical to human SGNs [56]. Notably, hESC-derived ONPs were mostly peripherin-
positive, which is more consistent with type Il human SGNs [97], although this is consistent
with a previous result on mouse ESC—derived ONPs [98].

In addition, PODS®-hBDNF treatment on hESC-derived ONP spheroids showed that it
promoted otic neuronal differentiation, as it significantly decreased nestin- and SOX2-
positive cells; however, PAX8-positive cells did not significantly differ between RhnBDNF
treatment and PODS®-hBDNF treatment. Our immunocytochemistry data and gRT-PCR
data on hESC-derived ONP spheroids, however, indicated significantly decreased PAX8-
positive cells in PODS®-hBDNF and GrowDex®-T, suggesting that our artificial stem cell
niche promoted further neuronal differentiation than a 2D-monolayer ONP culture with
PODS®-hBDNF [74]. A gRT-PCR confirmed that hESC-derived ONP spheroids were
guided toward otic glutamatergic neural lineages (Fig. 4H).

We performed a rheological analysis of NFC hydrogel for two reasons. First, the
GrowDex®-T we used in this study was an anionic-charged NFC hydrogel, which is
different than GrowDex® (neutrally-charged NFC hydrogel) [40]. The rheological
characteristics of NFC hydrogel, including swelling properties, can be affected by the extent
to which the hydrogel is ionized. Second, the original concentration of GrowDex®-T was
1%; however, microscopic visualization of the cells in 1% GrowDex®-T was extremely
challenging, so we diluted it to 0.5% and 0.375% to determine the cells’ rheological
characteristics. The growing frequency sweep in the NFC hydrogels demonstrated that all
the NFC hydrogel samples had approximately tand (G”/G”) ~0.08-0.13 (gel-like structures)
and little frequency dependence, which is a characteristic of self-standing elastic gels. The
influence of shear stress on the viscosity of the 1% and 0.5% NFC hydrogels indicated
reversible gelation because fluid-like behavior was observed at high shear stress levels (> 10
Pa for 0.5% and > 20 Pa for 1% NFC hydrogel), whereas gel-like behavior was observed at
low shear stress levels. This finding is consistent with previous studies that used NFC
hydrogel and other physiological hydrogels [40,42,99,100]. However, the 0.375% NFC
hydrogel did not demonstrate this feature, presumably because of its high-water content.

A strain sweep of the NFC hydrogels indicated that both the 0.375% and 0.5% NFC
hydrogels showed nearly linear deformation in the entire measured strain regions (1-15%)
due to their higher water content. However, the 1% NFC hydrogel deviated from linearity
above a 7% shear strain. This disproportionally higher shear modulus shows that the yield
stress was not directly proportional to the concentration of the 1% hydrogel above a 7%
shear strain. This finding can be attributed to the compaosition of 1% hydrogel containing
more cellulose, which formed fiber-like aggregates at higher shear strains. This “shear
thinning” behavior of the 1% hydrogel (which we used) made it an attractive ECM for our
clinical application, as it allowed the encasing of hESCs in the gel in a low—shear force
environment. NFC hydrogel also allowed smooth injections by syringe (high shear force)
into the inner ear.
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Our ELISA results showed a steady rate of release of RhnBDNF from PODS® crystals at
approximately 25-50 pg/mL/day, at which rate both /n vitroand in vivo
immunocytochemistry demonstrated more promotion of otic neuronal differentiation and
enhanced axonal growth on transplanted ONPs than RhnBDNF at 20 ng/mL/day. Our in vitro
and /n vivo results support the notion that, with the use of PODS®-hBDNF, BDNF
concentrations of 25-50 pg/mL were sufficient for hESC-derived ONPs to differentiate into
otic neuronal lineages.

Notably, the endogenous secretion of BDNF from hESC-derived ONPs was not detected by
ELISA, either because hESC-derived ONPs did not actually secrete BDNF or the ONPs
themselves consumed it. In other words, the release of 25-50 ng/mL/day of BDNF might
have been greater because the ELISA measurement did not consider consumed BDNF (i.e.,
by hESC-derived ONPs). While the exogenous provision of hBDNF with the polyhedrin
delivery system promoted otic neuronal differentiation in our study, the degradation kinetics
of PODS® crystals by any protease and long-term sequelae after more than 90 days is still
undetermined. Further studies will be needed to investigate the endogenous provision of
BDNF from hESC-derived ONPs.

Multicellular spheroids consist of viable cell rims and central necroses, which typically arise
at spheroid diameters of 400-600 pm [101], a finding determined by fluorescence
microscopy. Our hESC-derived ONP spheroids lacked fluorescence signals in their centers
(Fig. 6-7), however. There are two possible explanations for this absence: 1) a limitation of
the blood supply or removal of the waste product caused by hypoxia [101] or 2) a lack of
fluorescent antibody penetration to the core. In the latter case, mixing a low number of
PODS®-hBDNF crystals during ONP spheroid generation or reducing the total number of
cells in individual spheroids may be methods to reduce the sizes of the central necroses.
Further studies using hypoxia assays will be required to shed light on this matter.

Previous studies have shown that hESC-based stem cell therapy in the inner ear is hindered
by poor engraftment [26,28,63]. The majority of transplanted, dissociated hESCs were either
unable to attach to the lining of fluid-filled inner-ear scalae or, even if they attached, the lack
of aggregation initiated apoptosis cascades, resulting in cell death [28,63]. After our in vivo
hESC-derived ONP transplantation, ONPs were found in various scalae in aggregated
formations presumably because of 1) the 3D nature of the transplanted ONP spheroids, 2)
the NFC hydrogel facilitating their attachment to the lining of scalae, and 3) the continuous
release of BDNF by a polyhedrin delivery system.

Our study demonstrated that hESC-derived ONP spheroids transplanted into artificial stem
cell niches survived for 90 days at a noteworthy survival rate of 0.1% without the use of
immunosuppressant medication. While it is difficult to compare, most of the previous stem
cell transplantation studies in the inner ear demonstrated a similar survival rate with much
shorter survival duration (1-4 weeks) [26,28,30-32,102,103]. They also used
immunosuppressants. The low immunogenicity of hESCs has at least three possible reasons.
First, undifferentiated hESCs express low levels of MHC class | and class 1l molecules in
both undifferentiated and differentiated states [104—106]. For this reason, we performed flow
cytometry on our hESC-derived ONPs. Our results were consistent with those of previous
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studies (Fig. 9F). Second, hESCs lack co-stimulatory molecules, such as CD 80 and CD 86,
which are essential for attacking transplanted hESCs in immunorejection responses [105].
Third, hESCs suppress dendritic cell-mediated T-cell proliferation [107]. Fig. 9E(c), for
instance, shows a mild amount of lymphocyte aggregation in the surrounding tissue of the
transplanted cochlea. Fourth, the inner ear is an “immune-privileged” organ due to its tight,
junction-based blood-labyrinthine barrier, similar to the eyes and the brain [108-110].
Finally, a mesh-size analysis of NFC hydrogels indicated that the average mesh size was ~35
nm [111]. The diameters of macrophages and lymphocytes (critical players in
immunorejection) range from 20-30 pm in size, which is approximately 103 times greater
than the mesh size, so the nano-pore size of NFC hydrogels might have prevented
immunorejection by blocking their entry. Further studies in the immune rejection will be
required to investigate this issue before a clinical transition.

Human SGNs are bipolar neurons [69]; however, the hESC-derived ONP spheroids extended
multipolar neurites /n vitro (Fig. 7) and in vivo (Fig. 9). Our neurite arborization assay and
neurite growth assay also demonstrates that the neurite branching was greater in a culture
condition with GrowDex®-T and PODS®-BDNF (Fig. 7H). Ross et al. previously reported
that unmyelinated SGNs tended to show multipolar morphology [112], and therefore, these
multipolar neurites are more likely unmyelinated dendrites. Considering that our long-term
aim is to generate a neuronal network connecting each of Cl electrodes to extant SGNs, the
larger dendritic tree that was shown in our study may, in fact, be pivotal in establishing the
connection. A study in a feline retinal ganglion cell demonstrated that the shape and size of
the receptive field are determined by the shape and size of underlying dendritic arborization
[113]. They concluded that the larger the dendritic tree is, the larger the visual area over
which they can receive the input. Computational studies also support this finding [114,115]
If we translate this finding into the inner ear, the larger dendritic tree could receive more
information from the CI electrode, which could potentially result in a lower threshold for
electrical stimulation, a lower stimulation-current level requirement, and potentially higher
spatial resolution (not so much for temporal resolution) of a biohybrid CI. Therefore, the
higher arborization of neurites (unmyelinated dendrites) shown in this study may prove
beneficial to our aim even though their shape is not bipolar. Further studies such as
electrically-evoked ABR would give us more insight on this issue.

One of the limitations of this study was our immunohistochemistry. Due to the technical
nature of AHNA, the antigen retrieval process was necessary, during which time our
specimens were incubated under 120C° for 30 minutes. This treatment often distorted the
thin-sliced specimens (Fig. 9). For future experiments, we recently developed and
established lent-viral transfected fluorescent-positive hESC-derived ONPs to avoid antigen
retrieval, improving image quality. Another limitation is that our ESC-derived ONP
spheroids may have possessed molecular profiles similar, but not identical, to human SGNs.
All of the markers we used in this study are not otic lineage specific. In addition, we have
not performed any immunohistochemistry or gRT-PCR to distinguish our ONP spheroids
from vestibular lineages. Once again, further functional studies such as electrically-evoked
ABR would give us more insight into determining how much similarity in molecular profile
is required for transplanted hESC-derived neurons to support a newly generated neuronal
network within the inner ear.
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On a technical note, hESC-derived ONP spheroid injections without the use of NFC
hydrogel were not possible due to the constant backflow of perilymph from the scala
tympani in the mice. The use of 0.375% or 0.5% of GrowDex®-T for injections did not
allow any hESC-derived ONP spheroids to advance further in the scala tympani, presumably
due to low viscosity and the stiffness of the gel. The use of 1% GrowDex®-T was chosen
because its high viscosity and stiffness make injections feasible, allowed the hESC-derived
ONPs to advance further into the scala tympani toward the mid-turn to secure placement,
and displaced some transplanted ONPs in the scala media and the scala vestibuli. A future in
vivo study may need to adjust the stiffness and viscosity of NFC hydrogel to place spheroids
in the scala tympani and keep them localized despite the constant perilymphatic outflow.

5. Conclusions

Taken together, our data demonstrated that transplanted hESC-derived ONP spheroids
survived, neuronally differentiated into otic neuronal lineages, and extended neurites toward
the bony wall of the cochlea. Our data /n vitro and in vivo presented here provide sufficient
evidence that we have established a robust, reproducible protocol for /n vivo transplantation
of hESC-derived ONPs to the inner ear that may pave the way toward a next-generation
“biohybrid” CI that combines the proven Cl approach with hESC-replacement therapy [20].
Using our protocol to create an artificial stem cell niche in the inner ear using a 3D spheroid
formation, NFC hydrogel for ECM, and a polyhedrin delivery system for the continuous
provision of BDNF, it is once again possible to work toward integrating transplanted hESC-
derived ONPs further into the inner ear as well as toward achieving functional auditory
neurons generated from hESCs.
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Statement of Significance

Inner ear regeneration utilizing human embryonic stem cell-derived otic neuronal
progenitors (hESC-derived ONPs) has remarkable potential for treating sensorineural
hearing loss. However, the local environment of the inner ear requires a suitable stem cell
niche to allow hESC-derived ONP engraftment as well as neuronal differentiation. To
overcome this obstacle, we utilized three-dimensional spheroid formation (direct
contact), nanofibrillar cellulose hydrogel (extracellular matrix), and a neurotrophic factor
delivery system to artificially create a stem cell niche /n vitroand in vivo. Our in vitro
and /n vivo data presented here provide sufficient evidence that we have established a
robust, reproducible protocol for /n vivo transplantation of hESC-derived ONPs to the
inner ear.
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Figure 1.
Illustrative summary of a stepwise treatment protocol for deriving an otic neuronal lineage

from undifferentiated H1, H7, and H9 human embryonic stem cells lines. Developmental
stages are shown at the top, above a timeline, and key treatments are shown below, using
color-coded bars. Abbreviations: D: days; NNE: nonneuronal ectoderm; PPE: preplacodal
ectoderm; ONP: otic neuronal progenitor; BMP4: bone morphogenetic protein 4; SHH:
Sonic hedgehog; ATRA: all-trans retinoic acid; EGF: epidermal growth factor; BDNF:
brain-derived neurotrophic factor; NT3: neurotrophin 3; IGF-1: insulin-like growth factor 1;
FGF2: fibroblast growth factor 2; CDM: chemically-defined medium; NIM: neural induction
medium; MACS: magnetic-activated cell sorting; FACS: fluorescence-activated cell sorting;
p75: low-affinity neurotrophin receptor (p75NTR). This protocol is adapted from Matsuoka
et al., 2017 and 2018.
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Figure 2.
Assessment of induction of an otic neuronal lineage from late-stage ONPs. (A): A stepwise

treatment for an otic neuronal lineage induction. On day 25, PODS®-hBDNF treatment was
started in NIM for 7 days. D: days. (B): Phase-contrast photomicrographs of hESC-derived
late-stage ONPs. (C): Phase-contrast photomicrographs of hESC-derived ONPs treated with
PODS®-hBDNF for seven days. (D-1): Immunocytochemistry of hESC-derived late-stage
ONPs treated with PODS®-hBDNF in NIM/Brainphys™ shows expression of various otic
neuronal markers: GATA3, NEUROGL1, PAX8, SOX2, nestin, VGLUT2, B-111 tubulin, and
peripherin. (J): Quantification of the otic neuronal markers for % positivity (n = 3) on
hESC-derived late-stage ONPs treated with PODS®-hBDNF for seven days. BT: B-11I
tubulin; GT3: GATA3; N: nestin; NG1: neurogenin 1; P8: PAX8; PRN: peripherin; S2:
SOX2; and VG2: VGLUT2. (K): Quantification of % positive staining for nestin, PAX8, and
SOX2 on PODS®-hBDNF and RhBDNF treated cells. *p <0.05, ** p< 0.01 by one-way
ANOVA with Tukey’s post-hoc test. n.s.: not statistically significant.
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Figure 3.
Generation of hESC-derived ONP spheroids. (A): A schematic diagram of forming hESC-

derived late-stage ONP spheroids using an EZSHPERE® plate (upper row) and a phase-
contrast photomicrograph of individual spheroids (see white arrow) within the plate (bottom
row). (B): A schematic diagram of forming hESC-derived ONP spheroids using a 96-well
Clear Round Bottom Ultra-Low Attachment Microplate® (upper row) and a low-power (left
bottom row) and high-power (right bottom row) phase-contrast photomicrograph of a
spheroid within the plate. (C): A phase-contrast (upper row) and an epifluorescence (bottom
row) photomicrographic image of a hESC-derived ONP spheroid stained with NeuroFluor™
NeuO. (D): Immunocytochemistry on a hESC-derived ONP spheroid that was cultured for
seven days with 800,000 of PODS®-hBDNF. The spheroid was stained for p-111 tubulin,
nestin (upper row), and PAX8 (lower row).
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Figure 4.

Rheological characterization of GrowDex®-T and hESC-derived ONP spheroids cultured
with GrowDex®-T. (A): Frequency sweep (viscoelasticity) of three different concentrations
(1%, 0.5%, and 0.375%) of GrowDex®-T (n = 3). (B): Influence of shear stress on the
viscosity of three different concentrations (1%, 0.5%, and 0.375%) of GrowDex®-T (n = 3).
(C): Strain sweep (stress-strain curve) of three different concentrations (1%, 0.5% and
0.375%) of GrowDex®-T. Shear modulus of 1%, 0.5% and 0.375% GrowDex®-T is plotted
as a function of shear strain (n = 3). (D): Schematic figure of hESC-derived ONP spheroids
cultured in GrowDex®-T. (E-G): Neuronal marker expressions of PAX8, p-111 tubulin,
MAP2, VGLUT2, peripherin and phase-contrast of hESC-derived ONP spheroids cultured
with 0.375% GrowDex®-T. (H): Quantitative real-time PCR (gRT-PCR) on hESC-derived
ONP spheroids cultured with 0.375% GrowDex®-T and 800,000 of PODS®-hBDNF
relative to hESC-derived ONP spheroids cultured in Brainphys™ with 20 ng/mL of
recombinant BDNF.
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Figure 5.
Accumulative release kinetics of BDNF from PODS®-hBDNF and from a hESC-derived

ONP spheroid cultured in NIM. (A): BDNF release profile of 800,000 PODS®-hBDNF in
0.5% GrowDex®-T over seven days. (B): BDNF release profile of 800,000 PODS®-hBDNF
in 0.375% GrowDex®-T over seven days. In both (A) and (B), accumulative release kinetic
of BNNF from a hESC-derived ONP spheroid cultured in NIM is also plotted in a green line
as a control.
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Figure 6.
Immunocytochemistry of hESC-derived ONP spheroids that were cultured with 0.5%

GrowDex®-T in vitro. (A): Schematic diagram of PODS®-hBDNF and GrowDex®-T
mixture with hESC-derived ONPs spheroids /n vitro. (B): A phase-contrast
photomicrograph of hESC-derived ONP spheroids cultured with GrowDex®-T (gray
background) and/or PODS®-hBDNF (shown in black). Human ESC-derived ONP spheroids
that were cultured with 1% GrowDex®-T for 24 hours (a), 48 hours (b), and 72 hours (c),
respectively. Human ESC-derived ONP spheroids that were cultured with 1% GrowDex®-T
and 800,000/uL of PODS®-hBDNF for 24 hours (d), 48 hours (), and 72 hours (f),
respectively. (C): Immunocytochemistry of hESC-derived ONP spheroids cultured in NIM
for 7 days. (D): Immunocytochemistry of hESC-derived ONP spheroids cultured in 0.5%
GrowDex®-T for seven days. (E): Immunocytochemistry of hESC-derived ONP spheroids
cultured in 0.5% GrowDex®-T with 20 ng/mL of RhnBDNF for seven days. (F):
Immunocytochemistry of hESC-derived ONP spheroids cultured in 0.5% GrowDex®-T with
800,000 of PODS®-hBDNF for 7 days.
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Figure 7.
Immunocytochemistry of hESC-derived ONP spheroids cultured with 0.375% GrowDex®-T

in vitro. (A): Immunocytochemistry of hESCs-derived ONPs spheroids cultured in NIM for
seven days. (B): Immunocytochemistry of hESC-derived ONP spheroids cultured in 0.375%
GrowDex®-T for seven days. (C): Immunocytochemistry of hESC-derived ONP spheroids
cultured in 0.375% GrowDex®-T with 20 ng/mL of RhnBDNF for seven days. (D):
Immunocytochemistry of hESC-derived ONP spheroids cultured in 0.375% GrowDex®-T
with 800,000 of PODS®-hBDNF for seven days. (E): Quantification of positive staining for
PAX8 based on immunocytochemistry in hESC-derived ONP spheroids. (F): Quantification
of neurite length arising from hESC-derived ONP spheroids (n = 3). (G): Quantification of
neurite bearing analysis. (H): Quantification of neurite arborization analysis. *p < 0.05, ** p
<0.01, *** p<0.001 by one-way ANOVA with Tukey’s post-hoc test.
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In vivo hESC-derived ONP spheroid transplantation in the DTR mouse cochlea. (A): A
schematic diagram of experimental design for /n vivo hESC-derived ONP spheroid
transplantation. (B): Tone-burst-evoked ABR assessment of a WT mouse. (C): Tone-burst-
evoked ABR assessment of a DTR mouse. (D): Click-evoked ABR assessment of WT
mouse (left column) and DTR mouse (right column). (E): ABR audiograms for 3 DTR and
8 WT mouse ears, with mean values for the latter shown with the gray line. Levels are
expressed in terms of attenuation, with sound pressure levels at 0 dB ranging from 105 to
120 dB SPL. Thresholds were based upon visual detection of a response above the noise
floor. No ABRs were detected for the three DTR mice (data plotted above the 0 dB line).
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Figure 9. (A):

Immunohistochemistry of the DTR mouse cochlea. Confocal fluorescence imaged of
phalloidin (red) and myosin Vlla (green) in the whole mounted auditory epithelium. (a) A
wild type cochlea (control) shows a single row of IHCs and three rows of OHCs in the basal
turn. (b) A DTR mouse cochlea without DT injection also shows a single row of IHCs and
three rows of OHCs in the basal turn as well. (c and d) A DTR mouse cochlea with DT
injection at P25 demonstrates no IHCs or OHCs in the basal turn (c) and the apical turn (d).
OHC: outer hair cells; IHC: inner hair cells; PC: Pillar cells, DC: Deiters cells, and I1SC:
inner supporting cells. B): Immunohistochemistry of transplanted hESC-derived ONP
spheroids in the DTR mouse cochlea. Left column: a corresponding low-power
magnification microphotograph of the DTR mouse cochlea (10X). Each yellow circle
indicates the anatomical location of a transplanted hESC-derived ONP spheroid. Right
column: high-power magnification microphotographs of transplanted hESC-derived ONP
spheroids stained with TOTO3 (nuclear counterstaining), p-111 tubulin, and AHNA (40X).
(@) Human ESC-derived ONP spheroids transplanted with 1% GrowDex®-T. (b) Human
ESC-derived ONP spheroids transplanted with 1% GrowDex®-T and 800,000 of PODS®-
hBDNF. Small white arrow: neurites. (c) Another hESC-derived ONP spheroid transplanted
with 1% GrowDex®-T and 800,000 of PODS®-hBDNF. SM: scala media, SV: scala
vestibuli, ST: scala tympani, MT: the middle turn of the cochlea, and MO: modiolus. (C): (a)
Quantification of the number of ANHA positive cells (profile) in three different turns of the
DTR mouse cochleae. (b) Quantification of the number of the ANHA positive cells (profile)
in dissociated ONPs transplantation vs. ONP spheroids transplantation in four anatomical
subdivisions of the cochlea. (c) Quantification of the number of the triple positive cells
(profile) in dissociated ONPs transplantation vs. ONP spheroid transplantation with three
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different substrates. (d): Quantification of the number of neurites in dissociated ONPs
transplantation vs. ONP spheroid transplantation. NIM: neuronal induction media, G:
GrowDex®-T, G+P: GrowDex®-T and PODS®-hBDNF. *p < 0.05, ** p< 0.01, N.S.: not
significant by one-way ANOVA with Tukey’s post-hoc test. Note that all of the images
stained for TOTO3 iodide and AHNA have been pseudo-colored. (D): Calcofluor White
staining indicates the presence of NFC at both seven days and ninety days post-
transplantation. (E): Tissue response in H&E histology. (a) Control WT cochlea (no
surgery). (b) DTR mouse cochlea transplanted with hESC-derived ONP spheroids with
GrowDex®-T and PODS®-hBDNF. The DTR mouse was euthanized seven days after the
transplant surgery (D10). (c) DTR mouse cochlea transplanted with hESC-derived ONP
spheroids with GrowDex®-T and PODS®-hBDNF. The DTR mouse was euthanized 90
days after the transplant surgery (D90). (F): Expression of MHC class | and MHC class 11
proteins assessed by flow cytometry in undifferentiated hESCs (H9) and hESC-derived ONP
spheroids (ONPs). Red lines represent background staining with the conjugated antibody
(MHC I and MHC I1) alone. Three independent experiments were performed and the results
were averaged for each analysis.
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