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1 | INTRODUCTION
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Abstract

The sense of hearing depends on a specialized sensory organ in the inner ear,
called the cochlea, which contains the auditory hair cells (HCs). Noise trauma,
infections, genetic factors, side effects of ototoxic drugs (ie, some antibiotics and
chemotherapeutics), or simply aging lead to the loss of HCs and their associated
primary neurons. This results in irreversible sensorineural hearing loss (SNHL) as in
mammals, including humans; the inner ear lacks the capacity to regenerate HCs
and spiral ganglion neurons. SNHL is a major global health problem affecting mil-
lions of people worldwide and provides a growing concern in the aging population.
To date, treatment options are limited to hearing aids and cochlear implants. A
major bottleneck for development of new therapies for SNHL is associated to the
lack of human otic cell bioassays. Human induced pluripotent stem cells (hiPSCs)
can be induced in two-dimensional and three-dimensional otic cells in vitro models
that can generate inner ear progenitors and sensory HCs and could be a promising
preclinical platform from which to work toward restoring SNHL. We review the
potential applications of hiPSCs in the various biological approaches, including dis-
ease modeling, bioengineering, drug testing, and autologous stem cell based-cell
therapy, that offer opportunities to understand the pathogenic mechanisms of
SNHL and identify novel therapeutic strategies.
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The vast majority of SNHL originates from the cochlea, which

represents the hearing component of the inner ear, reflecting cur-

Sensorineural Hearing loss (SNHL) is the world's most common sen-
sory deficit with high burden at the level of social and economic con-
sequences. The World Health Organization (WHO) estimates SNHL
affects nearly 470 million people and that this number will increase to
900 million people by 2050 (https://www.who.int/newsroom/fact-
sheets/detail/deafness-and-hearing-loss).

rently incurable damage or loss to the delicate mechanosensory hair
cells (HCs) and/or spiral ganglion neurons (SGNs) (Figure 1).

Noise overexposure, ototoxic medications (such as aminoglycoside
antibiotics, loop diuretics and platinum-based chemotherapeutic agents),
infections, genetic predisposition led to the loss of the sensory HCs in the
cochlea. At birth, a human cochlea contains approximately 75 000 sensory
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HCs. The density of outer hair cells (OHCs) and inner hair cells (IHCs)
decreases with age.! Initially, OHC density in the inner ears is 300 per mm;
by the time a person is 70 years old, this reduces to 65 per mm. Likewise,
IHC density drops from 80 per mm to 30 per mm over time, and this is
consistent with the longitudinal gradient base-to-apex loss of HCs in the
cochlea and changes in hearing thresholds seen by 70 years of age.?® The
reduction in HC density and the subsequent effect on SNHL progresses
differently in mice and humans during their lifespan®; both are worsened
by noise trauma, ototoxic drugs, or genetic insults in older age.*° Despite
the widespread occurrence of SNHL in the world, there are no Food and
Drug Administration (FDA)-approved cell, molecular, or pharmacologic
therapies.>® Current treatments for human SNHL are largely limited to
hearing aids and cochlear implants. Although these devices offer some
relief of the symptoms of moderate SNHL by amplifying sound or directly
electrically stimulating the auditory nerve, they fail to correct the underly-
ing cause and have significant performance limitations.” Thus, meeting the
urgent, unmet medical need for novel therapies for human SNHL requires
at least the generation of sensory HCs that can be used as tools to validate
treatment strategies.>® Given the complex cellular and molecular architec-
ture of the human inner ear, combined with its inaccessibility to safe surgi-
cal biopsy and the small number of neurosensory cells, the generation of
inner ear sensory cells from in vitro differentiation of pluripotent stem cells
(PSCs), represent an obvious alternative. The human induced pluripotent
stem cells (hiPSCs) are renewable and can differentiate into various tissue
types, and their use avoids the ethical issues associated with human
embryonic stem cells (hESCs). In addition, the derivation and biobanking
of clinical-grade personalized hiPSC lines'® would enable the development
of a modular cell platform to challenge SNHL. Taken together, improve-
ments in the hiPSC field bring opportunities to develop a human otic sen-
sory cell-based bioassay that would allow for exploring new biological
approaches, including disease modeling, bioengineering, autologous stem
cell based-cell therapy, drugs testing and offers opportunities, to under-
stand the pathogenic mechanisms of SNHL and identify novel therapeutic
strategies.

This review provides an overview first of the genetics of developing
mechanosensory HCs in the cochlea followed by highlights of the prom-
ise and challenges of using hiPSCs to develop effective, safe personalized

restorative biological strategies for treatment of human SNHL.
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FIGURE 1

Significance statement

Sensorineural hearing loss is the world's most common sen-
sory deficit and affects nearly 470 million people. Discovery
of human induced pluripotent stem cells (hiPSCs) has
allowed the derivation of patient-specific stem cells; they
can self-renew and have the capacity to differentiate into
otic neurosensory cell derivatives, facilitating the study of
disease mechanisms, bioengineering, and stem cell-based
cell replacement therapies either as individual cell types or
as organoid three-dimensional cultures. The authors high-
light major achievements of, as well as challenges associated
with, hiPSC-based otic cell modeling as a human preclinical
platform to understand pathogenesis and identify novel

therapies.

2 | THE KEY GENE EXPRESSION DURING
INNER EAR NEUROSENSORY DEVELOPMENT

In the embryo, after the three germ layers are formed during the pro-
cess of gastrulation, the definitive ectoderm commits to neural and
non-neural ectoderm, depending on BMP concentration gradient
(Figure 2). Mutually opposing signals from BMP, WNT, and their
antagonists act together to form the preplacodal ectoderm.!**? The
preplacodal ectoderm is then induced to become the otic placode via
the coordination between FGF and WNT signaling, specifically within
the otic-epibranchial domain.*® All cranial placodes, including the otic
epibranchial placode (not represented in Figure 2), originate from the
preplacodal ectoderm. The otic placode then invaginates and pinches
off to form the otocyst or otic vesicle.**"*® The prosensory domain of
the otic placode/vesicle gives rise to the vestibular/cochlear sensory
epithelia and sensory neurons in response to NOTCH, SHH and Reti-
noic acid signaling pathways. Otic prosensory cells within the otic ves-
icle are defined by the combined regional expression of specific
lineage gene markers that is, Pax2, Pax8, Ecad, Sox2, Lmx1a/b, and Jag-

ged1.5131% SOX2 is one of the earliest markers of the prosensory

Schematic image of the inner ear. A, The inner ear is divided into the cochlea and the vestibular organs. B, A cross section (dotted

line from A) shows the 2.5 turns containing the cochlea duct. C, A transverse section of the cochlea illustrating the three fluid compartments: the
scala vestibuli, the scala media and the scala tympani. D, The organ of Corti contains the two types of sensory auditory hair cells-a single row of

inner hair cells (red) and three rows of outer hair cells (yellow)-together with supporting cells. Peripheral fibers from spiral ganglion neurons (SGN)
form synapses with the inner and outer hair cells. Note the fewer peripheral fibers that reach out type Il SGN as compared with most type | SGN.

IHC, inner hair cells; OHC, outer hair cells
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FIGURE 2

Schematic of cell lineage specification to illustrate otic development during early embryogenesis discussed in relation to the

current methods for otic induction from pluripotent stem cells. CNS, central nervous system; HC, hair cell; OP, otic placode; OV, otic vesicle; PNS,

peripheral nervous system; PPE, preplacodal ectoderm; SC, supporting cell

domain, the region containing cells that are specified to become either
sensory HCs or supporting cells.>>¢ Upregulation of Neurogl and
Neurod1, two proneural basic helix-loop-helix factors, is in a subset of
SOX2+ cells in the otocyst that leads to commitment of neuronal pro-
genitors/neuroblasts, which delaminate from the otocyst to form the
primary vestibular and cochlear ganglia.l” Final neurosensory develop-
ment is regulated by multiple gene expression pattern.'® A crucial step
is the transcription factor Atoh1 that defines the HCs, the supporting
cell development is activated by the expression of Notch pathway
mediator (Hes5) and Sox2 and sensory neurons are specified by the
expression of Neurogl, Neurodl and Pou4fl proneural genes. The
minimal essential gene expression profile required to generate inner
ear HCs from PSCs is still unclear. Several genes downstream of Atoh1
are known to be important for normal development and can be used
to generate initial HCs from mouse embryonic stem cells (mESCs)
in vitro.'? Furthermore, combined overexpression of transcription fac-
tors including Six1 may provide efficient direct programming of
mESCs toward a sensory HC fate.?® Despite progresses in inducing
differentiation of mESCs into HC-like cells, a different timetable in
mice related to humans is clear: it declines at age 65 years old humans
compared with 2 years in mice.® In summary, we now know several
critical steps are required to convert PSCs into HC-like cells in vitro,
but it remains unclear how long translational application of this
approach will take, on which we can build future restorative biology

strategies for human SNHL.

3 | INNEREARNEUROSENSORY CELL
INDUCTION STRATEGIES FROM hiPSCs

Pluripotent stem cells can act as a model system via which to study

early stages of human development that mimics the in vivo

microenvironment. Understanding sequential transcriptional changes
and signaling pathways that underlie in vivo development (Figure 2) is
essential to drive efficient in vitro differentiation of PSCs into inner
ear neurosensory cell types, such as HC, supporting cell, and neuron-
like cells.®2%?2 Various induction protocols have been developed to
differentiate hiPSCs into HC-like cells (Table S1, Supporting Informa-
tion). Some of these protocols carried out completely in two-
dimensional (2D)-cultures using treatments with a combination of
small molecules and/or recombinant proteins to manipulate key sig-
naling pathways of the inner ear development. The differentiation
under 2D-cultures can provide a relatively homogenous population of
otic sensory progenitors and initial HC-like cells in prolonged cell cul-
tures.?®2® In contrast to 2D-culture system, the induction of PSCs
under three-dimensional (3D)-organoid strategy allows for the genera-
tion of multiple cell types and recapitulates, to some extent, in vivo
composition of an inner ear sensory epithelium containing HC,
supporting cell and sensory neuron-like cells.?”"?° Before reaching the
organoid phenotypes, otic signaling was induced by BMP activation
and TGF-$ inhibition, whereas subsequent BMP inhibition and FGF
activation induced a preotic cell fate. Then, combined treatment with
LDN-193189 (BMP inhibitor) and SBI (TGF-B pathway inhibitor)
resulted in the upregulation of the expression of neuroectodermal
markers. After 40-60 days in vitro, sensory epithelia developed from
vesicles that expressed a subset of HC gene markers.2’2? A panel of
hiPSC-derived cells along the otic sensory lineage and HC-like cells
(Table S1, Supporting Information) have been evaluated for their mor-
phological characteristics, expression of gene specific markers (Pax2,
Myo7a, Pou4f3), and electrophysiological measurements.??*° Under
physically defined environment cues mediated by extracellular matri-
ces, the efficiency of differentiation, as well as the resulting complex
cellular organization have been improved in 3D-cultures.?®3! For

example, addition of Matrigel in the 3D-inner ear organoids
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established by Koehler et al>”?® facilitated the formation of fluid-filled
vesicles that harbors HC, supporting cell and neuron-like cells. In con-
trast, vestibular tissue-like organoids derived from hPSCs using the
rotary cell culture system displayed neurosensory cells which express
Bl tubulin within vesicles/organoids are positioned centrally while
MYO7A immuno+ cells (ie, HC-like cells) were mainly found on the
external edge of the organoids, which is opposite to what occurs dur-
ing in vivo development of the inner ear.3! These divergences may
reflect the suboptimal growth conditions and microenvironment in
in vitro model systems or their effects on tissue polarization. Cur-
rently, PSC-derived HC-like cells exhibit phenotypic and electrophysi-
ological features of vestibular HCs and not cochlear HCs. A detailed
mechanism that could reorient inner ear organoid differentiation
toward a cochlear sensory epithelium phenotype from stepwise
induction of PSCs as well as differentiation of IHCs vs OHCs are still
needed. Next ameliorations will take place as we continue improving
our understanding of the regulation of in vivo inner ear cell patterning
signals and/or organoid systems. As with the HCs in general, inner ear
sensory neurons and glial cells are derived from the otic placode.’®
Therefore, some of the early neural induction protocols from PSCs
were designed based on known developmental trajectories of the otic
placode. Small molecules, such as BMPs, FGFs, and SHH are used to
support neuronal outgrowth from the otic placode.>>*® The neuro-
trophins BDNF and NT3 provide critical trophic support for inner ear
primary sensory neurons in vivo>* and are also used to support sur-
vival and growth of PSC-derived neurons in vitro.333° In the previous
protocols that have been devised to derive sensory neurons from
PSCs, the Peripherin (type Il SGNs) and POU4F1 are commonly used
to confirm subtype-specific inner ear neuronal derivatives.3*° On the
other hand, neural innervation between coexisting HC-like cells and
sensory neuron-like cells has been used to provide additional evi-
dence as to the identity of the derived cell types. A recent study
reported a protocol that efficiently generated cells that displayed the
phenotypic characteristics of SGN-like cells from hESCs and that were
able to innervate both HCs and cochlear nucleus in organotypic
explant brainstem slice cocultures.®® Other strategies have used either

1%7 or the pluripotency

ectopic expression of Neurogl and Neurod
factor Lin28a%® to reprogram inner ear glia toward SGN fate in a
mouse model of auditory neuropathy. Alternatively, 3D inner ear
organoids contain both sensory epithelia (HC and supporting cells)
and sensory neuron-like cells.?82?? Although further characterization
of sensory neuron-like cells is still needed, the organoid system pro-

vides a useful tool to study sensory neural networks of the inner ear.

4 | hiPSCsININNER EAR DISEASE
MODELING

Modeling human inner ear disorders has relied heavily on insights
obtained from mouse models.? These models are powerful research
tools to study development and pathologies. However, many funda-
mental disparities exist between mice and humans. In the case of the

inner ear development, the mouse cochlea is still immature during

early postnatal period, while human cochlea is completely mature at
embryonic week-20.3° Indeed, inner ear organoids derived from hiP-
SCs or hESCs offer a unique opportunity approach to generate
human-specific models to study genetic defects associated with inner
ear peripheral neurosensory cells. An example of such approach for
investigating the molecular mechanisms underlying genetic inner ear
disorders has been reported with mESC-derived inner ear 3D-
organoids to study HC degeneration resulting from mutations in the
transmembrane protease TMPRSS3.#! In this report, the functional
consequences in defective Tmprss3 (associated with hearing loss in
humans) were analyzed. The ESC-derived organoids from Tmprss3
mutant line showed normal HC development followed by HC degen-
eration at differentiation day-38 in vitro. In addition to recapitulating
inner ear disease caused by genetic mutations, patient-specific iPSC
lines provide useful tools to assess the effects of correction of gene
mutations to treat hereditary SNHL. Deleterious mutations in Myo7a
and Myol5a are known human deafness genes.*? In two recent
reports, investigators derived hiPSCs from somatic cells of deaf
patients carrying Myo7a and Myol5 mutations, then the CRISPR/
Cas9 technology is used to rectify these mutations. After correction
of genetic mutations, the derived HC-like cells from the corrected
iPSCs exhibited, recovered organization of the stereociliary-like struc-
tures, morphological and functional characteristics similar to con-
trols.*>** Moreover, in another study, hiPSCs were derived from
fibroblasts of a MERRF syndrome patient with A8344G mutation of
mitochondrial DNA. These hiPSCs were induced by a panel of tran-
scription factors ATOH1/RFX1/RFX3 that significantly increased their
differentiation potential toward MYO7A+ cells. The differentiated
HC-like cells displayed expression of a subset of HC gene markers
and promote HCs with more mature stereociliary-like protrusions.*®
While this review has focused on the generation of neurosensory cells
from hiPSCs, associated cellular populations could be generated in
culture, to allow characterization of genetic defects affecting other
cell types of the inner ear. In particular, seeding on CX26GJ(+)-vesicles
derived from mouse iPCs on feeder cell layers has allowed the genera-
tion of cochlear supporting cell-like cells in which to study mutations
in Connexin 26, encoded by the GJB2 gene,*® that accounts for up to
50% of nonsyndromic SNHL in some populations.® Although, the field
is still in its infancy, the combination of hiPSC-derived organoids and
genome engineering has opened early investigation stages of the
molecular mechanisms underlying genetic inner ear disorders, includ-

ing the correction of mutations of in vitro differentiated hiPSCs.

5 | hiPSCs-OTIC CELL DERIVATIVES FOR
OTOTOXICITY AND DRUG TESTING

Numerous drugs failed to translate into the clinical development
mainly due to anatomic, molecular, and immunologic differences
between rodents and humans that prevent the capacity to effectively
mimic disease and to predict organ toxicity.*” In the inner ear field, a
major limitation for drug development is the lack of bioassays based

on human inner ear neurosensory cells that are available to test and
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validate in vitro promising drug candidates. This is a fundamental
requirement for the transfer of findings between animal models and
humans to speed up potential clinical translations. Human inner ear
neurosensory cell-based assays could evaluate a spectrum of drug-
induced ototoxic adverse effects, identify compounds that could pre-
vent, delay, or reduce some degree of damage, and ultimately allow
exploration of novel regenerative approaches. Today, either
otoprotective or regenerative screens rely on models of zebrafish, pri-
mary cell cultures, and tissue culture explants that require microdis-
section by well-trained investigators. Human inner ear sensory
epithelia are largely inaccessible for surgical biopsy. For drug-based
therapies, human cell otic models need to develop artificial sensory
epithelia or develop in vitro models, mimicking the in vivo sensory
organs. The generation of inner ear sensory cells by in vitro differenti-
ation of hiPSCs represents an obvious alternative option, as this could
be scaled up and meet the need for robust characterization and
exploitation for drug screening. Interestingly, HC and neuron-like cells
differentiated within epithelial patches in organoids exhibited some
functionality.22° These in vitro generated neurosensory patches
should be suitable to evaluate ototoxicity and explore new regenera-
tive strategies. Despite these advances, some of the current limita-
tions of the organoid system could be further overcome by using
microfluidic chips, as recently demonstrated by hiPSC-derived models
of the blood-brain barrier or by controlled delivery of oxygen, nutri-
ents, and waste removal.*® The integration of vascularization within
the inner ear organoids (Figure 3) would allow for oxygen, nutrient,
enhance their

and metabolite which  could

exchange,

Vascularized organoids using
hiPSCs embedded in ECM-
based bi ials

Engraftment of hiPSC-derived otic
progenitors in the damaged Cochlea

@ Stem Cros—L

semiphysiological state and maintain epithelial polarity in prolonged
culture experiments. Other epithelial tissues (ie, gut, lung, kidney)
derived from PSCs have been successfully tested using the micro-
fluidic devices.*’ Developing microfluidic inner ear organoids that can
incorporate chip channels under dynamic growth conditions will
enhance their utility in the detection of ototoxic and regenerative
compounds. In addition, a robust human inner ear 3D culture on a
microfluidic platform would allow the step of in vitro validation of

drugs to be bypassed.

6 | hiPSCsIN BIOENGINEERING FOR
INNER EAR NEUROSENSORY CELL
DIFFERENTIATION

The majority of the current understanding of stem cell differentia-
tion toward inner ear neurosensory cells is based on 2D-culture sys-
tems.2®>2%  While few

components of the inner ear tissue (ie, otic vesicle-like structures)

organoid cultures generated partial
with the difficulty to generate cochlear sensory epithelium from
PSCs.2728 In general, the 2D-cultures, have ability to form stable,
functional cell types but lack tissue-specific architecture and cell-to-
cell interactions.”® In these monolayer in vitro models, all cells are
exposed to the same oxygen pressure, that makes their oxygen con-
sumption rates stable. This contrasts with the 3D-cultures in which
oxygen diffuses into the complex structure with a concentration

gradient depending on the cell density and the spatial location of

Drugs for validation
in inner ear diseases

Normal Mutant

MJ.] )

o0
Lo STY: cor

In vitro

FIGURE 3 Application of hiPSC technological strategies to challenge inner ear neurosensory degeneration. Schematic categorization of the
various biological approaches in hiPSC bioengineering, including disease modeling, autologous stem cell based-cell therapy, and drug testing, as
well as two-dimensional (2D)/three-dimensional (3D) organoid otic models, that offer opportunities to understand the pathogenic mechanisms of
SNHL and identify novel therapeutic strategies. ECM, extracellular matrix; hiPSCs, human induced pluripotent stem cells



HUMAN OTIC SENSORY PROGENITOR CELLS

7 | % Stem CELLS

cells within the 3D-complex construct.’’ However, the 3D-in vitro
structures should not increase above a certain level in diameter to
allow nutrients and oxygen to diffuse within the tissue because the
organoids lack a vascular network. The regions of the organoid
mainly those in the core of the constructs that have poor oxygen/
nutrients resources often exhibit limited survival and differentia-
tion.>? In organoids, the niche components originated from the cells
(ie, autocrine, paracrine, or juxtracrine signals) or exogenously added
to the culture system, the extracellular matrix (ECM), small mole-
cules, and growth factors. These interactions contribute to creating
a dynamic environment that influences the differentiation in 3D-cell
cultures. To enhance the ability of 3D-inner ear cultures on control-
ling differentiation, nutrients, and oxygen supply, it would be a useful
approach to bioengineer the microenvironment signals by scaffold bio-
materials. Inner ear organoids,®?”?® like many others in organoid
research, used Matrigel as a scaffold material for neurosensory differenti-
ation. In addition to stem cell sources, Matrigel is often considered as a
critical component of the organoid cultures. However, given its hetero-
geneous composition, this hydrogel does not allow proper morphoge-
netic processes, which are tightly governed in vivo by specific
spatiotemporal cues, to be easily modulated under in vitro conditions. As
an alternative, relevant types of ECM substrates could be selected, such

t>3 can be

as laminin and collagen both involved in inner ear developmen
incorporated into customized biomimetic scaffolds to achieve the desired
characteristics mimicking porosity and elasticity of the natural ECM.
Interestingly, laminin and collagen IV were detected in the ECM after
decellularization of the cochlea and were localized in vascular, neural and

epithelial basal lamina material.>*

The use of decellularizing strategies
have become popular in tissue engineering applications as the natural
ECM can provide the necessary physical cues for cell differentiation and
tissue formation.>® In relation to cochlear tissue engineering,>® investiga-
tors demonstrated that decellularized cochlear tissues can act as a scaf-
fold and support the incorporation of human exogenous Wharton's jelly
cells suggesting that components of the cochlear ECM can affect devel-
opment and behavior. Further work is necessary to seed hPSCs on the
cochlea decellularized ECM to explore the potential of this inner ear nat-
ural scaffold to induce neurosensory differentiation and subsequent
in vivo engraftment into damaged cochleae.

As previously mentioned, when organoids grow in size, their dif-
ferentiation ability is limited due to hypoxic and hyponutrition condi-
tions within deeper layers of the organoids.>” Applying proangiogenic
factors, such as vascular endothelial growth factors (VEGFs) delivered
using either microbeads or degradable vehicles within the scaffold
could promote vascular network within the organoids.’® Another
strategy to achieve this goal is to mix endothelial cells with PSCs to
form a multicellular embryoid bodies that subsequently differentiates
into vascularized organoids.>® Furthermore, vascularization is a crucial
factor for the survival of organoids that not only promotes cell growth
but also plays a role in reconstructing blood vessels in grafts after
implantation in vivo.? Thus, one can speculate that customized biomi-
metic scaffolds combined with appropriate proangiogenic factors may
provide the right environment to produce hiPSCs-derived inner ear

vascularized organoids (Figure 3). Nevertheless, it is globally accepted

that microfluidic devices can substitute to the lack of vascularization
by integrating a controlled release of signal gradients and a constant
supply of nutrients and oxygen. The drawback is that these micro-
fluidic systems are still costly and hardly accessible to low-resource
setting labs. Altogether these strategies offer many opportunities to
advances 3D-culture systems bioengineering which has only been ini-

tiated in the inner ear biotechnology field.

7 | hiPSC-OTIC CELL DERIVATIVES FOR A
CELL THERAPY APPROACH

Given the lack of endogenous regeneration and the limited therapeu-
tic range available, the potential to develop a treatment based on the
delivery of exogenous cells offers a promising therapeutic strategy.>®
Cell-based approaches have been proposed for replacement or resto-
ration of damaged HCs and/or SGNs. The hiPSC-otic cell derivatives
for a cell therapy approach are relevant candidates for biological
implantation as they have a low risk of teratoma development and dif-
ferentiate, both required features for a regenerative strategy option.
Transplantation of mouse PSCs and adult stem cells as donor cells has
been recently reviewed®! and hence, within the scope of this review,
we will briefly focus on recent engraftment studies of human PSC
(hESCs and hiPSCs) derived otic progenitors in the damaged cochleae.
In contrast to the wealth of information available on transplanted
PSC-derived progenitors into other sensory placodes, for example,

2

photoreceptor progenitors into the degenerative retina,®2 only few

reports aiming to inject inner ear progenitors into the cochleae.®3%°
Transplantation of partially differentiated progenitors from PSCs
could be safer and more efficient since this approach is less prone to
result in teratoma formation when compared with undifferentiated
PSCs and is likely to generate differentiated HC or neuron-like-cells.
Transplantation of hESC-derived otic neural progenitors (ONPs) into
the gerbils with selective ablation of SGNs has led to partial improve-
ment in the auditory brainstem responses 10 weeks postengraftment.
These investigators observed neuronal cell somas with processes that
extend in opposite directions to both HCs and to cochlear nucleus.®*
In another study, transplantation of hiPSC-derived otic epithelial pro-
genitors (OEPs) resulted in better survival and engraftment in the oto-
cysts of Connexin30-deleted mice when compared with transplanted
cells into otocysts of wild-type mice.®® Furthermore, hiPSC-derived
OEPs have been injected into the modiolus of gerbil cochleae and the
migration and engraftment of transplanted OEPs have been
reported.®> Recently our group has successfully engraft hiPSC-derived
OEPs into the cochlear sensory epithelium in an animal model of
SNHL.%¢ In this study, partially differentiated OEPs infused into the
scala tympani migrated throughout the cochlear turns, engrafted in
nonsensory areas, and survived up to 4 weeks postengraftment. A
subset of these engrafted OEPs responded to environmental cues and
displayed immunophenotypes of sensory differentiation. The immu-
nosuppression with cyclosporin improved the quantity of engrafted
cells that migrated beyond the basilar membrane toward the scala

media of the damaged cochleae. Despite the lack of restoration of
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auditory function, noticeable progress has been made and will need to
be refined to allow optimal in vitro production of homogenous human
OEPs and ONPs and to deliver these cells into the target, damaged
area. Combining stem cells with biomaterial scaffolds can be used to
improve the efficacy of cell transplantation.®” In the inner ear, neuro-
nal induction of hiPSCs in a 3D-collagen scaffold followed by trans-
plantation into the scala tympani of the guinea-pig cochleae
successfully engrafted into the cochlear nerves.®® This transplantation
paradigm resulted in glutamate transporter (VGlutl) expression in
more than 50% of the transplanted ONPs, yet only about 2% of cells
survived 2 weeks post-transplantation. Furthermore, pharmacological
agents that mimic the effects of matrix scaffolds (ie, heparan sulfate
analogues) have been demonstrated to play an important role in pro-
moting cell delivery to the inner ear of guinea pigs or to decellularized
cochleae.®” Another study demonstrated that by using self-assembling
peptide amphiphile molecules to create a niche for hESC-derived
ONPs enhanced neural survival and differentiation after transplanta-
tion into X-SCID rat cochlea.”® The same group used 3D-spheroid sys-
tem, ECM (ie, nanofibrillar cellulose hydrogel), and a neurotrophic
factor delivery to artificially create a stem cell niche that allowed
hESC-derived ONP engraftment as well as neuronal differentiation.”*
Despite the recent progress in cell transplantation to the inner ear,
the optimization of this regenerative strategy is a phenomenal task,
since there are multiple variables to consider in each experimental
paradigm. Of critical importance is the technique for delivering stem

cell derivatives to the right place within the damaged cochlea.

7.1 | Complexity of injecting cells into the cochlea

The route for surgical delivery is another major technical factor when
transplanting cells in the delicate tissues in the cochlea. The main
objective for transplantation is to deliver the cells into the target. This
targeting will depend on which type of degeneration has occurred
after injury and whether the primary goal is to replace HCs and/or
SGNSs. Another challenge is to ensure precise cell injection throughout
the length of cochlea while minimizing surgical trauma and hearing
loss. A few articles have been published in the past 15 years showing
different cell delivery approaches into rodent cochleae, which are

summarized in the following section.

7.1.1 | Intraperilymphatic injection approach

Perilymphatic transplantation via the scala tympani is the most used
delivery technique so far. Positive features are the relative bigger vol-
ume when compared with the other cochlear compartments, together
with its fluid runs along the cochlear length, making it the best vehicle
to distribute injected cells throughout the cochlea. Moreover, surgical
access to the perilymphatic space is believed to cause less trauma to
the cochlea, and it can be realized either through the round window

or cochleostomy in close proximity to it. Several transplantation
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experiments using different cell types delivered into the scala tympani
found the cells localized to the perilymphatic space.®>’27¢ Kamiya
et al”® have shown that it is possible to reach the cochlea peri-
lymphatic compartment by injection via the posterior and lateral semi-
circular canals. There was evidence of cells being able to reach the
modiolus and scala media by this intraperilymphatic injection
approach.®®”2 Even though the number of cells in the scala media was
small, it would suggest that they could migrate into the endolymphatic
compartment from the perilymphatic space. However, it is possible
that this movement of cells may have occurred through injury to the
basilar membrane. How could cells operate to cross into a tightly
sealed cochlear scala media compartment and survive in an environ-

ment with high potassium concentration, remains to be determined.

7.1.2 | Intraendolymphatic injection approach

There have been few studies aiming to introduce undifferentiated
stem cells and/or their derivatives directly into the scala media, and it
remains the most technically challenging procedure. The main reason
for this injection approach would be to target the organ of Corti area
for replacement of HCs. However, several biological barriers would
need to be overcome. The endolymph, the fluid located in this com-
partment, contains high levels of potassium (.150 mM) constitutes a
hostile environment to many cell types, and it could lead to a very lim-
ited viability of transplanted cells as shown in the in vivo cochlea
using Hela cells.”® Moreover, the complex cytoarchitecture of the
organ of Corti represents another challenge. The cochlear sensory epi-
thelium is a tightly sealed barrier and, it will be difficult for the
injected cells to break through the adherent and tight junction com-
plexes between HCs and supporting cells in order to home and
engraft. An initial attempt into scala media transplantation was
described in mice, by delivering cells through the cochlear lateral wall
of the second cochlear turn. This approach revealed a relative distri-
bution of transplanted cells in all three cochlear compartments
(Figure 1). There were no reports about differentiation and integration
into the host tissue, neither confirmation of survival of transplanted

h.”” The access route via the cochlear lateral wall

cells in the endolymp
obviously damaged cochlear function, especially the structures
needed to maintain homeostasis of K* and/or endocochlear potential.
It has been shown that by this surgical lateral wall approach to the
scala media, it is possible to damage the stria vascularis and cochlear
blood supply.”®7? A different surgical access to the scala media was
then developed by approaching through the basilar membrane with a
cannula via the cochlear round window. This surgical approach was
initially developed by Hildebrand et al®® to deliver mESCs and partially
differentiated cell types in the scala media of deafened adult guinea
pigs. There was no signs of mechanical damage to the organ of Corti
or Reissner's membrane in any animal after surgical procedure. Some
transplanted cells were localized close to the damaged organ of Corti;
however, there was no evidence of differentiation and integration into

the host tissue.
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Modiolar and cochlear nerve injection

The modiolar and cochlear nerve trunk route for transplantation are
mostly aimed to replace the degeneration of SGNs. Because of the
complexity described above, HC replacement is still a long road ahead
in the mature mammalian inner ear. However, targeting inner ear sen-
sory neurons appears as far more realistic regenerative option in the
short-term. Moreover, a cell based-therapy to reconstitute the nerve
cells could be implemented in combination with the currently available
cochlear implants. These electronic devices can substitute HC func-
tion but still require the presence of SGNs to function, as the bridge
of signals to the central nervous system. For these reasons, some
research groups have reoriented their interest to study the regenera-
tion of SGNs and transplantation via cochlear nerve seem to be the
most practical approach to deliver cells to the target location in Rose-
nthal's canal. Interesting initial results from mESCs transplantation via
cochlear nerve trunk access have shown both peripheral and central
migration along the cochlear nerve from the injection site.
Transplanted cells were found close to the ventral cochlear nucleus
but the number of cells that migrated to Rosenthal's canal was still
limited.® Although the cochlear nerve trunk approach seems to allow
for a more targeted delivery of cells, it still unable to introduce the
transplanted cells into their ultimate destination, the Rosenthal canal.
Transplantation of hESC-derived ONPs into ouabain-lesioned gerbil
modiolus with selective loss of SGNs has led to improvement in sur-
vival, cell migration and in auditory brainstem responses.®* Neuronal
fibers project from ectopic, transplanted ONPs and penetrate into the
Rosenthal canal. These are assumed to make synaptic connections at
the base of HCs. However, more evidence is still needed to confirm
that this kind of synaptic connection is sufficient for functional recov-
ery, together with the establishment of central connections at the
cochlear nucleus. Functional hearing measurements are also required
to determine the level of damage from the surgical procedures that
may further deteriorate the residual auditory nerve.

Although considerable information and technological knowledge
is starting to gather about cochlear transplantation routes, more
research is still needed to establish the optimal conditions to work.
The balance between the appropriate intrinsic factors such as the
stage of differentiation of grafted cells together with the extrinsic fac-
tors such as the host background, physical barriers within the cochlea
and means of delivery, still needs to be optimized.

Additionally, comparing stem cell therapy using hiPSC-derived inner
ear otic sensory progenitors?®> with gene editing approaches to induce
directly novel gene expression using CRISPR/Cas9 are an interesting and
underexplored future direction.?? The hiPSCs and their cell derivatives
are providing a novel approach to help stem cell therapy in humans®®
that may differentiate and expand the cochlear HCs.2% In contrast, the
promises of CRISPR may eventually use the genetic defects that is just
beginning.24% We would like to see in the near future, eventually, a
combination to use CRISPR to maintain initial HCs and supplement lost

HCs using cell-based therapy approaches for SNHL.

8 | CONCLUSION AND FUTURE
PROSPECTS

Significant progress has been made in applications of hiPSCs in the field
of inner ear therapies over the last decade and promises to make further
major steps in the next few years, remaining an ambitious but relevant
line of research to pursue for a potential treatment of SNHL. Current lim-
itations to the use of hiPSCs to decipher inner ear neurosensory loss
mechanisms and identifying novel therapies include extended period of
in vitro culture, reproducibility, variable efficiency of tissue derivation,
incapacity to generate cochlear tissues in 3D-organoids. Today, scalable
hiPSC-derived human derived human otic sensory epithelium models
allow for unprecedented possibilities for disease modeling, bioengineer-
ing, cell therapy and for the detection of ototoxic and regenerative com-
pounds. In the next future, a possible generation of inner ear 3D-
organoids with vascularization network and their integration into micro-
fluidic chips could improve culture and differentiation and to validate
hiPSC-based platform for SNHL preclinical applications.
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