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Abstract

Introduction: Cell-based models play an important .
role in understanding the pathophysiology and | P
etiology of auditory disorders. For the auditory

system, models have primarily focused on
restoring inner and outer hair cells. However, they
have largely underrepresented the surrounding
structures and cells that support the function of the
hair cells.

Methods: In this article, we will review recent
advancements in the evolution of cell-based models
of auditory disorders in their progression towards three dimensional (3D) models and organoids
that more closely mimic the pathophysiology in vivo.

Results: With the elucidation of the molecular targets and transcription factors required to
generate diverse cell lines of the components of inner ear, research is starting to progress from
two dimensional (2D) models to a greater 3D approach. Of note, the 3D models of the inner ear,
including organoids, are relatively new and emerging in the field. As 3D models of the inner ear

Iézﬁx;r::z model continue to evolve in complexity, their role in modeling disease will grow as they bridge the gap
Auditory system between cell culture and in vivo models.
Spiral ganglion neuron Conclusion: Using 3D cell models to understand the etiology and molecular mechanisms
Organoid model underlying auditory disorders holds great potential for developing more targeted and effective
3D model novel therapeutics.
Stem cell

Introduction and supportive cells. The emerging use of induced

Cell-based models have been vital for understanding
the physiology of tissues and organs. These models
have aided in comprehending the molecular pathways
implicated in disease and have played an essential role in
high-throughput drug screening."* In the field of otology
many individual cell lines and tissues of the inner ear have
been replicated with cell-based models, including both
sensory and non-sensory cells.’ In the past, cell-based
models have focused on replicating inner and outer hair
cells, the primary functional components of sensorineural
hearing. Recently, however, the field is evolving with the
modeling of non-sensory structures, including neurons

pluripotent stem cells (iPSCs), as well as tissue-derived
mesenchymal stem cells (MSCs) and embryonic stem cells
(ESCs), have led to this shift and thus have been essential
in modeling the inner ear.>

To best model and replicate the pathophysiology of
inner ear disorders, it is essential to shift from the standard
two-dimensional (2D) in vitro models and transition to
new 3D models such as organ-on-a-chip and organoids.”
The advancement of 2D to three-dimensional (3D) cell
cultures has produced in vitro models of the inner ear
that more closely mimic pathological states. Organoid
models allow for the manipulation of a single diseased
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cell line encompassed within a greater organ-based
model, substantially increasing our understanding of the
pathophysiology of auditory disorders. In this review, we
aim to go beyond the modeling of sensory hair cells and
take a deep dive into modeling the accessory structures of
hearing, including spiral ganglion neurons and supporting
cells. Collectively, this review will discuss the current state
of 2D cell-based models of inner ear structures before
advancing to the successes and limitations of 3D models
of the inner ear.

Development and anatomy of the auditory system

The human auditory system consists of the external,
middle, and inner ear which work synchronously to
transmit sound to the auditory cortex of the brain. To
date, models of the cochlea and surrounding structures
have been vital to advance our understanding about the
pathologies of the inner ear, including sensorineural
hearing loss (SNHL). In this section, we will discuss the
development and anatomy of the inner ear. A schematic
representation of the inner ear is provided in Fig. 1.

Development of the inner ear

Four weeks after conception, the precursors of the inner
ear begin to materialize from the ectoderm.® The inner
ear structures, as well as the cochleovestibular ganglion
(CVG), arise from the otic placode, a specific zone within
the ectoderm. The otic placode eventually gives rise to the
otic vesicle, which is composed of the primordial inner ear
and the CVG.’ Four different cell types arise from the otic
placode with precise topological distribution, including
the sensory neurons, supporting cells, sensory hair cells,
and the secretory cells of the otic epithelium.!® These cell
types give rise to ten unique cell lines that encompass the

region in and around the otic capsule.®

Anatomy of the inner ear

The anatomy of the inner ear can be subdivided into
two components, the sensorineural structures of the
cochlea and the vestibular organs. In this section, we will
specifically focus on the sensorineural structures of the
inner ear.

Bony structures of the cochlea

The cochlea itself has a bony center known as the
modiolus (Fig. 1). The modiolus is the central structure of
the cochlea and all other structures are considered lateral.
Surrounding the modiolus is the spiral lamina, a bony
corkscrew structure that extends from the apex to the base
of the cochlea.

Divisions of the cochlea

Two membranes extend along the spiral lamina that divide
the cochlea into three compartments: (i) scala vestibuli, (ii)
scala tympani, and (iii) scala media. The upper membrane
is the basilar membrane, dividing the scala tympani from
the scala media, and it supports the hair cells within the
organ of Corti. The vestibular membrane, also known
as Reissner’s membrane, divides the lower layers of the
cochlea, the scala vestibuli, and the scala media. There are
three turns of the scala as they wrap around the modiolus:
the basal, middle, and apical turns. The apex, joining
the scala tympani and the scala vestibuli, is also known
as the helicotrema. On the basal side of the cochlea, the
oval window and the round window form the functional
termination of the scala vestibuli and the scala tympani,
respectively.

Structural regions of the cochlea
The cochlea can be divided into two structural regions,
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Fig. 1. Schematic representation of the inner ear. (A) The cochlea that converts the vibrations of the cochlear liquid and inner ear organs into neural
signals. (B) Modiolus located within the shell of the cochlea are the membranes in cross-section, which house the spiral ganglion, cochlear nerve, and spiral
organ.(C) The organ of Corti which is made up of sensory cells that transduce auditory signals into the action potential of nerve impulses.
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each containing a unique extracellular fluid matrix that
functions in signal conduction within the inner ear. The
outer labyrinth is more commonly known as the osseous
(bony) labyrinth. It is a series of canals in the temporal
bone that contain perilymph, an extracellular fluid with
high sodium concentration. The membranous labyrinth
is suspended within the osseous labyrinth and contains
endolymph with high potassium concentration. The
hair cells are located in the membranous labyrinth and
function in the sensory reception of hearing.

Innervation of the cochlea

From distal to proximal in reference to the central nervous
system (CNS), the bipolar primary afferent neurons are
the peripheral neurons that leave the hair cells of the organ
of Corti. The bipolar primary afferent neurons channel
into the modiolus through the habenula perforata. The
cell bodies of these peripheral spiral ganglion neurons are
found inside Rosenthal’s canal within the modiolus. The
spiral ganglion nerve fibers merge to form the cochlear
branch of cranial nerve VIII. Cranial nerve VIII (CNVIII)
is more commonly referred to as the vestibulocochlear
nerve. CNVIII travels to the primary auditory cortex
located in the superior temporal gyrus of the temporal
lobe."!

Cells of the cochlea

There are two distinct regions of the primary hair cells
of the cochlea. The inner and outer hair cells are known
as types I and II, respectively. They are named based on
their anatomic position with respect to the modiolus
within the organ of Corti. The hair cells, functioning as
mechanoreceptors, transduce mechanical signals into
neurological potentials. Mechanosensing organelles
(stereocilia) are found on the hair cells’ apical surface
and are involved in the transmission of sound via the
generation of action potentials. Furthermore, multiple
cells including Hensen’s cells, Claudius cells, Deiters’ cells,
inner supporting cells, and inner and outer Pillar cells play
supporting roles in nutrition, signal transduction, and
homeostasis in the inner ear."

Inner ear structures and cell-based models

Although the anatomy of the inner ear was elucidated
decades ago, the ability to replicate it with 3D models is
a recent and evolving technique. Most publications have
focused on the generation of the hearing structures,
specifically the inner hair cells, without addressing the
vestibular structures of the inner ear that function in
balance. Therefore, little has been accomplished for the
development of a 3D and organ-on-a-chip model to study
the molecular functionalities of the inner ear.

Sensory structures of the inner ear
Most cell-based models of the auditory system have
focused on the regeneration of hair cells previously lost

due to genetic and/or environmental causes. Cell-based
models have yielded two major strategies to regenerate
cells in the human ear. These include the use of exogenous
cells to replace injured hair cells, neurons, and accessory
cells, and the endogenous differentiation of stem cells into
newly generated hair cells.” A multitude of in vitro studies
of iPSCs of inner and outer hair cells have been generated
in the hopes of new therapies and drug discoveries, as
well as the elucidation of the pathophysiology of SNHL.
It has been found that human fetal auditory stem cells can
be expanded and differentiated in vitro to hair cell-like
cells and functional auditory neurons that may assist in
the development of cell-based therapies for hearing loss."*
The cultures generated have been demonstrated to possess
the critical markers of progenitor auditory cells including
NESTIN, SOX2, GATA3, and PAX2."

A key reprogramming mechanism to generate inner ear
cell lines is through the use of viruses. A study successfully
reprogrammed mouse embryonic fibroblasts to become
inner ear hair cells. Having capitalized on the retrovirus
system, they exogenously expressed four transcription
factors (Six1, Atohl, Poudf3, and Gfil). It was observed
that the cells resembled mouse hair cells as evident from
protein expression profiles as well as the expression of hair
cell biomarkers such as Myosin VIIa and Parvalbumin
(Fig. 2)."* With the generation of iPSCs from patient
fibroblasts and the subsequent successful passaging of cell
lines, there is hope that a reimplantation model to treat
SNHL will soon be generated.>'”'®

Non-sensory structures of the inner ear

Most research and current models of SNHL have focused
on the sensory structures of the inner ear. To create a 3D
model of the inner ear, however, other structural elements
such as accessory cells, neurons, and extracellular
components must be mimicked. This section focuses on
generated models of non-sensory cells of the inner ear.

Supporting cells of the cochlea

The roles of supporting cells of the inner ear are still being
elucidated, but emerging literature is showing that these
cells have essential roles in maintaining the integrity of
spiral ganglion neurons and hair cells. Each supporting
cell line within the mammalian inner ear plays a distinct
role in its specific anatomic location in the cochlea.
Emerging models of supporting cells of the cochlea are
reviewed in Table 1.

Inner ear supporting cells

Similar to glial cells and astrocytes of the central nervous
system, supporting cells of the organ of Corti play
essential roles in signaling, nutrition, and proliferation.®
Recent studies have revealed that inner ear supporting
cells function in the protection of sensory hair cells by
secreting HSP70, a heat shock protein.” They have also
been shown to provide nutritional support through
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Fig. 2. Mouse embryonic fibroblasts overexpressing Six1, Atoh1,
Pou4f3, and Gfi1 (SAPG) exhibits immunostaining for hair cell
markers. (A) A diagram of a mouse's inner ear showing the vestibular
system (green) and the cochlea of the auditory system (red). (B) Schematic
of experimental design for transcription factor-mediated reprogramming.
(C) Images of MEFs reprogrammed with Six7, Atoh1, Pou4f3, and Gfi1
fixed at 14 days post-infection (dpi). Scale bar 50 um. (D) Quantification
of Atoh1-nGFP and ftriple-positive cells (Atoh7-nGFP+/MyosinVlla+/
Parvalbumin+). (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). Adapted
from Menendez et al."®

releasing necessary proteins and transcription factors for
the survival of the SGNs and inner hair cells.*

Deiters’ cells

Deiters’ cells provide structural support to the outer hair
cells by providing a surface for the direct absorption
of nutrients.”’ Deiters cells, along with Hensen’s cells,
function in cell-to-cell signaling via gap junctions to
allow long-distance communication within their basilar
formation.” Purified stem cell-based models of Deiters’
cells have been successfully generated. However, the
models are challenged by the unknown molecular markers
that allow for the proliferation of these supporting cells and
whether there is an absence or blockage of regenerative
signals in the differentiation pathway.?'

Hensen’s cells

Hensen’s cells are structural support cells that lie on the
lateral side of the outer hair cells within the organ of Corti.

These cells have been differentiated in mice and shown to
arise from a primordial layer of cells in about two weeks of
culture.”* Researchers have shown that lateral inhibition,
provided through Notch signaling, functions in the
targeted differentiation of otic precursors into Hensen’s
cells.?>*
Pillar cells
Pillar cells provide mechanical coupling between the
inner and outer hair cells and their underlying basement
membrane.” These cells have been mimicked with the
aid of biomaterials and function in the formation of the
tunnel of Corti, a supporting base that is located between
the outer and inner hair cells.”
Claudius cells
Claudius cells expand from the Hensen’s cells to the
epithelium of the spiral prominence where they form the
outer sulcus.” Claudius cells are bathed in the endolymph
and joined by tight junctions to prevent the endolymph
from contacting the hair cells. In direct contact with the
hair cells, endolymph can be cytotoxic.”
Endolymph, perilymph, and the generation of extracellular
Sfluid
In 3D cell-based and organoid models, the normal
activity of the inner ear is dependent on the electrical
potential of the endolymph and perilymph.*** A study
of the introduction of exogenous stem cells to the inner
ear found that there are factors in the microenvironment,
including the perilymph and endolymph, that control the
differentiation of stem cells into cells of the inner ear such
as SGNss, hair cells, and supporting cells.*® Therefore, these
extracellular fluids, along with their respective electrolyte
concentrations, must be mimicked to generate a proper
inner ear model capable of generating electrical potentials.
Models have elucidated that the loss of bicarbonate ions
causes endolymphatic acidification, leading to deafness,
and that accumulation of calcium in the membranous
labyrinth can lead to the death of the inner hair cells.”” The
endolymph has been characterized as a harsh environment
for cell growth, and transplantation of pluripotent stem
cells into this area to treat SNHL has yielded not very
promising results. However, the sodium-rich perilymph
is an ideal and more favorable environment in which to
inject stem cells. Nevertheless, it is uncertain how cells
can transverse the tightly joined scala media to migrate
to their native anatomical position.”® The key models of
the endolymph and perilymph are highlighted in Table 2.
Pericytes of the stria vascularis and vestibular dark cells
The pericytes of the stria vascularis and the dark cell area
of the vestibular organs generate the ionic regulation of
the endolymph.* These cells are essential to generate
in cell-based models to create a homeostatic and self-
proliferating environment.*® A recent bovine model
was able to successfully culture the pericytes of the stria
vascularis. The cultured pericytes expressed the typical
markers including platelet-derived growth factor receptor
B (PDGFRp), a-smooth muscle actin (a-SMA), and neural
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Table 1. Models of non-sensory structures of the inner ear

Model Findings Ref.
Inner ear . Secrete heat shock protein, HSP70, protecting sensory hair cells. 9
supporting cells Supporting columnar epithelial cells found within Kolliker’s organ provide support by spontaneously 2
releasing ATP to the inner ear and spiral ganglion neurons.
. Anchored to the basement membrane
. . Provide structural support to the outer hair cells nz
Deiters’ cells ) . . -
. Provide a surface to receive nutrients via microtubules
. Function in cell-to-cell signaling via gap junctions to allow for long-distance communication. B
. Arise from a disordered, undifferentiated layer of cells at around day 14 via mechanical forces patterning 2
) hair cell development.
Hensen’s cells - - - - - - - - -
Lateral inhibition, provided through Notch signaling, functions in the targeted differentiation of otic 2
precursors into Hensen'’s cells.
. Hey?2 block hair cell differentiation and activated by FGF.
. Mutation of transcription factor caused Pillar cells to become sensitive to Notch signaling loss, permitting =
differentiation into hair cells.
Pillar cells . Express genes encoding machinery for the specialization of sensory hair cells in the basolateral, apical, 2
and synaptic membranes of the inner ear.
. Function in formation of tunnel of Corti, a supporting structure located between the outer and inner .
hair cells.
. AQP4, an aquaporin channel on Hensen's and Claudius cells, may contribute to the ion and volume
homeostasis. s
Claudius cells . AQP4 facilitates osmotically driven water movements within sensory epithelium of inner ear.
. Ablation of connexin26, a gap junction protein, causes Claudius cell death and hearing impairment via 2
gap junction dysfunction.
Table 2. Models of extracellular matrix and it's production: endolymph, perilymph, pericytes of the stria vascularis and vestibular dark cells
Model Findings Ref.
. Loss of bicarbonate ions causes deafness via endolymphatic acidification.
Endolymph . I ; ) ) ¥
. Accumulation of calcium in the membranous labyrinth leads to death of inner hair cells.
Perilymph . Sodium-rich perilymph provides more favorable environment to inject stem cells compared to the .
endolymph.
. Normal functioning of inner ear dependent on electrical potential of endolymph and perilymph. 4

Endolymph and
Perilymph

. Factors in microenvironment of perilymph and endolymph control differentiation of stem cells into

36

both neural tissues and cells of the organ of Corti.

. Dark cell area and stria vascularis generate ionic regulation of the endolymph and perilymph.

. K+ diffusion potential across the apical membrane contribute to the electrical potential.

Pericytes of the Stria
Vascularis and Vestibular

and self-proliferative environment.
Dark Cells

. Essential to generate supporting cells of the inner ear in a multi-cellular model to create a homeostatic

40

. Cells express the typical markers of the pericytes of the stria vascularis including PDGFRB, a-SMA,

and NG2.

41

. Cells also characteristically negative for endothelial marker von Willebrand factor.

PDGFRB = platelet-derived growth factor receptorf; a-SMA = a-smooth muscle actin; NG2 = neural glial antigen 2.

glial antigen 2 (NG2) (Fig. 3). They were also negative
for the endothelial marker von Willebrand factor.*! This
may be a crucial step in generating a human model of the
stria vascularis that can be used to assess ototoxic activity
and dysregulation of the ions within the perilymph and
endolymph. The key models of the pericytes of the stria
vascularis and vestibular dark cells are highlighted in
Table 2.

Spiral ganglion neurons and inner ear innervation

The main bipolar neurons that directly innervate the hair
cells are the SGNs. These cells serve as a relay station
between the CNS and the hair cells.*? The cell bodies of
the SGNs are clustered within Rosenthal’s canal.*® The
loss of peripheral neural input to the auditory nerve
causes sensorineural deafness, stemming from either
direct loss of the sensory structures, the hair cells, or loss
of conduction of the electrical signal via damage to the

SGNs or cranial nerve.* The organ of Corti is innervated
by afferent SGNs and efferent brain-stem-derived motor
neurons. To mimic these structures successfully in vitro, it
is essential to have nearby neural-crest-derived Schwann
cells to form myelin.®**

Historically, it was believed that the spiral ganglion
cells degenerated soon after the inner hair cells (IHCs) of
the organ of Corti die.* However, a study demonstrated
that the spiral ganglion neurons often have delayed
degeneration and survive for months after the death
of IHCs.* It was observed that neuron survival persists
beyond the death of IHCs, suggesting that the loss of SGNs
is likely due to trauma rather than direct loss of the hair
cells. Therefore, the hypothesis that IHCs were the main
source of survival factors for SGNs was debunked, and it
was proposed that other cells, most likely supporting cells
in the cochlea, are the main source of survival factors.
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HREC

HRPC

Fig. 3. Characterization of isolated BCP. Green fluorescence indicates the immunostaining for NG2 (panels a, a’, and a”) and vVWF (panels d, d’, and d")
in HREC, BCP, and HRPC, respectively. Red fluorescence indicates immunostaining for PDGFR (panels b, b’, and b") and a-SMA (panel ¢, ¢’, and ¢") in
HREC, BCP, and HRPC, respectively. Blue fluorescence depicts cell nuclei, stained by DAPI. Magnification: x20; scale bars: 100 pm.

a-SMA = a-smooth muscle actin; BCP = bovine cochlear pericytes; DAPI = 4',6-diamidino-2-phenylindole; HREC = human retinal endothelial cells; HRPC =
human retinal pericytes; PDGFR = platelet-derived growth factor receptor 8; vVWF = Von Willebrand Factor. Reproduced with permission from Giurdanella

et al.#!

Unlike the previous hypothesis, SGNs do not rely
solely on hair cell stimulation for survival. They have
been shown to rely on neutrotrophin-3 and glial-derived
neurotrophic factors from accessory and supporting
cells. This was shown in an in vitro model where SGNs
survived for several months after hair cell death.*® Cell
death inhibitors have also been used in animal models
to preserve SGN populations after hair cell death.*
Therefore, the longstanding dogma that sensory hair cells
were necessary for the proliferation and survival of SGNs
has been overturned.

Cochlear implants, innervation, and regeneration

One of the essential processes to recognize in generating
cell-based models of the inner ear is the physiological
death and loss of hair cells, in large part due to aging. It
has been well established that the cochlear implant is the
mainstay of therapy for patients suffering from severe
SNHL.#*? Cochlear implants may have challenges in
providing auditory rehabilitation if the hair cells are
not the principal deficit, with the deficit instead lying
within the bipolar neurons, spiral ganglion cell bodies, or
cochlear branch of CNVIIL*>**** Auditory neuropathy is a
specific subset of deafness with relative preservation of the
hair cells but damage to the SGN.

A study analyzed the differences in hearing recovery
comparing cochlear implants alone to cochlear implants
with co-injected human ESCs utilizing an animal model.
Using an auditory neuropathy model, the animals
demonstrated successful engrafting, differentiation, and
improved auditory response thresholds using co-injected
human ESCs with cochlear implants when compared with
cochlear implants alone.** During cochlear implantation,
exogenous factors are introduced to approximate or
grow SGN processes, enhancing the contact between the
neuron and the hair cell.***>*¢ Although there is no definite
evidence, it has been hypothesized that the success of a
cochlear implant may depend on the health, number, and
excitability of the SGNs.*

When placing a cochlear implant, it is essential
to minimize and eliminate iatrogenic damage to
the SGNs. Multiple techniques have been studied to
minimize iatrogenic damage including direct access to
Rosenthal’s canal (where the cell bodies of SGNs are
located), a translabyrinthine approach for direct access
to the auditory nerve, and a cochleostomy into the scala
tympani.”® The cochleostomy of the scala tympani offered
maximal survival of SGNs with minimal inflammation,
while the invasive translabyrinthine approach induced the
greatest inflammatory response and significantly reduced
survival of the SGNs. It is extremely important to refine
the techniques of cochlear implantation because as little
as a 10% loss of neural tissue can lead to changes in the
stimulation profile of the auditory nerve. This could in
turn lead to inconsistencies in the expected results of the
cochlear implants versus the achieved results.*

In vivo and in vitro models of spiral ganglion neurons
Researchers have successfully injected MSCs into the
scala tympani of mice subjected to acoustic trauma. It
was observed that the stem cells migrated into Rosenthal’s
canal and the organ of Corti. The researchers were able
to accomplish this without the introduction of exogenous
transcription factors or proteins. These results suggest
that the extracellular environments of the perilymph and
endolymph have governing factors that function in the
differentiation and localization of stem cells.*

Many in vitro models have been able to successfully
regenerate SGNs from MSCs. Adult nasal MSCs, whose
primary function is to renew the olfactory epithelium,
have been shown to have broad anatomic potential beyond
the superior regions of the nasal cavity where olfaction
occurs.” A study showed that SGNs can be replaced with
nasal tissue-derived MSCs after gentamicin-induced
ototoxicity.> An exogenous stimulator of the Wnt/B-
catenin pathway was used to promote robust neuronal
differentiation of the MSCs. SGNs generated from nasal
MSCs expressed neuronal proteins and were excitable
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in culture. It was demonstrated that these MSCs share
similar gene expression profiles as the inner ear precursor
cells including STRO-1 and Nestin.”

Human ESCs have also been used to undergo directed
differentiation toward SGN-like sensory neurons, with
an 82% to 95% similar expression profile of native
SGNs. These mimics were shown to extend neurites
to the cochlear nucleus. To induce this differentiation
and specificity to the SGN progenitor cells, researchers
induced the expression of PAX genes.*® They also checked
and verified the generated spiral ganglion neuron’s ability
to generate action potentials. This study was significant in
its ability to differentiate the signaling pathways of early
and late precursors in the human SGN lineage.”

Bone MSCs have also been used to generate otic
precursors with characteristic markers such as SOX2,
PAXS8, GATA3, and PAX2. The cells could then be further
manipulated to follow a neuronal pathway or a sensory
hair cell pathway.®

Based on cell-based models, multiple factors have been
shown to influence SGN survival and prevent age-related
loss of SGNs. Exogenous brain-derived neurotrophic
factor (BDNF) has been shown to help preserve SGNs

Table 3. A summary of models of the innervation of the inner ear

better than ears treated with artificial perilymph.* A
study successfully manipulated Schwann cells of auditory
neurons to overexpress BDNE. This model significantly
promoted SGN and auditory neuron survival over control
samples.”” Genetically modified Schwann cells may
provide a key translational project in the clinical setting of
SGN preservation.*

Beyond BDNE multiple factors have been shown to
participate in the direct stimulation of the auditory nerve.
A study elucidated that both insulin-like growth factor-1
(IGF-1) and insulin signaling pathways affected SGN
survival at the systemic level. In contrast, it was observed
that calcium signaling pathways and free radicals
contributed to the loss of SGNs.42 Leukemia inhibitory
factor appears to be important in generating the neural
precursors of SGNs and in the regeneration of other
neural stem cells.62 It has also been demonstrated that
neurotrophins BDNF and NT3 are expressed in precursor
otic cells and have been found to be important in the
survival of stem cell-derived neurons including SGNs.62
The key models highlighting the generation of cell-based
models of the SGN and innervation of the inner ear are
highlighted in Table 3.

Model Findings Ref.
* SGNs do not rely solely on hair cells for stimulation for survival. -
¢ SGN rely on neutrotrophin-3 and glial-derived neurotrophic factor from accessory and supporting cells.

. * BDNF and NT3 are important in the survival of SGNs 0

In vitro SGN e LIFis needed in the generation of SGN precursors.

model * Nasal MSCs share similar gene expression profiles as the inner ear precursor cells, including STRO-1 and Nestin .

expression.
* Bone MSCs can be transformed into otic precursor cells and express neuronal or hair cell markers. 60
* Extensive fenestrae within bony structures guide efferent nerve fibers through the modiolus. .
Ex vivo SGN * May be a potential site of damage during Cl.
model * SGN can be replaced with nasal tissue-derived MSCs after gentamicin-induced hair cell death using an activator of the ,
Wnt/B-catenin pathway.
In silico SGN * 10% loss of neural tissues within the auditory nerve leads to significant changes in signal conduction. w

simulation study ¢ May explain some of the variability in Cl success.
* Insulin, steroid hormones, and IGF-1 pathways promote SGN survival while free radicals and the activation of calcium

signaling pathways promote cell death.

42

* Without Schwann cells, SGNs form tvestibular ganglion neurons outside of their normal location in Rosenthal’s canal.

* Schwann cells send signals to SGNs to stop, proliferate, and grow within Rosenthal’s canal. 65

e EYA1 and SIX1 drive the neuronal developmental program in the mammalian inner ear &6

In vivo SGN
Model

In vivo and in
vitro SGN model
In vitro and ex
vivo SGN model

Gli3 repressor is required for patterning of dorsal inner ear structures, whereas Gli2/3 activator is necessary for the
ventral ear structures.

Loss of Pax2 affects tissue patterning within the cochlear duct, generating inner ear models that lack spiral ganglion.
SGNs can survive for months after the loss of inner hair cells.

Hair cells are not necessary for SGN survival.

Supporting cells of the organ of Corti are likely the source of SGN survival factors.

IT injection of ESCs in animal model Cl showed successful engrafting and better hearing response than control.
BDNF preserved SGN survival better than artificial perilymph.

Genetically engineered Schwann cells overexpressing BDNF model promoted SGN and auditory neuron survival.
Long term administration of BDNF have a protective effect on SGNs.

Stem cells injected into the scala tympani of mice migrate into the organ of Corti and Rosenthal’s canal without the
introduction of exogenous transcription factors or proteins.

Induced expression of PAX genes caused human ESCs to undergo directed differentiation to spiral ganglion-like
neurons.

67

68

47

54

46

61

49

59

SGN = spiral ganglion neuron; SHH = Sonic hedgehog signaling; ESC = embryonic stem cells; MSC = mesenchymal stem cells; BDNF = Brain derived
neurotrophic factor; NT3 = neurotrophin-3; Cl = cochlear implantation.
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Generation of the extracellular matrix

The extracellular matrix (ECM) of the cochlea has
many roles, including but not limited to structural
support, regulation of extracellular ion homeostasis, and
monitoring fluid filtration and inner ear pressure.’® One
of the principal structures of the ECM and an essential
component to mimic in models is the basement membrane.
The mammalian basement membrane is primarily made
up of four ECM components: collagen IV, laminin,
nidogen, and heparin sulfate proteoglycans.” Of these,
collagen IV is the most common ECM protein, providing
strength and rigidity to the basement membrane of the
cochlea. The self-assembly of the collagen triple helix has
been mimicked in biomaterials, with models becoming
increasingly similar to the native structure.”” Some in vitro
studies have shown strong adhesion between synthetic
collagen IV and laminin.” Alport syndrome, an X-linked
mutation of collagen IV, is associated with malformation
of collagen IV that commonly leads to a progressive,
genetic hearing loss.”

Laminin is the second most prominent protein of the
ECM and provides the initial scaffolding for basement
membrane construction. In gerbils, the intimate interaction
between laminin and collagen IV was visualized in the
basement membrane of the endothelium, epithelium,
and SGNs of the inner ear.”” The models generated with
laminin and other native proteins cultivated in ultra-high
viscous alginate have served as a suitable matrix for BDNF
(Table 4).747°

Nidogen, a sulfated glycoprotein, primarily functions as
an ECM liner molecule. Studies have shown that while it
is not essential in the overall architecture of the quiescent
basement membrane, it is essential in tissue transition and
cell-to-cell communication.®*®! Models have revealed that
it may also have a minor role in the axonal pathfinding
and synaptic transmission processes.®

Multiple ECM components fall within the category of
heparin sulfate proteoglycans and their functions vary
between structure and ionic homeostasis. Heparin sulfate
proteoglycans primarily function as adherents in the ECM
and have intimate roles in the receptor-signaling complex.
Human neural stem cell models have revealed additional
roles for heparin sulfate proteoglycans in proliferation,

migration, differentiation, and cell survival in the inner
ear and neural niche.®

In addition to our growing understanding of the
ECM, there have been great strides in the generation of
biomatrix and iPSC models to produce distinguishable
structures of the components of the ECM. A study
reported the successful use of decellularized mice cochlea
as a scaffold for inner ear tissue differentiation.*® The
model generated in this study possessed human Wharton
jelly cells, components of the umbilical cord, implanted
into the acellular cochlea. Researchers were able to
generate many anatomically identifiable structures of the
organ of Corti. They concluded that this is a preliminary
step in understanding how the ECM supports the sensory
epithelium. Using a similar model, another study reported
the generation of the vascularized human cochlear
scaffolds from postmortem donors that were tolerated
in vivo and allowed cellular engraftment. These studies
provide a basis for understanding the ECM’s role in the
cochlea and translating it from the bench to the clinic.

Progressing from cell-based models of the inner ear to
organoid-based models
To truly generate and represent diseases, the current
efforts of the scientific community need to advance
beyond a 2D stem cell-based model to a 3D model that
closely mimics native physiology (Table 4). One of the
most significant limitations of 2D cultures is the inability
to accurately model disease, which in turn limits our
ability to understand pathogensis.” 3D organoid models
incorporate multiple cell lines into one culture to mimic
structures of the body. One of the newer revolutionary
technologies is to create 3D structures that mimic organs,
organoids, or organ-on-chip models, which can more
closely mimic the physiology of the inner ear and related
diseases.”” However, there are challenges in generating
organ-on-chip-models due to the pleiotropic effects of
replicating the developmental stages of heterogeneous cell
lines in coculture.®

Instead of manipulating a single cell type at a time,
advances in 3D models will allow us to truly recapitulate
inner ear disorders. Although hurdles exist with these
models, a study highlighted many ways that 3D cell

Table 4. A Summary of 3D models of the inner ear, inner ear organoids, and 3D cultures of the inner ear

Model Structures replicated Ref.
Inner ear organoid * Generated hair cells harboring inner ear sensory epithelium using hPSCs. 76
* Generated organoid of the inner ear using mouse ESCs with mechanosensitive hair cells.
Inner ear organoid * These hair cells mimicked two native subtypes of vestibular hair cells through a dynamic pattern of ion 77
channel expression.
Inner ear 3D culture » Defined an artificial stem cell niche for the future formation of 3D inner ear structures. 8
.  Differentiated a single stem cell aggregate into multiple otic vesicle-like structures.
Inner ear organoid and . S . . . - . . 4
. * Vesicles developed into inner ear organoids with functional sensory epithelial cells and hair cells having
inner ear 3D culture . . . .
electrical physiological properties.
* Generated inner ear tissue containing hair cells, supporting cells, and sensory-like neurons. I

hPSCs = human pluripotent stem cells; FGF = fibroblast growth factor; BMP = bone morphogenetic protein; TGF = transforming growth factor; RNA =

ribonucleic acid.
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culturing can move to the forefront of modeling inner
ear pathology.® One of these 3D models is the organ-
on-a-chip model. Organ-on-a-chip models are generated
using microchip manufacturing methods that create
continuously perfused chambers that enclose living cells
to mimic tissue- and organ-level physiology.*

There have been many key discoveries that can lead
to the development of organ-on-a-chip models of the
inner ear in future studies. In in vitro models, it is best
when stem cells can be differentiated without biological
and exogenous biochemical agents that can impose
systemic effects. It has been shown that the use of groove
pattern arrays and ridges can effectively and rapidly
differentiate human ESCs into neurites without the use
of any differentiation-inducing agents.¥ One study also
highlighted the importance of recapitulating the sequential
control of signaling pathways to transform aggregates of
ESCsinto non-neural, preplacode/otic placode regions.’ In
such a 3D model, it was possible to generate presumptive
otic placodes of hair cells with functional stereocilia and
a kinocilium that mimicked native mechanosensitive
hair cells. In addition, the generation of the non-neural
and preplacode ectoderm was an innovative approach to
creating cell-based models for auditory disorders.

A study observed that ECM proteins added to culture
dishes could promote the generation of inner ear cells and
supporting cells as part of a pseudostratified epithelium.
These cultures contain sensory-like neurons with derived
hair cells termed inner ear organoids. This study was one

of the first attempts to generate a scalable and reproducible
in vitro model of inner ear sensory tissue.” Other studies
have utilized cochlear explant cultures to reinnervate hair
cells using human iPSCs, which showed superiority with a
greater number of contact points when compared to using
human ESCs (Figs. 4 and 5).%

3D models of the inner ear have been shown to create
the functional development of mechanosensitive hair
cells. Mouse ESCs have been used to create an organoid
of the inner ear that progressed through a sequential
pattern of development of ion channel expression. This
model closely mimicked the two native subtypes that are
present in vestibular hair cells.”” The researchers were able
to generate organoids using self-guided development of
ESCs into morphologically similar inner ear vestibular
organs (Figs. 6 and 7).

To create proper organoid development, FGF, WNT,
BMP, and TGF signaling were manipulated for the
differentiation of a single stem cell aggregate into
multiple otic vesicle-like structures.* Over the course of
two months, the development of the vesicles into inner
ear organoids was observed with functional sensory
epithelial cells on the path to becoming sensory neurons.
The induction of hair cells from the model also showed
electrical physiological responses like native hair cells. This
model was shown to produce an array of functional inner
ear cell lines that could explain inner ear development
and its repair mechanism. Recently, a protocol has been
developed to differentiate human pluripotent stem cells

MyoVIla

EX + NS
iPS1

iPS2

EX only: 1 DIV

H9

Hair cells that stem cell-derived neurons
contacted within whole cochlear explant cultures (%)

NFEM Human NFM Merged Merged'

Hair cells (%)
z
@

iPS1

*
—_—

iPS2 H9
Cell lines
)

Fig. 4. Coculture of cochlear explants and hESC- and hiPSC-derived neural progenitors. (a) The light microscope image depicts the cochlear explant
cocultured with a stem cell-derived neurosphere (NS). (b) The explant-only control obtained from P3 mice shows the normal innervation pattern of ANs after
1 DIV. (c—e) In cocultures, growth of hESC- and hiPSC-derived neural processes towards and along the rows of hair cells was observed. Scale bar = 50um,
relevant for all the images. (f) The hiPSC-derived neural processes made contact with fewer hair cells compared to the hESCs. *p < 0.05. NS = not significant.

Adapted with permission from Gunewardene et al.®

Biolmpacts, 2022, 12(2), 155-169 | 163



Langlie et al

iPS2
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HC + 28 DIV NS
iPS2
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Merged"

Merged
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uHY
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G
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Fig. 5. The synaptic potential of 21- and 28-day-old hiPSC- and hESC-derived neurons. (a-b) In the denervated cochlear explant controls at 1 DIV,
some accumulation of residual NFM within hair cell somata and a few synaptic puncta were observed. (c-d) After 10 DIV, there appeared to be fewer hair
cells with NFM accumulation and synapsin 1 was undetectable. (e) Light microscope image of denervated cochlear explant cocultured with stem cell-derived
neurosphere. (f-g) The hiPSC and hESC neurospheres cocultured at 21 DIV extended their neural processes towards hair cells in the denervated explants.
Punctate-like synapsin 1 expression was observed along the neural processes of both the hiPSC- and hESC-derived neurites making contact with hair cells.
(h-i) The hiPSC and hESC neurospheres cocultured at 28 DIV projected fewer neural processes towards hair cells in the denervated explants. (j) The 21-day-
old hiPSC- and hESC-derived neurons made contact with a significantly higher number of hair cells, compared to the 28-day-old neurons (H9: P < 0.05).

*P < 0.05. Adapted with permission from Gunewardene et al.®®

(hPSCs) into a 3D, in vitro inner ear sensory epithelium
with functional hair cells. This moves us one step closer to
replicating the inner ear in vitro.

To advance that model, one research team has proposed

the artificial stem cell niche that will be needed for the
future 3D formation of inner ear structures.”® It has
been shown that the greater epithelial ridge cells are the
principal organoid-forming progenitors of the mouse
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W D 1.0 2 aof ok
E—
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- % € 05 o
1 § 0 D22
= “JipA o . _
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Organoid D22 D23 D24 D25

Fig. 6. Inner ear organoids express multiple hair cell markers. (a-b) The appearance of nGFP+ cells in the epithelium of organoid vesicles on day 12
of differentiation. (c) At later stages of differentiation (>day 14), numerous nGFP+ cells populated the epithelium, typically in a regional cluster as seen in d
and e. (f-g) Most nGFP+ cells were also Anx4a+ and Calretinin (Calb2)+. Arrowheads in g denote nGFP+ cells devoid of Calb2. (h-i) nGFP+ hair cells had
acetylated-tublin+ kinocilia and F-actin+ hair bundles. (j-k) Most Calb2+ hair cells also had Espin+ hair bundles. (I) nGFP+ cells were also Myo7a+ and Sox2+.

Adapted with permission from Liu et al.””
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Calb2DAPI

Figure 7. ES cell-derived organoids express biomarkers of Type | hair
cells. (a) The numerous Myo7a+, Calb2- hair cells were observed in a day
28 organoid (arrowheads). (b-c) High magnification image of a Myo7a+,
Calb2- Type I-like hair cell (asterisk). (d—f) DIC images of organoid hair
bundles with Type II- (d and e) and Type I- (f) like morphology. Type
II- (e) and Type I- (f) like voltage-dependent currents were recorded
from the cells at the center of these images (arrows). (g) Family of low-
voltage-activated K+ currents, typical of vestibular Type | hair cells. (h)
Instantaneous tail currents at ~35mV plotted as a function of prepulse
voltage for three Type I-like organoid hair cells. (i) Membrane responses
of an utricle Type | hair cell and a Type I-like organoid hair cell. (j) Family
of membrane responses from a Type I-like organoid hair cell evoked by
the current injection protocol shown (k) Summary timeline of the functional
maturation of mechanotransduction and ion channel acquisition for utricle
hair cells (blue) and organoid hair cells over time in culture (red). Adapted
with permission from Liu et al.””

cochlea and can generate both the sensory hair cells and
supporting cells.®

Once normal physiologic organoids of the inner ear have
been generated, there is a need to advance the models to
mimic a diseased state. One study successfully generated
inner ear organoids in a 3D culture by modulating the
FGE TGE BMP, and WNT pathways in two human
iPSCs.* In their model, it was possible to emulate the
protein expression of a multitude of syndromic hearing
loss disorders including Usher syndrome (USHIC,
CDH23), Waardenburg Syndrome (SOX10), Pendred
syndrome (SLC23A4), and Bartter syndrome (BSND).
This opens the door to the evaluation of various inner ear
pathologies using an organoid model. The delicate nature
of the human inner ear makes biopsies near impossible
to collect, and therefore the successful generation of

human inner ear organoids could be an innovative and
powerful platform to study human inner ear physiology,
development, and disease.”

Challenges in generating inner ear organoids

There are challenges with 3D modeling the inner ear.
A common challenge appears to be mimicking the
topography of the ECM and its functional components,
which are crucial to mimic and drive desired stem cell
differentiation.

The drainage pathways of the endolymph and perilymph
within the ECM have been particularly difficult to model
in vitro. Fortunately, different hydrogel-based scaffolds
have been developed for the 3D cultivation of graft stem
cells and the development of an organoid of the inner
ear. These include hydrogel models such as bioprintable,
cell-laden silk fibroid-gelatin hydrogels that are capable of
culturing mesenchymal progenitor cells.””*! Many of these
biomatrix models are self-assembling, and sonication
has been shown to alter the hydrophobic interactions
to help accelerate the assembly process from precursor
molecules.”

Beyond the structure of the ECM, there is also a need
to mimic the topographic distribution. This includes the
spatial differentiation of the ECM as well as the cellular
components that can successfully generate 3D organoids.
Technological advancements have led to the creation
of biomaterials that nearly mimic the native ECM.”®
Increasing cell density within an ECM matrix has been
shown to facilitate organoid formation. It was shown
that cell-to-cell contact was more important to organoid
development than diffusible signaling for inner ear cell
types.®

A final challenge of culturing organoids is that multiple
cell lines, often with different culturing conditions, are
being cultured at once. This makes it extremely difficult
to include all required conditions in one model. However,
a study introduced high-density semiconductor electrode
arrays that enhanced survival, growth, neural orientation,
morphology, and alignment of SGNs in vitro compared
to a control. These developments, along with organ-
on-a-chip and other models, have successfully cultured
multiple cell lines in parallel.”*** It appears that many of
the early challenges of generating inner ear organoids are
being overcome, leading us closer to the mainstream use
of these models in the elucidation of novel therapeutics
and the pathophysiology of inner ear disease.

Conclusion and future directions

Cell-based models provide a powerful tool to understand
themolecularmechanismsunderlyingthe pathophysiology
of auditory disorders as there are challenges to obtaining
the cochlear tissue for scientific analyses. For the inner
ear, this includes outer and inner hair cells, spiral ganglion
neurons, and accessory cells including Hensens, Pillar,
and Claudius cells. As we expand upon in vitro modeling
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Review Highlights

What is the current knowledge?

v Cell-based models of the inner ear have been able to mimic
many of the physiologic processes of the inner ear.

v Advancement from 2D to 3D models of the inner ear are
novel in the field of otolaryngology.

What is new here?

v The development of 3D models of the inner ear will allow
researchers to further elucidate the pathophysiology of inner
ear disorders.

v Organoid models allow for novel drug elucidation and
regrowth of cell lines lost in various inner ear disorders.

techniques, we have been able to study both physiology and
pathology of the inner ear. The most promising 2D models
incorporate differentiated iPSCs, allowing the researcher
to generate cell lines that are inherently difficult to harvest
by using exogenous supplementation. The advantages of
2D in-vitro models are their high reproducibility, allowing
for high-throughput drug-screening, and the highly
controlled environment, allowing for the researcher to
modify the temperature, oxygen, carbon dioxide, pH,
and osmotic pressure. However, limitations to 2D models
include the possibility of infection with microorganisms,
cross-contamination with other cell lines, and the limited
representation of normal physiology with the use of only a
single cell line. 3D models help in circumventing some of
these advantages of 2D models and more closely simulate
the natural organization of tissues.

Organoids appear to be the best and most functional
in vitro model for auditory disorders. Organoids offer
another level of depth in approaching embryology and the
etiology of both congenital and acquired diseases of the
inner ear. They allow us to generate complex structures
and tissues, such as the sensory hair cells with their
underlying neuronal processes, that otherwise could not
be regenerated. The inner ear organoids exhibit successful
replication of the functionality of the inner ear including
neuronal firing, stereocilia function, and synaptic
transmission. Organoid development for the auditory
system is relatively new but offers hope in the regeneration
of multiple cell lines that are damaged throughout the
course of these diseases. With each year we advance in
our ability to generate cell-based models that more closely
mimic in vivo physiology.

Through the expansion of organoid models, we are
elucidating the function of the surrounding structures
and the role they play in healthy, traumatized, and
diseased states. For common diagnoses, such as SNHL,
it is essential to go beyond replicating the hair cells and
understand subsequent changes to the spiral ganglion
neurons, supporting cells, and ECM that underlie the
pathology. For the inner ear, we are seeing near complete

replicas of the cochlea that can emulate the processing
of therapeutics in vivo and their function. As cell-based
models begin to evolve into more organoid and 3D-based
approaches, we will eventually be able to closely mimic
the pathophysiology of inner ear disease, further elucidate
etiologies that underpin the phenotypic presentation
of these diseases, and hopefully, advance novel drug
therapies for various auditory diseases.
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