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Abstract: Inner and middle ear disorders are the leading cause of hearing loss, and are said to be
among the greatest risk factors of dementia. The use of regenerative medicine for the treatment of
inner ear disorders may offer a potential alternative to cochlear implants for hearing recovery. In this
paper, we reviewed recent research and clinical applications in middle and inner ear regeneration
and cell therapy. Recently, the mechanism of inner ear regeneration has gradually been elucidated.
“Inner ear stem cells,” which may be considered the precursors of various cells in the inner ear,
have been discovered in the cochlea and vestibule. Research indicates that cells such as hair cells,
neurons, and spiral ligaments may form promising targets for inner ear regenerative therapies by
the transplantation of stem cells, including mesenchymal stem cells. In addition, it is necessary to
develop tests for the clinical monitoring of cell transplantation. Real-time imaging techniques and
hearing rehabilitation techniques are also being investigated, and cell therapy has found clinical
application in cochlear implant techniques.
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1. Introduction

The incidence of patients with sensorineural hearing loss, including age-related hearing loss
(presbycusis), has increased. Moreover, evidence linking hearing loss to heightened risks of cognitive
function impairment, such as dementia [1], has raised concerns over the issue and resulted in increased
research into new therapies for inner ear disorders, including inner ear regenerative medicine. In this
paper, we review recent research and clinical applications in inner ear regeneration and cell therapy.

Hearing loss is classified into two types: conduction hearing loss and sensorineural hearing
loss. Conductive hearing loss is an abnormality of the middle ear (tympanic membrane and auditory
ossicles), which affects the ability to convey sound vibrations, whereas sensorineural hearing loss is
due to inner ear disorder [2].

Chronic otitis media (COM) is the primary cause of conductive hearing loss. This condition
involves perforation of the tympanic membrane and erosion of the ossicles caused by repeated infections.
The tympanic membrane is regenerated using the fascia or perichondrium. However, hearing
improvement surgery may be ineffective if the tympanic membrane lacks stem cells [3]. In cases
involving bone erosion, other ossicles or cartilage may be used as substitutes in hearing improvement
surgery. Mesenchymal stem cells (MSCs) can also be useful to treat conductive hearing loss [4].
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The etiologies of sensorineural hearing loss disorders include aging, genetics, acoustic trauma,
drug-induced hearing loss, infections, immune disorders, endolymphatic hydrops (Meniere’s disease),
and sudden sensorineural hearing loss [5]. Vulnerability of the inner ear causes severe inner ear
disorders in many patients. It is exceptionally difficult to regenerate the mammalian inner ear
functionally and anatomically once it has been injured. Consequently, there are few effective available
treatments for inner ear disorders, and functional recovery can be expected in very few cases [5].

Cochlear implants have been able to restore certain degree of auditory function in patients with
severe hearing loss; however, this treatment is insufficient because those cells are not regenerated.
However, research into alternative regenerative therapies began at the end of the 20th century,
and mechanisms of inner ear regeneration have gradually been elucidated [6].

The inner ear has three components: the scala vestibuli (SV), scala media (SM), and scala tympani
(ST), and is composed of hair cells or sensory cells, spiral ligaments (including fibrocytes), and stria
vascularis, which regulates cochlear potential in the SM, along with primary auditory neurons or spiral
ganglion neurons [2]. In the auditory system, sounds are transmitted through the external auditory
canal, causing the eardrum to vibrate. These vibrations pass through the middle ear to the inner
ear. The inner ear is filled with fluid, which passes vibrations on to sensory cells called hair cells [2].
Hair cells actively vibrate, resulting in oscillations that cause the ion channels to open. The hair cells
depolarize, and current is transmitted to the primary auditory neurons, known as spiral neurons [2].
The current finally reaches the auditory nerves, brain stem, thalamus, and auditory cortex [7].
Research into regenerative approaches have resulted in the elucidation of some factors required for the
regeneration of hair cells, mainly based on an improved understanding of the mechanism of inner
ear development. The induction of differentiation in endogenous stem cells present in the inner ear
and inner ear stem cell transplantation of hair cells, neurons, and spiral ligament fibrocytes may be
possible. Recently, “inner ear stem cells,” which may be the precursors of various cells in the inner ear,
have been discovered in the cochlea (hearing organ) and vestibule (balance organ).

Mesenchymal stem cells (MSCs) are found throughout the body, including bone marrow, fat,
and skin, and the properties of MSCs differ slightly depending on their location [8]. Although MSCs are
originally defined as cells that can differentiate into fat, bone, and cartilage, they can also differentiate
into certain other tissue cells such as hepatocytes or neurons.

There is a high risk of rejection with the transplantation of an organ composed of donor induced
pluripotent stem cells (iPSCs) [9]. However, MSCs have an immunomodulatory ability that aids
transplantation and reduces the risk of rejection. However, many concerns have been raised over the
immunogenic potential of induced pluripotent stem cells (iPSCs) [10]. A recent study demonstrated
that iPSCs have similar immunogenic and more potent immunomodulatory properties than those of
bone marrow-derived stromal cells in vitro [11].

The difference between MSCs and induced pluripotent stem cells (iPSCs) is that treatment with
MSCs has the advantage of reducing the risk of tumor formation [12], which is a problem with iPSCs.
MSCs have already been commercialized. In fact, cell therapy containing MSCs is used as a treatment
for graft-versus-host disease after bone marrow transplantation. Furthermore, the treatment of spinal
cord injury using bone marrow-derived MSCs will be clinically available soon. This treatment promotes
the regeneration of neurons in the spinal cord by culturing MSCs collected from the patient’s own
bone marrow fluid and returning them to the body. Cell therapy for the inner ear currently requires
local injection into the inner ear. A recent study has shown that the transtympanic administration of
bone marrow-derived mesenchymal stem cells (BM-MSCs) causes oxidative stress or inflammatory
response in immunocompetent cochlea in rats [13]. Hence, research into the administration methods
of transplanted cells is also clinically important.

In basic hearing and regeneration research, we can perform histological and functional
(audiological) animal studies (i.e., preclinical studies) using objective hearing function tests based
on the auditory brainstem response (ABR), which is extracted from the ongoing electrical activity
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in the brain in response to sound stimuli. Although animal ears are tiny organs, these studies are
advantageous and provide samples for molecular biological studies.

2. Regeneration of the Inner Ear

The inner ear is comprised of sensory epithelium including hair cells, supporting cells that support
hair cells anatomically and physiologically, spiral ganglion neurons, both cochlear spiral ligaments
and stria vascularis to maintain homeostasis of the inner ear. Unlike birds, in the mammalian inner
ear, hair cells cannot regenerate after damage without difficulty. No regenerative therapy to treat
irreversible inner ear damage in humans has yet become available. Thus, hearing aids and cochlear
implants (electric stimulation to spiral ganglion neurons instead of the hair cells) are the only clinical
options. Vertigo and dizziness are symptoms of disorders in equilibrium organs such as vestibular hair
cells, and, unlike auditory organs, vestibular organs can partially regenerate in mammals.

Although the mechanism of regeneration of hair cells remains unknown, the transcription factor
Atoh1 [14], POU domain factor Pou4f3 [15], and Zinc finger Gfi1 [16], which are required to differentiate
progenitor cells into hair cells, have been discovered. A recent study showed that Six1, Atoh1, Pou4f3,
and Gfi1 can convert fibroblasts into hair cells similar to those in the ear [17].

The differentiation of feeder cells into hair cells and signaling pathways has also been elucidated.
Hair cells can be regenerated by locally injecting a gamma secretase inhibitor that inhibits Notch
signaling pathway activity and differentiates hair cells from progenitors (i.e., supporting cells) to
improve hearing by 10 decibels [18]. However, this level of improvement is not sufficient. In addition,
the administration is within 3 days, because Hes5 mRNA expression increased and gradually decreased
to reach the pre-noise level by 3 days after noise exposure after the noise exposure. New hair cell
generation results from increased levels of the bHLH transcription factor Atoh1 in supporting cells in
response to the inhibition of Notch signaling in mice with acoustic trauma, in which the hair cells have
been damaged. This therapeutic effect and improvement range are small; therefore, treatment should
aim to enhance further hearing improvements for clinical applications [18].

MicroRNA (miRNA) miR-96, miR-182, and miR-183 [19], which are a class of highly conserved
endogenous non-coding small RNAs, regulate stem cell proliferation and differentiation [20].
An increased expression of miRNA-182, but neither miRNA-96 nor miRNA-183, in BM-MSCs
could lead to higher expression levels in some hair cell markers. The cell morphology did not change.
However, miRNA-182 could have an important function in hair cell differentiation via the upregulation
of SOX2, POU4F3, and ATOH1 to promote a hair cell’s fate.

Using light-emitting diodes (LEDs) with a wavelength of 630 nm, the differentiation of hair
cell-like cells derived from mouse embryonic stem cells (ESCs) was coupled with the overexpression of
reactive oxygen species (ROS). A transcriptome analysis revealed the factors correlated with the effect
of PBM on the formation of otic organoids [21].

Ito et al. demonstrated that neural stem cells can be engrafted into the sensory epithelium of a
model animal ear [22]. Recently, significant progress has led to the identification of hair cells, spiral
ganglion cells, spiral ligaments, and stria vascularis as promising targets for inner ear regenerative
medicine. Cell therapies involving the replacement of lost and injured cells with newly transplanted
cells and the injection of genes and drugs to regenerate the remaining cells of the inner ear represent
a promising area of research [23]. Previous findings suggest that stem cells can engraft in the inner
ear environment; thus, they can be used for inner ear transplantation. One issue requiring future
resolution involves the potential of engrafted stem cells to differentiate into various cells in the
inner ear. Several unknown signals or growth factors are known to initiate the differentiation of
stem cells into cells with distinct properties (e.g., hair cells and neurons). Although the detailed
mechanism underlying induction is unknown, stem cells were shown to differentiate into inner ear hair
cells [24]. When stem cells were transplanted into an inner ear under a conditioned micro-environment,
they partly differentiated into inner ear cells and partly into hair cells, which might have contributed
to the regeneration of the sensory epithelium. When cells were injected directly from the lateral
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cochlea wall, the engraftment of these cells was observed in the cochlea, vestibular sensory epithelium,
and spiral ganglia [24]. The migration of neural stem cells into the injured inner ear tissue under this
condition showed superior results than the transplantation into the uninjured inner ear [25]. In this
review, we have classified three therapeutic strategies: stem cell therapy for hair cells and neurons
prior to cochlear implantation, gene or drug therapy to stimulate supporting cells, and drug screening
for inner ear regeneration, as shown in Table 1. In the future, regenerative therapies combining stem
cells, genes, and drug therapies will also be performed.

Table 1. Classification of inner ear regeneration therapy.

(1) Cell therapy using MSCs, iPSCs, and ESCs

• Transplantation of hair or supporting cells
• Transplantation of neurons in cases of cochlear implantation for patients with severe hearing loss
• Neurotrophic support from transplanted cells for degenerative neurons before

cochlear implantation

(2) Drug screening for inner ear regeneration using stem cells
(3) No report

(4) Gene or drug therapy
(5) • Hair cell regeneration (Atoh1 or Six1, Atoh1, Pou4f3, and Gfi1 or Notch inhibitors) treatment if

supporting cells remain
• Neurotrophic support treatment for degenerative neurons before cochlear implantation

We also expect that drug screening will be applied to stem cells. Drugs that would facilitate hearing
improvements, protection, and inner ear regeneration could be selected efficiently, if screened using
large amounts of sensory cells or neurons induced from stem cells prepared in vitro, without expensive
and time-consuming animal experiments. However, no studies have reported drug screening for inner
ear regeneration this must be elucidated in the future. In this article, we discuss the potential of stem
cell (i.e., MSC) therapy.

3. Potential of Cell Therapy for Sensory Cells Using MSCs

Ideally, transplanted progenitors would replace both lost hair cells and neurons in the inner ear.
To achieve hearing recovery during inner ear regeneration, transplanted cells must survive in the inner
ear, engraft in anatomically and functionally correct positions, and differentiate correctly into target
cells, such as hair cells (without turning cancerous), whereas neural regeneration is required if spiral
ganglion neurons (primary neurons) do not remain and differentiated cells must synergize correctly
with the auditory nerve. MSCs also would solve these issues.

The characteristics of inner ear stem cells are not defined. However, otic progenitor cells (OPCs)
express several specific markers, such as PAX2, PAX8, SOX2, OTX1, FOXG1, GATA3, and TBX1 [26,27].
The OPCs have been isolated from the sensory epithelium of the utricle, an adult mouse vestibular
sensory organ [28,29], and have also been derived from sensory epithelial cells [30]. Sensory epithelial
cells, including hair cells and supporting cells, may revert to stem cell-like cells in inner ear disorders.

Oshima et al. [26] improved the protocol presented by Li [31] to yield a purely in vitro method
without mouse ESC and iPSC engraftment. The cells were differentiated into hair cells through the
progenitor cells. Both ESC- and iPSC-derived OPC cultures responded to utricle stromal cells by
organizing into clusters. Regenerative medicine can be practiced using these cells. Embryonic stem
cells (ESCs) and iPSCs can functionally and morphologically regenerate into hair cells [26]. However,
MSC-derived hair cells have not been functionally tested, and there are no reports comparing iPSC-
and MSC-derived hair cells. MSCs are more suitable for mesenchymal cells in the inner ear, such as
cochlear fibrocytes, than for sensory hair cells.
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MSCs are advantageous because they have been administered to humans in certain studies [29].
In these pilot studies, the safety of an intravenous injection and transplantation of autologous MSCs has
been verified in patients with sensorineural hearing loss; however, there is insufficient improvement in
hearing [29].

Although MSCs have a limited differentiation capacity, these can be differentiated into neural stem
cells and transplanted into inner ear fibrocytes, which represent significant advantages. The ability
to apply MSCs to experimental autoimmune hearing loss represents another advantage [32]. In an
earlier study, human adipose tissue-derived stem cells (ASCs) decreased the antigen-specific Th1/Th17
cell populations, and induced the production of the anti-inflammatory cytokine interleukin-10 using
splenocytes [32].

MSC engraftment was observed in the stria vascularis [33], spiral ligament fibrocytes [34], and ST
fibrocytes [35] when MSCs were administered. There were some differences in the engraftment sites
between the reports. In one report, MSCs (bone marrow stromal cells) transplanted into the spiral
ligament of the cochlea; however, certain grafted cells expressed neural or glial cell markers, indicating
their ability to differentiate into neuronal or glial cells, respectively [34]. Due to 3-nitropropionic acid,
a significant recovery in the thresholds of auditory brainstem responses after MSC transplantation,
via the posterior semicircular canal, was only found at 40 kHz in a mild degeneration model of the
spiral ligament [36]. MSCs enhanced the regeneration and maintenance of fibrocytes in damaged
spiral ligaments (SLs), leading to the partial restoration of cochlear function in rats [36]. Hematopoietic
stem cells (HSC) were also transplanted into spiral ligament cells [37] (Figure 1). The spiral ligament
maintains the inner ear homeostasis and is involved in inner ear electromotive force. Potassium
ions are taken up by the stria vascularis from the spiral ligament in the lateral wall and secreted
into the endolymph. Degeneration of the spiral ligament is observed during the development of the
presbycusis. The degeneration of fibrocytes in the spiral ligament preceded the loss of hair cells and
neurons. Furthermore, it presents a useful treatment target for intractable inner ear disorders, such as
Meniere’s disease and sudden sensorineural hearing loss.

MSCs can be transformed into different cell types. However, MSCs might engraft more easily
after differentiation into neural stem cells in vitro, followed by the administration to the inner ear.
The best methods for transplanting differentiated cells into tissues have not yet been determined, and it
remains to be elucidated which pathological conditions of the inner-ear-transplanted cells are more
likely to survive. According to the characteristics of MSCs, they may be useful for transplantation into
mesenchymal tissues such as spiral ligaments. The type of stem cell is also selected according to the
type of target inner ear cell. In addition, neurotrophic support molecules secreted from MSCs prevent
hair cell degeneration. Mononuclear cells derived from HSCs also prevent ischemia-induced damage
to the inner hair cells [38] (Figure 1).
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Figure 1. Transplantation of mesenchymal stem cells into the inner ear. Differentiation from 
mesenchymal stem cells into: (1) cochlear fibrocytes (spiral ligament), hematopoietic stem cells (HSCs) 
[37], mesenchymal stem cells (MSCs) [36,39], MSCs in scala tympani (ST) [35] and MSCs in ST of only 
young mice [40]; (2) stria vascularis, MSCs (IV) [33]; (3) spiral ganglion neurons, MSC (IV) [41], MSCs 
from nasal turbinates in vitro [42], MSCs into glutamatergic neurons [43], bone marrow-derived 
mononuclear cell (BM-MNC) sheet-coated electrodes in humans at cochlear implantation [44]; (4) 
immune cells, macrophage with Iba1 [45], adipose tissue-derived stem cells (ASCs) in autoimmune 
inner ear disease [32]; (5) neurotrophic support, mononuclear cells from HSCs; prevention of 
ischemia-induced damage to the inner hair cells [38]. SV: Scala vestibuli; SG: Spiral ganglion; SM: 
Scala media; ST: Scala tympani; SL: Spiral ligament. 

4. Cell Therapy for Inner Ear Spiral Ganglion Neuron Degeneration Using MSCs  

Spiral ganglion neurons are primary auditory neurons. Damage or loss of inner ear hair cells 
follows neural degeneration, and the number of remaining spiral ganglion neurons has been shown 
to be associated with the outcome of cochlear implant treatment [46]. An electrode was inserted into 
the cochlea of a guinea pig model of drug-induced deafness as a substitute for a cochlear implant, 
and electrical stimulation was performed. Compared with electrical stimulation alone or glial-
derived neurotrophic factor (GDNF) gene therapy alone, the combination of GDNF gene therapy and 
electrical stimulation significantly prevented neuronal degeneration [47]. The introduction of a brain-
derived neurotrophic factor (BDNF) transgene improved the threshold of electrically evoked 
auditory brainstem responses (eABR), which can be induced by electrical rather than sound stimuli. 
The results suggest an improvement in neuronal function [48]. Therefore, maintaining the number of 
spiral ganglion neurons may have important clinical implications. Trophic support derived from 
MSCs improve the therapeutic outcome of the cochlear implant by preventing degeneration of 
neurone, similar to prevention of hair cells as described [48]. 

To differentiate neurone from bone marrow MSCs, overexpression of Neurog1 developed 
glutamatergic neurons (spiral ganglion neurons) even though it was not sufficiently maintained [43]. 

Figure 1. Transplantation of mesenchymal stem cells into the inner ear. Differentiation from
mesenchymal stem cells into: (1) cochlear fibrocytes (spiral ligament), hematopoietic stem cells
(HSCs) [37], mesenchymal stem cells (MSCs) [36,39], MSCs in scala tympani (ST) [35] and MSCs
in ST of only young mice [40]; (2) stria vascularis, MSCs (IV) [33]; (3) spiral ganglion neurons,
MSC (IV) [41], MSCs from nasal turbinates in vitro [42], MSCs into glutamatergic neurons [43],
bone marrow-derived mononuclear cell (BM-MNC) sheet-coated electrodes in humans at cochlear
implantation [44]; (4) immune cells, macrophage with Iba1 [45], adipose tissue-derived stem cells
(ASCs) in autoimmune inner ear disease [32]; (5) neurotrophic support, mononuclear cells from HSCs;
prevention of ischemia-induced damage to the inner hair cells [38]. SV: Scala vestibuli; SG: Spiral
ganglion; SM: Scala media; ST: Scala tympani; SL: Spiral ligament.

4. Cell Therapy for Inner Ear Spiral Ganglion Neuron Degeneration Using MSCs

Spiral ganglion neurons are primary auditory neurons. Damage or loss of inner ear hair cells
follows neural degeneration, and the number of remaining spiral ganglion neurons has been shown to
be associated with the outcome of cochlear implant treatment [46]. An electrode was inserted into
the cochlea of a guinea pig model of drug-induced deafness as a substitute for a cochlear implant,
and electrical stimulation was performed. Compared with electrical stimulation alone or glial-derived
neurotrophic factor (GDNF) gene therapy alone, the combination of GDNF gene therapy and electrical
stimulation significantly prevented neuronal degeneration [47]. The introduction of a brain-derived
neurotrophic factor (BDNF) transgene improved the threshold of electrically evoked auditory brainstem
responses (eABR), which can be induced by electrical rather than sound stimuli. The results suggest an
improvement in neuronal function [48]. Therefore, maintaining the number of spiral ganglion neurons
may have important clinical implications. Trophic support derived from MSCs improve the therapeutic
outcome of the cochlear implant by preventing degeneration of neurone, similar to prevention of hair
cells as described [48].
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To differentiate neurone from bone marrow MSCs, overexpression of Neurog1 developed
glutamatergic neurons (spiral ganglion neurons) even though it was not sufficiently maintained [43].
In this report, the authors quantified the upregulation of transcription factors expressed by developing
primary auditory neurons, such as BRN3a (POU4F1) and GATA3, after inducing the expression
of Neurog-1. Moreover, the expression of the receptor NTRK2 was induced by treatment with
BDNF, its specific ligand. The induction of the expression of the vesicular glutamate transporter 1
expression was identified at the gene and protein levels. NeuroD1 did not appear to sufficiently
induce and maintain neuronal differentiation. The induction of neuronal differentiation caused by the
overexpression of Neurog1 initiated important steps in the development of glutamatergic neurons,
such as spiral ganglion neurons. However, this overexpression was not sufficient to maintain the
glutamatergic spiral ganglion neuron-like phenotype [43]. A protocol for neural differentiation from
MSCs remains to be established. Cell therapy may improve the performance of cochlear implants by
recruiting depleted neurons [42]. Undifferentiated mouse MSCs survived in the modiolus (auditory
nerve) of the gerbil cochlea [49]. Adult human MSCs obtained from nasal tissue have been used to repair
the spiral ganglion loss in experimentally lesioned cochlear cultures from neonatal rats. These stem
cells restored the population of spiral ganglion neurons via both direct neuronal differentiation and
secondary effects on endogenous cells [42] (Figure 1).

Cell therapy could feasibly regenerate spiral ganglion neurons. Reports have described improved
hearing loss following implantation of human ESC-derived neural progenitor cells into the inner ears
of the gerbils, in which the spiral ganglion neurons had been destroyed [50]. This is the first report
describing the use of cell transplantation to improve hearing loss. However, clinically, injuries rarely
involve only spiral ganglion cells; in most cases, the hair cells are also injured. Accordingly, its use is
still far from clinical application. Moreover, trophic factors may be secreted by transplanted neural
stem cells [51], and may effectively promote the survival of the surrounding neurons.

Other research has explored the development of trophic support from bone marrow-derived
mononuclear cells (BM-MNCs) on electrodes for cochlear implants [44]. Those cells can release growth
factors and anti-inflammatory cytokines with neuroprotective effects and can thus improve immune
responses to cochlear implant devices, which are recognized as foreign bodies.

5. Three-Dimensional (3D) Organoid Model of the Inner Ear (Cochlea and Vestibular Organ)

The cochlea has an extremely complicated structure (with one inner hair cell and three outer hair
cells elegantly arrayed). It is very difficult to reorganize structure in damaged cochlea. Future studies
on organoids should focus on disease models, such as those of developmental, genetic and degenerative
disorders and cancer. Several studies have established an extremely valuable disease model using
stem cells. Organoids can be formed directly from human cells, thereby facilitating a more effective
identification of drug efficacy and toxicity. The use of an organoid can significantly reduce the use of
animals in preclinical studies.

Several factors must be considered when establishing an organoid. Pax2 [52] or Fbxo2 [53] can
induce organoid formation to model otic induction, which is a pivotal developmental event when the
preplacodal tissue adopts otic fate.

In 3D organoid derived from mouse ESCs, the preplacodal and otic placode ectoderm was
induced by the inhibition of BMP signaling and the addition of fibroblast growth factor 2 (FGF2).
Supplementation with BDNF and neurotrophin-3 (NT-3) was used for further maturation in the vitro
differentiation of SGNs with a bipolar morphology and functional excitability [54].

To promote epithelialization, mouse ESCs are aggregated in a medium containing extracellular
matrix (ECM) proteins. Within the first 14 days, accurately timed protein degradation and small
molecular treatments can sequentially induce the expression of epithelia that represent the embryonic
non-neural ectoderm, preplacodal ectoderm and otic vesicle epithelia in mice. These tissues develop
into cysts with a pseudostratified epithelium containing inner ear hair cells and supporting the cells
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of sensory-like neurons that generate synapse-like structures with the derived hair cells after 16–20
days [55].

Similarly, the ECM is crucial in mimicking a stem cell niche in vitro and in driving stem cells
toward the three dimensions formation. Technological developments have led to the investigation of
biomaterials similar to the native ECM [56].

The application of Lgr5-positive cochlear progenitors in a 3D organoid for testing several candidate
drugs and gene silencing and overexpression is a good in vitro tool for the analysis of progenitor cell
manipulation and hair cell differentiation [57].

Several protocols have been established to help direct iPSCs into the hair cells and neurons,
which have several properties similar to those of their native counterparts. The efficiency,
reproducibility and scalability of these protocols are enhanced by incorporating knowledge on
inner ear development [58,59].

Generating otic organoids generated from human iPSCs using 3D culture system can form
hair cells bearing stereociliary bundles with active mechanosensory ion channels. These cells have
morphological characteristics similar to those of their in vivo counterparts during the embryonic
development of cochlear and vestibular organs. Moreover, they present with electrophysiological
activity detected via single-cell patch clamping [58]. In addition, the use of human disease models
in vitro via the genetic manipulation of iPSCs is feasible [59]. For example, inner ear organoids with
single-cell RNA sequencing were used to investigate the role of type II transmembrane protease 3
(Tmprss3). Tmprss3-deficient hair cells had reduced numbers of channels and lower expressions
of genes encoding calcium ion-binding proteins. This result indicated a disruption in intracellular
homeostasis. In addition to the endoplasmic reticulum (ER) of cells, a proteolytically active TMPRSS3
was detected in the cell membranes [60].

Organoid cultures achieve a rapid, robust, and reproducible induction of sensory cells and
neurons with the potential to be used in the future for inner ear regeneration and for understanding
the pathology of genetic hearing loss.

6. Administration of Stem Cells into the Inner Ear

The inner ear is located inside the tympanic membrane and can be approached comparatively
easily with an incision in the tympanic membrane. Although the inner ear is surrounded by bone,
this area is filled with endolymph and perilymph fluids. With considerable advantage, administered
stem cells can easily diffuse in these fluids [61]. The inner ear is a functional organ converting sound
waves (vibrations) into electric currents, and large vibrations or mechanical damage to the inner ear
may lead to inner ear damage, which requires micro-perfusion into the inner ear [62]. Anatomically,
the inner ear is divided into the SM, ST and SV, and the method of transplant surgery should be
selected according to the space in which the target site is located [63]. The ionic composition of lymph
fluid differs between ST, SV and SM, and the environment of the inner ear changes, depending on the
location [63]. Furthermore, the mixing of perilymph and endolymph fluids from different spaces can
damage the inner ear function. Hair cells can be targeted by injecting cells directly into the cochlea
(via the SM) and a route via the endolymphatic sac [64], which controls the production and absorption
of endolymph fluid. An endolymphatic sac surgery is performed in cases of severe-grade Meniere’s
disease [65], and would be applied to stem cell regeneration medicine.

Neuron targeting occurs using administration via the ST. This relatively easy process is the same
as that used to insert electrodes for cochlear implants. All administration methods could cause inner
ear disorders. However, the effect of hearing deterioration appears to be less dependent on the ST
aspect of gene administration to the inner ear [66]. The cochlea is connected by a vestibular organ.
In animal experiments, however, stem cells are often administered via the semicircular canals [36,40].
This prevents hearing damage when the cells are administered.

Another option involves the intravenous administration of MSCs, which was verified as safe in a
human study [29]. However, this technique remains questionable because the stem cells can penetrate
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the blood-labyrinth barrier. Recent studies showed that the transtympanic administration of rodent
BM-MSCs was based on cochlear function, and the occurrence of any adverse effects in the auditory
system was assessed using a non-immunocompromised rat model. The transtympanic administration
of BM-MSCs has no significant effect on the hearing thresholds, as determined based on ABR and
distortion product otoacoustic emissions (DPOAE), which can be used to measure outer hair cell
function. Histopathological examination did not reveal recruitment of inflammatory leukocytes and
edema in the cochlea of MSCs administered in rats [67].

Further animal experiments are needed to elucidate these concerns.

7. Imaging for Tracking Transplanted Cells

Clinically, it is necessary to examine how transplanted cells survive in the inner human ear.
To elucidate the condition of cells transplanted in the inner ear, inner ears should be removed and
examined in individual animals. Better imaging techniques are now being developed. A contrast
agent containing iron (known as superparamagnetic iron oxide (SPIO)) was incorporated into bone
marrow MSCs-derived neural stem cells, and the cells were administered to the inner ear of a guinea
pig. By measuring the imaging effect using a 1.5 Tesla MRI, which is in clinical use, it was possible
to confirm that the stem cells were engrafted in the inner ear [35]. In this study, the change in signal
intensity at the transplanted site was consistent with the histological decrease in the number of
labelled cells, suggesting that cochlear macrophages contributed to the decrease in the number of
transplanted cells until 4 weeks after transplantation. Histological findings demonstrated that the
transplanted cells were localized in the organs of Corti and modiolous (i.e., cochlear nerve) outside
the ST, which was the transplantation site. This observation suggests the possibility of transplanted
cell migration and engraftment and the monitoring of transplanted SPIO-labeled cells in the inner
ear via MRI. The detection period was limited and determined to be within 2 weeks in this study.
The histological findings of all specimens obtained in this study demonstrated no evidence of surgical
damage other than fenestration to ST (the target site), confirming that the transplant was performed
appropriately. We counted a very small number of cells at several sites, as described by previous
reports. Some clinical questions remain unanswered; for example, how the macrophages phagocytosed
the transplanted cells that appeared in the cochlea and whether MRI signal intensity changes are
associated with inner-ear disorders. Regarding the dynamics of macrophages, a study examined
SPIO-labeled cells transplanted into mouse thigh muscle. The researchers confirmed that transplanted
MSCs underwent apoptosis and disappeared approximately 4–8 weeks after transplantation. As the
ST, which is filled with perilymph fluid, was the transplanted site, the cochlear perilymph metabolism
must also be considered. MRI studies of patients with severe hearing loss did not reveal any change in
signal relative to that observed in normal counterparts, suggesting that inner ear disorders do not affect
MRI signals. In future studies, MRI scanners with a minimum magnetic force of 1.5 T and maximum
forces as high as 3.0 T should be used. In animal experiments, in vivo imaging should be performed,
along with a system that can directly visualize living cells using the luciferin/luciferase luminescence
reaction [35]. Real-time imaging is the key to the clinical application of stem cell transplantation and
engraftment confirmation.

8. Auditory Rehabilitation after Stem Cell Transplantation

The auditory network must be reconstructed after inner ear regeneration. Although the
above-mentioned animal experiments show improvement in hearing after treatment, hearing sound is
not clinically sufficient, as, in humans, understanding language is also important. Hence, auditory
rehabilitation is essential as a method to supplement regeneration techniques. Hearing rehabilitation
has already been performed after the administration of hearing aids [68] and cochlear implants [69],
and researchers are working on applying these findings. Auditory nerve network reconstruction
occurs after cochlear implant surgery, and brain plasticity is present even in adults [70]. Therefore,
patients with a recent onset of hearing loss and cochlear implant surgery may be better candidates
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for stem cell therapy because the appropriate networks may remain. Currently, patients with severe
hearing loss may reacquire hearing if the neural network constructed by the cochlear implant is
used and transplanted new hair cells have formed connections with the cochlear (auditory) nerves.
It is also necessary to observe the state of the neural network in the ear in the living body using
real-time imaging.

9. Addressing Clinical Problems Associated with Inner Ear Regenerative Medicine

So far, we have described the basic research on inner ear regeneration and the potential for
regenerative medicine. A major issue in regenerative medicine for hearing in the clinical setting is how
to understand the various deafness conditions in each case. For example, the policy of regenerative
medicine differs depending on the following scenarios as below and in Table 1:

Scenario (1): when only hair cells are lost but supporting cells and neurons remain.
Scenario (2): when all the cells in the inner ear, including all the hair cells, the supporting cells, and all
the neurons, are lost.

In Scenario (1), a hair cell differentiation inducer such as drug and gene therapy can be applied.
However, Scenario (2) will require cell therapy without indication of a differentiation inducer. If there
is a long gap between the onset of severe hearing loss and its treatment, there is a high possibility that
sensory epithelial cells and several types of cells in the inner ear have been completely lost and cannot
be regenerated, which may be an indication for cell therapy. If we were able to determine which cells
remain in the inner ear, treatments making full use of the patient’s cells become possible. At present,
the absence of such a test is a challenge facing clinical applications.

Cochlear implants are indicated in cases of severe hearing loss for which hearing aids are not
sufficient [71]. In patients with cochlear implant indications, treatment typically involves inserting a
cochlear implant with the aim of preserving hearing, and then using a combination of cell therapy
and drug administration. This is probably the closest that the emerging field of inner ear regenerative
medicine has come to clinical application.

The in vitro production of target cells derived from a patient with genetic hearing loss would
help to elucidate the pathology of genetic hearing loss and lead to the development of treatment
methods without the collection of pathological cells from the inner ear of a patient. However, in certain
pathological conditions, the disease is not always at the cellular level. Therefore, it may not be
possible to clarify all pathologies, because the inner ear organs and their surrounding tissues cannot be
reproduced in this type of analysis. For example, an analysis may be insufficient for deafness caused
by a synaptic abnormality and diseases associated with inner ear malformation.

The clinical application of MSCs remains challenging. For example, when administering MSCs,
the stage of cell differentiation and whether MSCs themselves or neural stem cells (or precursors) can
be more easily engrafted remain to be determined. The reorganization of a neural network after MSC
engraftment also requires further exploration.

10. Conclusions

A review of regenerative medicine using MSCs for the auditory system, especially, inner ear
cochlea was presented. The application of cell therapy to inner ear regeneration was demonstrated,
and the possibility of the regeneration of hair cells, spiral ganglion neurons, stria vascularis and spiral
ligaments was described. We have also shown that spiral ganglion neuron regeneration could improve
the outcome of patients with cochlear implants, and this is likely the closest that the emerging field of
regenerative inner ear medicine has come to a clinical application. Real-time imaging techniques and
hearing rehabilitation techniques are also under investigation, and cell therapies have been applied
clinically in cochlear implant techniques.
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SL Spiral ligament
StV Stria vacularis
SG Spiral ganglion
SGN Spiral ganglion neuron
MSCs Mesenchymal stem cells
iPSCs Induced pluripotent stem cells
ESCs Embryonic stem cells
OPCs Otic progenitor cells
SPIO Superparamagnetic iron oxide
MRI Magnetic resonance imaging
BM-MNCs Bone marrow-derived mononuclear cells
BM-MSCs Bone marrow-derived mesenchymal stem cells
HSCs Hematopoietic stem cells
ASCs Adipose tissue-derived stem cells
IV Intravenous injection
SV Scala vestibuli
SM Scala media
ST Scala tympani

References

1. World Health Organization. Deafness and Hearing Loss. Available online: www.who.int/en/news-room/

fact-sheets/detail/deafness-and-hearing-loss (accessed on 1 March 2020).
2. Liberman, M.; Rowsowski, J.; Lewis, R. Physiology and pathophysiology. In Schuknecht’s Pathology of the Ear,

3rd ed.; Merchant, S., Nadol, J.J., Eds.; PMPH: Shelton, CT, USA, 2010; pp. 98–136.
3. Goncalves, S.; Bas, E.; Langston, M.; Grobman, A.; Goldstein, B.J.; Angeli, S. Histologic changes of

mesenchymal stem cell repair of tympanic membrane perforation. Acta Otolaryngol. 2017, 137, 411–416.
[CrossRef] [PubMed]

4. Maharajan, N.; Cho, G.W.; Jang, C.H. Application of mesenchymal stem cell for tympanic membrane
regeneration by tissue engineering approach. Int. J. Pediatr. Otorhinolaryngol. 2020, 133, 109969. [CrossRef]
[PubMed]

5. Nadol, J.J. Disorders of unknown of multiple causes. In Shuknecht’s Pathology of the Ear; Merchant, S.,
Nadol, J.J., Eds.; PMPH: Shelton, CT, USA, 2010; pp. 572–630.

6. Bermingham, N.A.; Hassan, B.A.; Price, S.D.; Vollrath, M.A.; Ben-Arie, N.; Eatock, R.A.; Bellen, H.J.;
Lysakowski, A.; Zoghbi, H.Y. Math1: An essential gene for the generation of inner ear hair cells. Science 1999,
284, 1837–1841. [CrossRef]

7. Brodal, P. Structure and Function; Oxford University Press: Oxford, UK, 1998; pp. 281–295.
8. Lalu, M.M.; McIntyre, L.; Pugliese, C.; Fergusson, D.; Winston, B.W.; Marshall, J.C.; Granton, J.; Stewart, D.J.;

Canadian Critical Care Trials Group. Safety of cell therapy with mesenchymal stromal cells (SafeCell):
A systematic review and meta-analysis of clinical trials. PLoS ONE 2012, 7, e47559. [CrossRef] [PubMed]

9. Ohnishi, K.; Semi, K.; Yamamoto, T.; Shimizu, M.; Tanaka, A.; Mitsunaga, K.; Okita, K.; Osafune, K.; Arioka, Y.;
Maeda, T.; et al. Premature termination of reprogramming in vivo leads to cancer development through
altered epigenetic regulation. Cell 2014, 156, 663–677. [CrossRef] [PubMed]

10. Sun, N.; Longaker, M.T.; Wu, J.C. Human iPS cell-based therapy: Considerations before clinical applications.
Cell Cycle 2010, 9, 880–885. [CrossRef] [PubMed]

www.who.int/en/news-room/fact-sheets/detail/deafness-and-hearing-loss
www.who.int/en/news-room/fact-sheets/detail/deafness-and-hearing-loss
http://dx.doi.org/10.1080/00016489.2016.1261411
http://www.ncbi.nlm.nih.gov/pubmed/27960618
http://dx.doi.org/10.1016/j.ijporl.2020.109969
http://www.ncbi.nlm.nih.gov/pubmed/32126416
http://dx.doi.org/10.1126/science.284.5421.1837
http://dx.doi.org/10.1371/journal.pone.0047559
http://www.ncbi.nlm.nih.gov/pubmed/23133515
http://dx.doi.org/10.1016/j.cell.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24529372
http://dx.doi.org/10.4161/cc.9.5.10827
http://www.ncbi.nlm.nih.gov/pubmed/20160515


Int. J. Mol. Sci. 2020, 21, 5764 12 of 15

11. Schnabel, L.V.; Abratte, C.M.; Schimenti, J.C.; Felippe, M.J.; Cassano, J.M.; Southard, T.L.; Cross, J.A.;
Fortier, L.A. Induced pluripotent stem cells have similar immunogenic and more potent immunomodulatory
properties compared with bone marrow-derived stromal cells in vitro. Regen. Med. 2014, 9, 621–635.
[CrossRef] [PubMed]

12. Tappenbeck, N.; Schroder, H.M.; Niebergall-Roth, E.; Hassinger, F.; Dehio, U.; Dieter, K.; Kraft, K.; Kerstan, A.;
Esterlechner, J.; Frank, N.Y.; et al. In vivo safety profile and biodistribution of GMP-manufactured human
skin-derived ABCB5-positive mesenchymal stromal cells for use in clinical trials. Cytotherapy 2019, 21,
546–560. [CrossRef] [PubMed]

13. Eshraghi, A.A.; Ocak, E.; Zhu, A.; Mittal, J.; Davies, C.; Shahal, D.; Bulut, E.; Sinha, R.; Shah, V.; Perdomo, M.M.;
et al. Biocompatibility of Bone Marrow-Derived Mesenchymal Stem Cells in the Rat Inner Ear following
Trans-Tympanic Administration. J. Clin. Med. 2020, 9, 1711. [CrossRef] [PubMed]

14. Izumikawa, M.; Minoda, R.; Kawamoto, K.; Abrashkin, K.A.; Swiderski, D.L.; Dolan, D.F.; Brough, D.E.;
Raphael, Y. Auditory hair cell replacement and hearing improvement by Atoh1 gene therapy in deaf
mammals. Nat. Med. 2005, 11, 271–276. [CrossRef] [PubMed]

15. Hertzano, R.; Montcouquiol, M.; Rashi-Elkeles, S.; Elkon, R.; Yucel, R.; Frankel, W.N.; Rechavi, G.; Moroy, T.;
Friedman, T.B.; Kelley, M.W.; et al. Transcription profiling of inner ears from Pou4f3(ddl/ddl) identifies Gfi1
as a target of the Pou4f3 deafness gene. Hum. Mol. Genet. 2004, 13, 2143–2153. [CrossRef] [PubMed]

16. Wallis, D.; Hamblen, M.; Zhou, Y.; Venken, K.J.; Schumacher, A.; Grimes, H.L.; Zoghbi, H.Y.; Orkin, S.H.;
Bellen, H.J. The zinc finger transcription factor Gfi1, implicated in lymphomagenesis, is required for inner
ear hair cell differentiation and survival. Development 2003, 130, 221–232. [CrossRef] [PubMed]

17. Menendez, L.; Trecek, T.; Gopalakrishnan, S.; Tao, L.; Markowitz, A.L.; Yu, H.V.; Wang, X.; Llamas, J.;
Huang, C.; Lee, J.; et al. Generation of inner ear hair cells by direct lineage conversion of primary somatic
cells. Elife 2020, 9. [CrossRef] [PubMed]

18. Mizutari, K.; Fujioka, M.; Hosoya, M.; Bramhall, N.; Okano, H.J.; Okano, H.; Edge, A.S. Notch inhibition
induces cochlear hair cell regeneration and recovery of hearing after acoustic trauma. Neuron 2013, 77, 58–69.
[CrossRef] [PubMed]

19. Li, H.; Kloosterman, W.; Fekete, D.M. MicroRNA-183 family members regulate sensorineural fates in the
inner ear. J. Neurosci. 2010, 30, 3254–3263. [CrossRef] [PubMed]

20. Wu, X.; Zou, S.; Wu, F.; He, Z.; Kong, W. Role of microRNA in inner ear stem cells and related research
progress. Am. J. Stem. Cells 2020, 9, 16–24. [PubMed]

21. Chang, S.Y.; Carpena, N.T.; Mun, S.; Jung, J.Y.; Chung, P.S.; Shim, H.; Han, K.; Ahn, J.C.; Lee, M.Y. Enhanced
Inner-Ear Organoid Formation from Mouse Embryonic Stem Cells by Photobiomodulation. Mol. Ther.
Methods Clin. Dev. 2020, 17, 556–567. [CrossRef] [PubMed]

22. Ito, J.; Kojima, K.; Kawaguchi, S. Survival of neural stem cells in the cochlea. Acta Otolaryngol. 2001, 121,
140–142. [CrossRef] [PubMed]

23. Kanzaki, S. Gene Delivery into the Inner Ear and Its Clinical Implications for Hearing and Balance. Molecules
2018, 23, 2507. [CrossRef] [PubMed]

24. Nishida, A.; Takahashi, M.; Tanihara, H.; Nakano, I.; Takahashi, J.B.; Mizoguchi, A.; Ide, C.; Honda, Y.
Incorporation and differentiation of hippocampus-derived neural stem cells transplanted in injured adult rat
retina. Investig. Ophthalmol. Vis. Sci. 2000, 41, 4268–4274. [PubMed]

25. Tateya, I.; Nakagawa, T.; Iguchi, F.; Kim, T.S.; Endo, T.; Yamada, S.; Kageyama, R.; Naito, Y.; Ito, J. Fate
of neural stem cells grafted into injured inner ears of mice. Neuroreport 2003, 14, 1677–1681. [CrossRef]
[PubMed]

26. Oshima, K.; Shin, K.; Diensthuber, M.; Peng, A.W.; Ricci, A.J.; Heller, S. Mechanosensitive hair cell-like cells
from embryonic and induced pluripotent stem cells. Cell 2010, 141, 704–716. [CrossRef] [PubMed]

27. Hosoya, M.; Fujioka, M.; Sone, T.; Okamoto, S.; Akamatsu, W.; Ukai, H.; Ueda, H.R.; Ogawa, K.; Matsunaga, T.;
Okano, H. Cochlear Cell Modeling Using Disease-Specific iPSCs Unveils a Degenerative Phenotype and
Suggests Treatments for Congenital Progressive Hearing Loss. Cell Rep. 2017, 18, 68–81. [CrossRef] [PubMed]

28. Alford, R.L.; Friedman, T.B.; Keats, B.J.; Kimberling, W.J.; Proud, V.K.; Smith, R.J.; Arnos, K.S.; Korf, B.R.;
Rehm, H.L.; Toriello, H.V. Early childhood hearing loss: Clinical and molecular genetics. An educational
slide set of the American College of Medical Genetics. Genet. Med. 2003, 5, 338–341. [CrossRef] [PubMed]

http://dx.doi.org/10.2217/rme.14.29
http://www.ncbi.nlm.nih.gov/pubmed/24773530
http://dx.doi.org/10.1016/j.jcyt.2018.12.005
http://www.ncbi.nlm.nih.gov/pubmed/30878384
http://dx.doi.org/10.3390/jcm9061711
http://www.ncbi.nlm.nih.gov/pubmed/32498432
http://dx.doi.org/10.1038/nm1193
http://www.ncbi.nlm.nih.gov/pubmed/15711559
http://dx.doi.org/10.1093/hmg/ddh218
http://www.ncbi.nlm.nih.gov/pubmed/15254021
http://dx.doi.org/10.1242/dev.00190
http://www.ncbi.nlm.nih.gov/pubmed/12441305
http://dx.doi.org/10.7554/eLife.55249
http://www.ncbi.nlm.nih.gov/pubmed/32602462
http://dx.doi.org/10.1016/j.neuron.2012.10.032
http://www.ncbi.nlm.nih.gov/pubmed/23312516
http://dx.doi.org/10.1523/JNEUROSCI.4948-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20203184
http://www.ncbi.nlm.nih.gov/pubmed/32419976
http://dx.doi.org/10.1016/j.omtm.2020.03.010
http://www.ncbi.nlm.nih.gov/pubmed/32258218
http://dx.doi.org/10.1080/000164801300043226,
http://www.ncbi.nlm.nih.gov/pubmed/11349765
http://dx.doi.org/10.3390/molecules23102507
http://www.ncbi.nlm.nih.gov/pubmed/30274337
http://www.ncbi.nlm.nih.gov/pubmed/11095625
http://dx.doi.org/10.1097/00001756-200309150-00004
http://www.ncbi.nlm.nih.gov/pubmed/14512836
http://dx.doi.org/10.1016/j.cell.2010.03.035
http://www.ncbi.nlm.nih.gov/pubmed/20478259
http://dx.doi.org/10.1016/j.celrep.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28052261
http://dx.doi.org/10.1097/01.GIM.0000077415.19887.08
http://www.ncbi.nlm.nih.gov/pubmed/12865764


Int. J. Mol. Sci. 2020, 21, 5764 13 of 15

29. Lee, H.S.; Kim, W.J.; Gong, J.S.; Park, K.H. Clinical Safety and Efficacy of Autologous Bone Marrow-Derived
Mesenchymal Stem Cell Transplantation in Sensorineural Hearing Loss Patients. J. Audiol. Otol. 2018, 22,
105–109. [CrossRef] [PubMed]

30. McLean, W.J.; McLean, D.T.; Eatock, R.A.; Edge, A.S. Distinct capacity for differentiation to inner ear cell
types by progenitor cells of the cochlea and vestibular organs. Development 2016, 143, 4381–4393. [CrossRef]
[PubMed]

31. Li, H.; Liu, H.; Heller, S. Pluripotent stem cells from the adult mouse inner ear. Nat. Med. 2003, 9, 1293–1299.
[CrossRef] [PubMed]

32. Yoo, T.J.; Du, X.; Zhou, B. The paracrine effect of mesenchymal human stem cells restored hearing in
beta-tubulin induced autoimmune sensorineural hearing loss. Hear. Res. 2015, 330, 57–61. [CrossRef]
[PubMed]

33. Dai, M.; Yang, Y.; Omelchenko, I.; Nuttall, A.L.; Kachelmeier, A.; Xiu, R.; Shi, X. Bone marrow cell
recruitment mediated by inducible nitric oxide synthase/stromal cell-derived factor-1alpha signaling repairs
the acoustically damaged cochlear blood-labyrinth barrier. Am. J. Pathol. 2010, 177, 3089–3099. [CrossRef]
[PubMed]

34. Naito, Y.; Nakamura, T.; Nakagawa, T.; Iguchi, F.; Endo, T.; Fujino, K.; Kim, T.S.; Hiratsuka, Y.; Tamura, T.;
Kanemaru, S.; et al. Transplantation of bone marrow stromal cells into the cochlea of chinchillas. Neuroreport
2004, 15, 1–4. [CrossRef] [PubMed]

35. Watada, Y.; Yamashita, D.; Toyoda, M.; Tsuchiya, K.; Hida, N.; Tanimoto, A.; Ogawa, K.; Kanzaki, S.;
Umezawa, A. Magnetic resonance monitoring of superparamagnetic iron oxide (SPIO)-labeled stem cells
transplanted into the inner ear. Neurosci. Res. 2015, 95, 21–26. [CrossRef] [PubMed]

36. Kada, S.; Hamaguchi, K.; Ito, J.; Omori, K.; Nakagawa, T. Bone Marrow Stromal Cells Accelerate Hearing
Recovery via Regeneration or Maintenance of Cochlear Fibrocytes in Mouse Spiral Ligaments. Anat. Rec.
2020, 303, 478–486. [CrossRef] [PubMed]

37. Lang, H.; Ebihara, Y.; Schmiedt, R.A.; Minamiguchi, H.; Zhou, D.; Smythe, N.; Liu, L.; Ogawa, M.; Schulte, B.A.
Contribution of bone marrow hematopoietic stem cells to adult mouse inner ear: Mesenchymal cells and
fibrocytes. J. Comp. Neurol. 2006, 496, 187–201. [CrossRef] [PubMed]

38. Yoshida, T.; Hakuba, N.; Morizane, I.; Fujita, K.; Cao, F.; Zhu, P.; Uchida, N.; Kameda, K.; Sakanaka, M.;
Gyo, K.; et al. Hematopoietic stem cells prevent hair cell death after transient cochlear ischemia through
paracrine effects. Neuroscience 2007, 145, 923–930. [CrossRef] [PubMed]

39. Kamiya, K.; Fujinami, Y.; Hoya, N.; Okamoto, Y.; Kouike, H.; Komatsuzaki, R.; Kusano, R.; Nakagawa, S.;
Satoh, H.; Fujii, M.; et al. Mesenchymal stem cell transplantation accelerates hearing recovery through the
repair of injured cochlear fibrocytes. Am. J. Pathol. 2007, 171, 214–226. [CrossRef] [PubMed]

40. Kasagi, H.; Kuhara, T.; Okada, H.; Sueyoshi, N.; Kurihara, H. Mesenchymal stem cell transplantation to the
mouse cochlea as a treatment for childhood sensorineural hearing loss. Int. J. Pediatr. Otorhinolaryngol. 2013,
77, 936–942. [CrossRef] [PubMed]

41. Choi, B.Y.; Song, J.J.; Chang, S.O.; Kim, S.U.; Oh, S.H. Intravenous administration of human mesenchymal
stem cells after noise- or drug-induced hearing loss in rats. Acta Otolaryngol. 2012, 132 (Suppl. 1), S94–S102.
[CrossRef] [PubMed]

42. Bas, E.; Van De Water, T.R.; Lumbreras, V.; Rajguru, S.; Goss, G.; Hare, J.M.; Goldstein, B.J. Adult human
nasal mesenchymal-like stem cells restore cochlear spiral ganglion neurons after experimental lesion. Stem
Cells Dev. 2014, 23, 502–514. [CrossRef] [PubMed]

43. Schack, L.; Budde, S.; Lenarz, T.; Krettek, C.; Gross, G.; Windhagen, H.; Hoffmann, A.; Warnecke, A. Induction
of neuronal-like phenotype in human mesenchymal stem cells by overexpression of Neurogenin1 and
treatment with neurotrophins. Tissue Cell 2016, 48, 524–532. [CrossRef] [PubMed]

44. Roemer, A.; Kohl, U.; Majdani, O.; Kloss, S.; Falk, C.; Haumann, S.; Lenarz, T.; Kral, A.; Warnecke, A.
Biohybrid cochlear implants in human neurosensory restoration. Stem Cell Res. Ther. 2016, 7, 148. [CrossRef]
[PubMed]

45. Okano, T.; Nakagawa, T.; Kita, T.; Kada, S.; Yoshimoto, M.; Nakahata, T.; Ito, J. Bone marrow-derived cells
expressing Iba1 are constitutively present as resident tissue macrophages in the mouse cochlea. J. Neurosci.
Res. 2008, 86, 1758–1767. [CrossRef] [PubMed]

46. Seyyedi, M.; Viana, L.M.; Nadol, J.B., Jr. Within-subject comparison of word recognition and spiral ganglion
cell count in bilateral cochlear implant recipients. Otol. Neurotol. 2014, 35, 1446–1450. [CrossRef] [PubMed]

http://dx.doi.org/10.7874/jao.2017.00150
http://www.ncbi.nlm.nih.gov/pubmed/29301392
http://dx.doi.org/10.1242/dev.139840
http://www.ncbi.nlm.nih.gov/pubmed/27789624
http://dx.doi.org/10.1038/nm925
http://www.ncbi.nlm.nih.gov/pubmed/12949502
http://dx.doi.org/10.1016/j.heares.2015.07.021
http://www.ncbi.nlm.nih.gov/pubmed/26235980
http://dx.doi.org/10.2353/ajpath.2010.100340
http://www.ncbi.nlm.nih.gov/pubmed/21057001
http://dx.doi.org/10.1097/00001756-200401190-00001
http://www.ncbi.nlm.nih.gov/pubmed/15106820
http://dx.doi.org/10.1016/j.neures.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25645157
http://dx.doi.org/10.1002/ar.24063
http://www.ncbi.nlm.nih.gov/pubmed/30632312
http://dx.doi.org/10.1002/cne.20929
http://www.ncbi.nlm.nih.gov/pubmed/16538683
http://dx.doi.org/10.1016/j.neuroscience.2006.12.067
http://www.ncbi.nlm.nih.gov/pubmed/17320298
http://dx.doi.org/10.2353/ajpath.2007.060948
http://www.ncbi.nlm.nih.gov/pubmed/17591967
http://dx.doi.org/10.1016/j.ijporl.2013.03.011
http://www.ncbi.nlm.nih.gov/pubmed/23561635
http://dx.doi.org/10.3109/00016489.2012.660731
http://www.ncbi.nlm.nih.gov/pubmed/22582790
http://dx.doi.org/10.1089/scd.2013.0274
http://www.ncbi.nlm.nih.gov/pubmed/24172073
http://dx.doi.org/10.1016/j.tice.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27423984
http://dx.doi.org/10.1186/s13287-016-0408-y
http://www.ncbi.nlm.nih.gov/pubmed/27717379
http://dx.doi.org/10.1002/jnr.21625
http://www.ncbi.nlm.nih.gov/pubmed/18253944
http://dx.doi.org/10.1097/MAO.0000000000000443
http://www.ncbi.nlm.nih.gov/pubmed/25120196


Int. J. Mol. Sci. 2020, 21, 5764 14 of 15

47. Kanzaki, S.; Stover, T.; Kawamoto, K.; Prieskorn, D.M.; Altschuler, R.A.; Miller, J.M.; Raphael, Y. Glial cell
line-derived neurotrophic factor and chronic electrical stimulation prevent VIII cranial nerve degeneration
following denervation. J. Comp. Neurol. 2002, 454, 350–360. [CrossRef] [PubMed]

48. Leake, P.A.; Stakhovskaya, O.; Hetherington, A.; Rebscher, S.J.; Bonham, B. Effects of brain-derived
neurotrophic factor (BDNF) and electrical stimulation on survival and function of cochlear spiral ganglion
neurons in deafened, developing cats. J. Assoc. Res. Otolaryngol. 2013, 14, 187–211. [CrossRef] [PubMed]

49. Matsuoka, A.J.; Kondo, T.; Miyamoto, R.T.; Hashino, E. Enhanced survival of bone-marrow-derived
pluripotent stem cells in an animal model of auditory neuropathy. Laryngoscope 2007, 117, 1629–1635.
[CrossRef] [PubMed]

50. Chen, W.; Jongkamonwiwat, N.; Abbas, L.; Eshtan, S.J.; Johnson, S.L.; Kuhn, S.; Milo, M.; Thurlow, J.K.;
Andrews, P.W.; Marcotti, W.; et al. Restoration of auditory evoked responses by human ES-cell-derived otic
progenitors. Nature 2012, 490, 278–282. [CrossRef] [PubMed]

51. Iguchi, F.; Nakagawa, T.; Tateya, I.; Kim, T.S.; Endo, T.; Taniguchi, Z.; Naito, Y.; Ito, J. Trophic support of
mouse inner ear by neural stem cell transplantation. Neuroreport 2003, 14, 77–80. [CrossRef] [PubMed]

52. Schaefer, S.A.; Higashi, A.Y.; Loomis, B.; Schrepfer, T.; Wan, G.; Corfas, G.; Dressler, G.R.; Duncan, R.K.
From Otic Induction to Hair Cell Production: Pax2(EGFP) Cell Line Illuminates Key Stages of Development
in Mouse Inner Ear Organoid Model. Stem Cells Dev. 2018, 27, 237–251. [CrossRef] [PubMed]

53. Hartman, B.H.; Bscke, R.; Ellwanger, D.C.; Keymeulen, S.; Scheibinger, M.; Heller, S. Fbxo2(VHC) mouse and
embryonic stem cell reporter lines delineate in vitro-generated inner ear sensory epithelia cells and enable
otic lineage selection and Cre-recombination. Dev. Biol. 2018, 443, 64–77. [CrossRef] [PubMed]

54. Perny, M.; Ting, C.C.; Kleinlogel, S.; Senn, P.; Roccio, M. Generation of Otic Sensory Neurons from Mouse
Embryonic Stem Cells in 3D Culture. Front. Cell Neurosci. 2017, 11, 409. [CrossRef] [PubMed]

55. Koehler, K.R.; Hashino, E. 3D mouse embryonic stem cell culture for generating inner ear organoids. Nat.
Protoc. 2014, 9, 1229–1244. [CrossRef] [PubMed]

56. de Groot, S.C.; Sliedregt, K.; van Benthem, P.P.G.; Rivolta, M.N.; Huisman, M.A. Building an Artificial
Stem Cell Niche: Prerequisites for Future 3D-Formation of Inner Ear Structures—Toward 3D Inner Ear
Biotechnology. Anat. Rec. 2020, 303, 408–426. [CrossRef] [PubMed]

57. Lenz, D.R.; Gunewardene, N.; Abdul-Aziz, D.E.; Wang, Q.; Gibson, T.M.; Edge, A.S.B. Applications of
Lgr5-Positive Cochlear Progenitors (LCPs) to the Study of Hair Cell Differentiation. Front. Cell Dev. Biol.
2019, 7, 14. [CrossRef] [PubMed]

58. Jeong, M.; O’Reilly, M.; Kirkwood, N.K.; Al-Aama, J.; Lako, M.; Kros, C.J.; Armstrong, L. Generating inner
ear organoids containing putative cochlear hair cells from human pluripotent stem cells. Cell Death Dis. 2018,
9, 922. [CrossRef] [PubMed]

59. Tang, P.C.; Hashino, E.; Nelson, R.F. Progress in Modeling and Targeting Inner Ear Disorders with Pluripotent
Stem Cells. Stem Cell Rep. 2020, 14, 996–1008. [CrossRef] [PubMed]

60. Tang, P.C.; Alex, A.L.; Nie, J.; Lee, J.; Roth, A.A.; Booth, K.T.; Koehler, K.R.; Hashino, E.; Nelson, R.F. Defective
Tmprss3-Associated Hair Cell Degeneration in Inner Ear Organoids. Stem Cell Rep. 2019, 13, 147–162.
[CrossRef] [PubMed]

61. Kanzaki, S.; Kawamoto, K.; Oh, S.H.; Stover, T.; Suzuki, M.; Ishimoto, S.; Yagi, M.; Miller, J.M.; Lomax, M.I.;
Raphael, Y. From gene identification to gene therapy. Audiol. Neurootol. 2002, 7, 161–164. [CrossRef]
[PubMed]

62. Prieskorn, D.M.; Miller, J.M. Technical report: Chronic and acute intracochlear infusion in rodents. Hear. Res.
2000, 140, 212–215. [CrossRef]

63. Slepecky, N.B. Spinger Handbook Structure of the Mammalian Cochlea. In The Cochlea; Dallos, P.,
Fay, R.R., Eds.; Springer: New York, NY, USA, 1996; pp. 44–129.

64. Yamasoba, T.; Yagi, M.; Roessler, B.J.; Miller, J.M.; Raphael, Y. Inner ear transgene expression after adenoviral
vector inoculation in the endolymphatic sac. Hum. Gene Ther. 1999, 10, 769–774. [CrossRef] [PubMed]

65. Kitahara, T.; Kubo, T.; Okumura, S.; Kitahara, M. Effects of endolymphatic sac drainage with steroids for
intractable Meniere’s disease: A long-term follow-up and randomized controlled study. Laryngoscope 2008,
118, 854–861. [CrossRef] [PubMed]

66. Kanzaki, S.; Shiotani, A.; Inoue, M.; Hasegawa, M.; Ogawa, K. Sendai virus vector-mediated transgene
expression in the cochlea in vivo. Audiol. Neurootol. 2007, 12, 119–126. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/cne.10480
http://www.ncbi.nlm.nih.gov/pubmed/12442325
http://dx.doi.org/10.1007/s10162-013-0372-5
http://www.ncbi.nlm.nih.gov/pubmed/23392612
http://dx.doi.org/10.1097/MLG.0b013e31806bf282
http://www.ncbi.nlm.nih.gov/pubmed/17632425
http://dx.doi.org/10.1038/nature11415
http://www.ncbi.nlm.nih.gov/pubmed/22972191
http://dx.doi.org/10.1097/00001756-200301200-00015
http://www.ncbi.nlm.nih.gov/pubmed/12544835
http://dx.doi.org/10.1089/scd.2017.0142
http://www.ncbi.nlm.nih.gov/pubmed/29272992
http://dx.doi.org/10.1016/j.ydbio.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30179592
http://dx.doi.org/10.3389/fncel.2017.00409
http://www.ncbi.nlm.nih.gov/pubmed/29311837
http://dx.doi.org/10.1038/nprot.2014.100
http://www.ncbi.nlm.nih.gov/pubmed/24784820
http://dx.doi.org/10.1002/ar.24067
http://www.ncbi.nlm.nih.gov/pubmed/30635991
http://dx.doi.org/10.3389/fcell.2019.00014
http://www.ncbi.nlm.nih.gov/pubmed/30873406
http://dx.doi.org/10.1038/s41419-018-0967-1
http://www.ncbi.nlm.nih.gov/pubmed/30206231
http://dx.doi.org/10.1016/j.stemcr.2020.04.008
http://www.ncbi.nlm.nih.gov/pubmed/32442531
http://dx.doi.org/10.1016/j.stemcr.2019.05.014
http://www.ncbi.nlm.nih.gov/pubmed/31204303
http://dx.doi.org/10.1159/000058303
http://www.ncbi.nlm.nih.gov/pubmed/12053138
http://dx.doi.org/10.1016/S0378-5955(99)00193-8
http://dx.doi.org/10.1089/10430349950018526
http://www.ncbi.nlm.nih.gov/pubmed/10210144
http://dx.doi.org/10.1097/MLG.0b013e3181651c4a
http://www.ncbi.nlm.nih.gov/pubmed/18520184
http://dx.doi.org/10.1159/000097798
http://www.ncbi.nlm.nih.gov/pubmed/17264475


Int. J. Mol. Sci. 2020, 21, 5764 15 of 15

67. Mittal, R.; Ocak, E.; Zhu, A.; Perdomo, M.M.; Pena, S.A.; Mittal, J.; Bohorquez, J.; Eshraghi, A.A. Effect of
Bone Marrow-Derived Mesenchymal Stem Cells on Cochlear Function in an Experimental Rat Model. Anat.
Rec. 2020, 303, 487–493. [CrossRef] [PubMed]

68. Aazh, H.; Moore, B.C. Audiological Rehabilitation for Facilitating Hearing Aid Use: A Review. J. Am. Acad.
Audiol. 2017, 28, 248–260. [CrossRef] [PubMed]

69. Hassepass, F.; Arndt, S.; Aschendorff, A.; Laszig, R.; Wesarg, T. Cochlear implantation for hearing
rehabilitation in single-sided deafness after translabyrinthine vestibular schwannoma surgery. Eur. Arch.
Otorhinolaryngol. 2016, 273, 2373–2383. [CrossRef] [PubMed]

70. McKay, C.M. Brain Plasticity and Rehabilitation with a Cochlear Implant. Adv. Otorhinolaryngol. 2018, 81,
57–65. [CrossRef] [PubMed]

71. Naples, J.G.; Ruckenstein, M.J. Cochlear Implant. Otolaryngol. Clin. N. Am. 2020, 53, 87–102. [CrossRef]
[PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ar.24065
http://www.ncbi.nlm.nih.gov/pubmed/30632683
http://dx.doi.org/10.3766/jaaa.16035
http://www.ncbi.nlm.nih.gov/pubmed/28277215
http://dx.doi.org/10.1007/s00405-015-3801-8
http://www.ncbi.nlm.nih.gov/pubmed/26498948
http://dx.doi.org/10.1159/000485586
http://www.ncbi.nlm.nih.gov/pubmed/29794427
http://dx.doi.org/10.1016/j.otc.2019.09.004
http://www.ncbi.nlm.nih.gov/pubmed/31677740
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Regeneration of the Inner Ear 
	Potential of Cell Therapy for Sensory Cells Using MSCs 
	Cell Therapy for Inner Ear Spiral Ganglion Neuron Degeneration Using MSCs 
	Three-Dimensional (3D) Organoid Model of the Inner Ear (Cochlea and Vestibular Organ) 
	Administration of Stem Cells into the Inner Ear 
	Imaging for Tracking Transplanted Cells 
	Auditory Rehabilitation after Stem Cell Transplantation 
	Addressing Clinical Problems Associated with Inner Ear Regenerative Medicine 
	Conclusions 
	References

