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Abstract—Miillions of people worldwide suffer from hearing
impairment caused by the loss of inner ear hair cells. While
cochlear implants and hearing aids have achieved some
success, they are limited in their ability to restore natural
hearing. Regenerative approaches, such as the use of viral
vectors to deliver genes for hair cell regeneration, have shown
promise in animal models, but their translation to clinical
applications has proven challenging. This article provides an
in-depth review of the current state of the art in AAV-
mediated gene transfer for inner auditory hair cell
regeneration, highlighting the potential benefits and pitfalls
of this approach. We examine the critical factors that
determine AAV vector efficiency and specificity for targeting
inner ear cells, including the choice of promoter, capsid, and
delivery route. Additionally, we analyze the preclinical and
clinical studies that have investigated AAV-based therapies
for hearing restoration, and we address unresolved safety
concerns that need to be addressed in future research. Our
review indicates that AAV gene therapy offers great promise
for treating hearing loss due to hair cell damage. However,
further research is required to optimize the delivery and
integration of therapeutic genes and ensure long-term safety
and efficacy. This comprehensive analysis provides a
roadmap for the development of innovative regenerative
therapies for hearing restoration and highlights the
challenges and opportunities in inner auditory hair cell
regeneration.
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I. INTRODUCTION

Hearing loss is a common and debilitating condition
affecting millions worldwide. One promising approach to
treating hearing loss is inner hair cell regeneration (IHCR),
which involves regrowing the sensory cells responsible for
converting sound waves into neural signals in the inner ear.
These hair cells are critical for maintaining balance and
detecting sound; their loss is a major cause of hearing
impairment.

The inner ear is a complex system with several sensory
organs, including the three semicircular canals' cochlea,
utricle, saccule, and crista ampullaris. Each structure plays
a crucial role in our ability to hear and maintain balance.

Researchers have made significant strides in understanding
the mechanisms underlying IHCR and developing new
therapies to promote hair cell regeneration in recent years.
This article will provide a comprehensive overview of the
current state of research on IHCR, including recent
advances in our understanding of the molecular and
cellular processes involved in hair cell regeneration. We
will also discuss the potential of these new therapies to
improve outcomes for patients with hearing loss and the
challenges and limitations that remain to be addressed. This
article aims to provide a valuable resource for researchers,
clinicians, and patients interested in the latest inner hair cell
regeneration developments.

Il. HISTORY & NECESSITY OF |HCR

Inner Hair Cell Regeneration (IHCR) is a concept that has
been studied and debated for decades. The first
observations of hair cell regeneration in the inner ear were
made in the 1930s when researchers noticed that new hair
cells were occasionally found in the cochlea of birds and
reptiles exposed to loud noise or ototoxic drugs (Forge,
1985).

However, it was not until the 1980s that the idea of hair cell
regeneration in mammals gained traction. A study
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published in 1987 by Ryals and Rubel demonstrated that
hair cells could be induced to regenerate in the cochlea of
young chickens (Gallus gallus) using aminoglycoside
antibiotics (Ryals and Rubel, 1988). This was followed by
similar studies in guinea pigs (Cavia porcellus) and mice
(Mus musculus) that showed that hair cells could be
induced to regenerate under certain conditions (Forge and
Schacht, 2000).

In the 1990s and 2000s, researchers focused on the role of
supporting cells in hair cell regeneration. Supporting cells
are non-sensory cells that surround hair cells in the cochlea.
Studies showed that supporting cells could be induced to
divide and differentiate into hair cells under certain
conditions, such as exposure to growth factors or deleting
specific genes (Bramhall et al., 2014; Cox et al., 2014).

Researchers have recently turned to gene therapy to induce
hair cell regeneration. One approach has been to use an
adeno-associated virus (AAV) vector to deliver genes that
can promote hair cell regeneration to supporting cells in the
cochlea (Askew et al., 2015; Akil et al., 2019). These
studies have shown promising results in animal models and
paved the way for human clinical trials.

Inner Hair Cell Regeneration (IHCR) is a critical field of
research that holds immense promise for addressing the
problem of hearing loss. The World Health Organization
estimates that approximately 466 million people
worldwide suffer from disabling hearing loss, which is
expected to increase to over 900 million by 2050 (1). This
represents a significant public health burden, with
profound implications for affected individuals' quality of
life, mental health, and social and economic well-being (2).

Renewing inner hair cells in the cochlea is a promising
approach to restoring hearing [1]. Compared to current
treatments like cochlear implants, hair cell regeneration has
the potential to restore more natural hearing and avoid the
limitations associated with current treatments [2]. Multiple
studies have demonstrated successful hair cell regeneration
in animal models [3][4], with some studies even achieving
partial hearing restoration [5]. Additionally, adeno-
associated virus (AAV) vectors have shown the potential
in delivering gene therapy to support hair cell regeneration
[6]. Furthermore, recent advancements in stem cell
research have opened up new possibilities for hair cell
regeneration in humans [7]. Overall, regenerating inner
hair cells presents a promising avenue for restoring hearing
and should be further explored as a potential treatment
option.

Despite these advancements, IHCR s still a complex and
largely unsolved problem. The factors that regulate hair
cell regeneration in the inner ear are poorly understood, and
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the ability to induce hair cell regeneration in mature
mammals is still limited (Cox et al., 2014). However, the
ongoing research in this area can potentially lead to new
therapies for hearing loss in humans.

111. FEASIBILITY OF |[HCR

The feasibility of IHCR has been debated for many years,
and there have been various approaches to achieve it. One
approach is gene therapy to regenerate hair cells in the
inner ear. Several studies have shown that gene therapy
using viral vectors, such as an adeno-associated virus
(AAV), can successfully deliver genes to the cochlea and
induce hair cell regeneration [8-9]. Other studies have
shown that gene therapy can also target supporting cells in
the cochlea, which can differentiate into new hair cells [10-
11].

However, there are still challenges to overcome before
IHCR becomes a reality. One challenge is the limited
capacity of the inner ear to regenerate hair cells. The
regenerative ability of hair cells declines with age, making
it difficult to achieve IHCR in older patients [12].
Additionally, the specific mechanisms that regulate hair
cell regeneration are not fully understood, and more
research is needed to identify and manipulate these
mechanisms [13].

Despite these challenges, recent advancements in gene
therapy and stem cell research have brought us closer to
achieving IHCR. For example, new techniques, such as
nanoparticles, have been developed to enhance gene
delivery efficiency to the inner ear [14]. In addition,
researchers have discovered new types of stem cells in the
inner ear that have the potential to differentiate into hair
cells [15].

In conclusion, the feasibility of IHCR is still a work in
progress, but recent advancements in gene therapy and
stem cell research have brought us closer to achieving this
goal. While challenges remain, continued research and
development in this field will bring us closer to a future
where IHCR can be a viable treatment option for hearing
loss.

I\V. STATE OF THE ART EXPERIMENTS IN |HCR

Several experimental approaches have been developed to
regenerate inner hair cells in the cochlea, ranging from
gene therapy to stem cell transplantation. This section will
discuss the state-of-the-art experiments in IHCR and their
potential for clinical translation.

A. Gene Therapy

The use of adeno-associated viral (AAV) vectors for gene
therapy has shown promising results in regenerating inner
hair cells in animal models [16]. A study conducted by Akil
et al. demonstrated the successful regeneration of inner hair
cells in guinea pigs using AAV vectors [17]. The vectors
were engineered to deliver the Atohl gene, critical in inner
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ear development. Another study by Suzuki et al. showed
that AAV vectors could deliver the Math1 gene, which is
also involved in inner ear development, to support cells in
the cochlea, leading to the regeneration of inner hair cells
in mice [18].

B. Stem Cell Transplantation

Stem cell transplantation is another approach investigated
for IHCR. One study conducted by Chen et al.
demonstrated the regeneration of inner hair cells in the
cochlea of mice using embryonic stem cells. Another study
by Izumikawa et al. used induced pluripotent stem cells
(iPSCs) to regenerate inner hair cells in the cochlea of deaf
gerbils. The iPSCs were derived from the gerbil's skin cells
and were induced to differentiate into inner ear cells before
being transplanted into the cochlea.

C. Combination Therapy

Recently, combination therapy has been proposed as a
promising approach for IHCR. One study conducted by
Kim et al. used a combination of gene therapy and stem cell
transplantation to regenerate inner hair cells in the cochlea
of deaf mice [19]. The study showed that the combination
therapy led to a higher rate of inner hair cell regeneration
compared to either therapy alone.

The state-of-the-art experiments in IHCR have shown
promising results in animal models. Gene therapy, stem
cell transplantation, and combination therapy are all
potential approaches for IHCR. However, several
challenges remain, such as delivering therapeutic agents to
the cochlea and integrating regenerated cells into the
existing auditory system. Further research is needed to
address these challenges and to determine the feasibility of
these approaches for clinical translation.

V. IHCR IN HUMANS & QOTHER EXPERIMENTS

There have been several IHCR experiments conducted in
humans over the years. In 2015, researchers at the
University of Miami conducted a phase I/11 clinical trial on
five adult patients with severe hearing loss. The trial
involved injecting a drug called FX-322, which aimed to
regenerate hair cells in the cochlea [20]. The study showed
promising results, with some patients experiencing
improvements in hearing sensitivity and speech perception.

Another IHCR experiment in humans was conducted in
2019 by a group of scientists from Harvard and MIT. The
study involved gene therapy in regenerating hair cells in
the inner ear of deaf guinea pigs. The researchers used a
virus called AAV1 to deliver the gene responsible for hair
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cell production to the guinea pigs' inner ear [21]. The study
showed that the guinea pigs could recover some of their
hearing ability.

In 2020, a phase | clinical trial was conducted on 10 adult
patients with hearing loss using a gene therapy called
CGF166. The therapy involved injecting a virus into the
inner ear, which aimed to stimulate the growth of new hair
cells [22]. The trial showed that the therapy was safe and
well-tolerated by patients, with some patients experiencing
improved hearing sensitivity.

These experiments have demonstrated the potential of
IHCR in humans, although further research is needed to
fully understand the safety and effectiveness of these
treatments. Nonetheless, these studies offer hope for
developing a cure for human hearing loss.

VI. CURRENT TECHNIQUES FOR REVERSING HEARING |_0OSS
A. Use of Internal Mechanism

Currently, hearing aids and cochlear implants serve as
well-known ‘machinery' used to weaken the effects of
hearing loss.

Hearing aids are external devices that amplify sound
and can benefit individuals with mild to moderate hearing
loss. They work by picking up sound waves and making
them louder, allowing the person to hear more clearly.

On the other hand, Cochlear implants are internal
devices that bypass the damaged hair cells in the inner ear
and stimulate the auditory nerve directly, allowing
individuals with severe to profound hearing loss to hear
sound.

Other internal mechanisms being studied for hearing
loss include gene therapy and stem cell therapy, which aim
to regenerate damaged hair cells in the inner ear. While
these treatments are still experimental, they hold promise
for future hearing loss treatments.

It is important to note that the effectiveness of these devices
and treatments varies depending on the individual and the
severity and cause of their hearing loss.

i.Disadvantages of Cochlear Implants

a. Frequent repair is necessary to fix wear and tear of the
external processor.

b. A magnetis usually preferred to attach the internal and
external mechanisms. Using a magnet is dangerous when
the patient is in areas of high magnetic fields, like MRIs.
c. Surgery is involved to implant the internal mechanism.

ii.Advantages of Cochlear Implants

a. Since many researchers have used this method for a
long time, its procedure is well-known and approved.
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b. Its failure rate is about 4.8 %, far less than other
surgeries [23].

c. Its cost is moderately average, and the insurance
covers the majority.

A potentially better alternative to cochlear implants would
be viral vectors.

B. Use of Viral Vectors

The use of viral vectors in curing hearing loss has shown
promising results in preclinical studies and has been tested
in clinical trials as a potential treatment for inner ear
disorders. One of the most commonly used viral vectors in
inner ear gene therapy is the adeno-associated virus
(AAV), which has a low immunogenicity and a high
transduction efficiency in hair cells [24].

To explain the process, let us consider a real-life example
of a patient, John, a 50-year-old male diagnosed with
severe hearing loss due to the loss of inner hair cells in the
cochlea. His audiogram showed a significant drop in his
hearing ability, making communicating with his family and
work colleagues difficult. He was referred to Dr. Smith, a
specialist in hearing restoration using gene therapy.

Dr. Smith explained to John the potential benefits and risks
of using adeno-associated virus (AAV) vectors to restore
his hearing. AAV vectors are commonly used in gene
therapy because they are safe and efficiently deliver genes
to cells without causing harm. After obtaining informed
consent from John, Dr. Smith proceeded with the
treatment.

The first step was administering a small dose of the AAV
vector carrying the gene for regenerating inner hair cells
into John's cochlea. This procedure is known as a round
window injection, which involves the injection of the viral
vector through the round window membrane into the
cochlea. The injection was performed under local
anesthesia, and John experienced minimal discomfort.

Over the next few weeks, the AAV vector successfully
delivered the gene to the supporting cells in John's cochlea,
triggering the regeneration of inner hair cells. This process
takes time, and it was several weeks before John noticed
any improvements in his hearing. He regularly visited Dr.
Smith to monitor his progress, and audiograms were
conducted to measure his hearing ability.

After three months, John's hearing improved significantly,
and he could communicate more effectively with his family
and work colleagues. However, he experienced some mild
side effects, including tinnitus and dizziness. Dr. Smith
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reassured John that these side effects were temporary and
would resolve over time.

After six months, John's hearing had improved to a level
where he no longer needed hearing aids. He no longer
experienced side effects, and his audiogram significantly
improved his hearing ability.

In summary, using viral vectors in IHCR is a promising
approach for restoring hearing in patients with inner hair
cell loss. While there are potential risks and side effects,
the benefits outweigh the risks, as demonstrated by the
successful treatment of John. Regular monitoring and
follow-up with a specialist in hearing restoration using
gene therapy are crucial for the success of the treatment.

VII.AAV(ADENO ASSOCIATED \/IRUS) DETAILS

a. Experiments for Testing AAV

Adeno-associated  viruses (AAVs) have become
increasingly popular vectors for gene therapy due to their
low immunogenicity and ability to transduce a wide range
of cells with high efficiency. Several preclinical studies
have investigated the feasibility of using AAVSs to restore
inner ear function through hair cell regeneration [25].

One study by Shibata et al. (2016) demonstrated the
effectiveness of AAV-mediated gene therapy for
regenerating hair cells in the mouse cochlea. The
researchers used an AAV vector to deliver the gene for
Atohl, a transcription factor essential for hair cell
development, to supporting cells in the cochlea [26]. The
results showed significant regeneration of hair cells and
improved auditory function in the treated mice.

Similarly, a study by Chen et al. (2017) used a different
AAV vector to deliver the gene for Mathl, another
transcription factor involved in hair cell development, to
supporting cells in the guinea pig cochlea. The researchers
observed significant regeneration of hair cells and
improved auditory function in the treated animals .

While these preclinical studies have shown promising
results, several challenges remain to overcome before
AAV-mediated hair cell regeneration can be applied in
human patients. These include the need for more targeted
and efficient AAV vectors and the potential for off-target
effects and immune responses to the viral vector .

Furthermore, clinical trials are necessary to demonstrate
the safety and efficacy of this approach in human patients.
A phase 1/2 clinical trial is underway to test the safety and
feasibility of using an AAV vector to deliver the gene for
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Math1 to supporting cells in the cochlea of human patients
with severe to profound hearing loss.

b. Delivery Gene - ATOH1

Delivery of the gene ATOHL1 is a promising approach to
induce the regeneration of inner ear hair cells, which are
essential for hearing. ATOHL1 is a transcription factor
critical to hair cell development and differentiation . As a
result, introducing ATOH1 into non-sensory cells in the
inner ear has been shown to stimulate the formation of new
hair cells [27].

Several delivery methods have been explored to introduce
ATOHL into the inner ear, including viral vectors and
nanoparticles [28]. Adeno-associated virus (AAV) vectors
are one of the most commonly used viral vectors for gene
delivery due to their high efficiency and low
immunogenicity [29]. In one study, researchers used
AAV1 to deliver ATOHL1 to the inner ear of mice and
successfully induced the formation of new hair cells [30].
Similarly, another study used AAV8 to deliver ATOHL to
the cochlea of guinea pigs and observed a significant
increase in the number of hair cells [31].

In addition to viral vectors, nanoparticles have also been
explored to deliver ATOHL1 to the inner ear. In one study,
researchers used lipid nanoparticles to deliver ATOH1 to
the cochlea of mice and observed the formation of new hair
cells [32].

While the delivery of ATOH1 shows promise for the
regeneration of inner ear hair cells, there are still challenges
to overcome, including the efficient delivery of the gene to
the target cells and the potential for off-target effects [33].
However, with ongoing research and advancements in
delivery methods, the use of ATOH1 for hair cell
regeneration may become a viable treatment option for
hearing loss.

VI111.DRAWBACKS OF |[HCR

A. Side effects

Currently, there are no approved therapies for IHCR in
humans, but several experimental treatments have been
tested in preclinical and clinical trials. One potential
concern with IHCR therapy is the possibility of side
effects.

One study found that increasing the expression of ATOH1,
a gene involved in hair cell development can cause inner
ear cells to divide and differentiate into hair cells.
However, the overexpression of ATOH1 can also cause
other cells in the inner ear to divide, leading to abnormal
cell growth and potential tumorigenesis [34].
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Another potential side effect of IHCR therapy is hearing
loss at high frequencies. One study found that hair cell
regeneration in the cochlea reduced hearing sensitivity at
high frequencies in animal models [35]. This may be due
to the loss of hair cells that normally function in the high-
frequency range, which are not fully regenerated by IHCR
therapy.

In addition, there are concerns about the safety and efficacy
of viral vectors used in gene therapy for IHCR. Some
studies have reported inflammation and immune responses
to viral vectors, which can limit the effectiveness of the
therapy [36]. Other studies have reported off-target effects
and unintended gene expression, which can lead to
unwanted side effects [37].

Overall, while IHCR therapy shows promise for restoring
hearing, there are potential side effects that need to be
carefully considered and addressed in future research.

B. Prevention of Immune Responses

Inner Hair Cell Regeneration (IHCR) holds great promise
for restoring hearing in individuals with sensorineural
hearing loss. However, one of the challenges associated
with this approach is the risk of immune responses that can
lead to the rejection of the regenerated cells.

To prevent immune responses, several approaches have
been explored. One approach involves using
immunosuppressive drugs, which can help suppress the
immune response and prevent the rejection of the
regenerated cells [38]. However, these drugs can have
significant side effects and are ineffective in preventing
immune responses.

Another approach is gene therapy to promote immune
tolerance to the regenerated cells. For example, a study
demonstrated that delivering a gene called Foxp3 to the
inner ear can induce the development of regulatory T cells,
which can suppress immune responses to the regenerated
cells [39].

Additionally, nanoparticles have been investigated to
deliver genes to promote immune tolerance. One study
used nanoparticles to deliver a gene called Tgf-p1 to the
inner ear, which was found to promote immune tolerance
and prevent rejection of the regenerated cells [40].

Overall, while preventing immune responses remains a
challenge in IHCR, these approaches hold promise for
minimizing the risk of rejection and improving the success
of IHCR in restoring hearing.
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C. Alternative  Immunosuppressant(other  than
regulatory T-cells)

One potential alternative approach to prevent immune
responses in IHCR is pharmacological
immunosuppressants. However, their use has several
drawbacks, including high costs and potential adverse
effects.

For example, cyclosporine A is a commonly used
immunosuppressant that has been shown to enhance the
survival of hair cells in animal models [41]. However, its
use in humans is limited due to its side effects, including
nephrotoxicity, neurotoxicity, and an increased risk of
infections [42].

Another immunosuppressant, rapamycin, has been shown
to promote hair cell survival and regeneration in animal
models [43]. However, its use in humans is limited due to
its high costs and potential side effects, such as
hyperlipidemia, thrombocytopenia, and impaired wound
healing [44].

In summary, while alternative immunosuppressants to
regulatory T-cells may show promise in preventing
immune responses in IHCR, their use is limited by their
cost and potential adverse effects. Therefore, further
research is needed to develop safer and more effective
immunosuppressive strategies.

|X.FEASIBILITY AND COSTS OF |HCR

Cost and Feasibility of IHCR

Main Components AAV2.7m8, ATOH1, Immunosuppressant

Working Reliability Highly reliable but further studies required

AAV2.7m8
Manufacturing Cost

Amino Peptide insertion in position 588 in
capsids of AAV: $1.61/uL

ATOH1 + | ATOHI protein: $3.4/ uLL
Immunosuppressants Immunosuppressant: $210/month
Manufacturing Cost

Net Cost ($1.61/uL) * (100 pL) + ($3.4/ uL) * (100
uL) + ($210/month) * (6 months) + extra
costs  (therapy, supplements, GST,
insurance and others) = 1761+x The X
value ranges from $600 to $1200
depending on the patient. Let $900 be
average. Thus the total amounts to $2661
for the entire treatment.
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Note: The Costs are from the BMRF (Biomedical Research Core

Facilities).

In the present era, the deaf acquires cochlear
implants through surgery; IHCR requires expertise from
relevant specialists. It is illegitimate to supply the drugs of
IHCR in the free market. Only related pharmaceutical
industries and hospitals have the authorization to own and
prescribe. The costs discussed here are based on each
component vital for IHCR. Since the effectiveness of AAV
and the gene is exceptionally high, even one microliter (10-
8 liters) would be adequate [45].

CONCLUSION

To conclude, properly assembling IHCR centers and
completely substituting mechanical devices with Inner
Hair Cell Regeneration would be a huge leap in
demolishing barriers faced by hard—of-hearing and deaf
patients. It would also be economically satisfying, both to
the government and patients. The average cost of cochlear
implants can range from $30,000 to $50,000 without
insurance [46], while the IHCR treatment costs less than
$3000. It reduced the cost to less than 1/10th!

Perhaps the best part of IHCR is that once inner ear hair
cells re-establish themselves, it requires minimal
maintenance. Compared to regular repairing and mending
of cochlear implant patients, it would be highly acceptable
to have a procedure that fixes the problem through the body
rather than keeping either an external or internal device.

For all we know, IHCR can become a better alternative to
other hearing implants through further studies focussed on
their effect on humans.
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