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Vision and hearing disorders comprise the most common sensory disorders found in
people. Many forms of vision and hearing loss are inherited and current treatments
only provide patients with temporary or partial relief. As a result, developing genetic
therapies for any of the several hundred known causative genes underlying inherited
retinal and cochlear disorders has been of great interest. Recent exciting advances in
gene therapy have shown promise for the clinical treatment of inherited retinal diseases,
and while clinical gene therapies for cochlear disease are not yet available, research in
the last several years has resulted in significant advancement in preclinical development
for gene delivery to the cochlea. Furthermore, the development of somatic targeted
genome editing using CRISPR/Cas9 has brought new possibilities for the treatment of
dominant or gain-of-function disease. Here we discuss the current state of gene therapy
for inherited diseases of the retina and cochlea with an eye toward areas that still need
additional development.

Keywords: retina, cochlea, gene therapy, nanoparticles, animal models

INTRODUCTION

Over 2.2 billion people worldwide experience vision impairment or irreversible vision loss1, and
over 466 million people worldwide experience serious hearing loss2, making these the most
prevalent sensory impairments. Many forms of vision and hearing loss are inherited and current
treatments only provide patients with temporary or incomplete relief. Because many inherited
sensory defects have identified disease genes, developing effective genetic therapies has been a
primary research goal for several decades. Recent exciting advances in gene therapy have shown
promise for the treatment of inherited retinal and cochlear diseases, both in the area of gene
replacement and in the area of targeted genome editing (e.g., CRISPR/Cas9) to correct underlying

1 https://www.who.int/en/news-room/fact-sheets/detail/blindness-and-visual-impairment
2 https://www.who.int/en/news-room/fact-sheets/detail/deafness-and-hearing-loss
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genetic defects. However, there are still substantial limitations
hampering widespread clinical use of genetic therapies in the
retina and cochlea, including issues of distribution and uptake of
the vectors by the target cells, a limited window of opportunity
for treatment in degenerative disorders, attenuation of gene
expression after a period of time, and efficiency/off-target
concerns with novel genome editing strategies.

Inherited Diseases of the Retina
The retina is the transparent, light-sensitive tissue at the back
of the eye (Figure 1A) responsible for capturing light and
converting it to an electrical signal to be delivered to the visual
cortex in the brain where conception of vision occurs. The
retina has evolved into a multi-cellular laminated structure,
within which the different cells are organized and interconnected
to maximize the efficiency and resolution of light perception
(Figure 1B). The primary cells involved in the detection of
light are the retinal rod and cone photoreceptors. Rods are
necessary for low-light or “night” vision while cones perform
bright-light color vision perception. The leading causes of
irreversible vision loss are age-related eye diseases including age-
related macular degeneration, diabetic retinopathy, glaucoma,
and cataract3 (reviewed in Haddad et al., 2006; Simo-Servat
et al., 2013; Singh and Tyagi, 2018). While these highly prevalent
retinal diseases are not monogenic, they do often have a genetic
component that contributes to disease in combination with
environmental or other factors. In addition, inherited retinal
dystrophies/diseases (IRDs) affect roughly 1 in 1380 individuals
with an estimated 36% of the population as healthy carriers
of one or more IRD causing mutations (Hanany et al., 2020).
Combined, this underscores the need for the development of
genetic therapies targeting the retina.

IRDs are a group of retinal dystrophies caused by mutations
in over 271 different known genes (with many still unknown),
that can target various cells within the retina. Virtually all
inheritance patterns are represented in IRD genes including
autosomal dominant, autosomal recessive, X-linked, digenic,
polygenic, and even mitochondrial disorders. IRD genes
expressed in photoreceptors can lead to various macular
degenerations/dystrophies and retinitis pigmentosa (RP) and
are involved in ocular development, phototransduction, cellular
metabolism, and in the development and maintenance of
photoreceptor structure. Mutations in retinal pigment epithelium
(RPE) genes include those involved in retinoid recycling, cellular
metabolism, and cellular homeostasis and can lead to macular
dystrophies as well as Leber’s Congenital Amaurosis (LCA).
Mutations in retinal ganglion cell IRD genes are largely associated
with mitochondrial function, but also include regulators of
intracellular transport and transcription, and can lead to optic
atrophy. A summary of known IRD genes can be found at: https:
//sph.uth.edu/retnet/sum-dis.htm.

Depending on the gene, the onset of disease varies from birth
to adulthood. Photoreceptor dystrophies are the most common
within the retina and can be classified by the primary affected
cell type and whether central or peripheral vision is lost first.

3https://www.cdc.gov/visionhealth/basics/ced/index.html

RP and rod-cone dystrophies typically affect rods first, while
macular dystrophies/degenerations and cone-rod dystrophies
often affect cones first (Rattner et al., 1999). However, it is
worth noting that in many cases of macular dystrophy, where
macular cones are the first cells targeted, the causative gene
is expressed in the adjacent RPE, with vision loss arising due
to secondary cone damage. Patients with RP and rod-cone
dystrophies often initially present with night-blindness which is
followed by gradual peripheral vison loss (Ferrari et al., 2011). As
the patients’ visual fields gradually shrink over time, irreversible
vision loss eventually ensues (Ferrari et al., 2011). Individuals
with cone-rod dystrophies have a rapid loss of central vision early
in their life, which is followed by gradual peripheral vison loss
(Morimura et al., 1998; Fukui et al., 2002; Klevering et al., 2004).

Current treatment options to correct the more mild symptoms
of vision loss include corrective lenses or contacts and more
permanent laser correction surgery. In more severe cases where
progressive vision loss occurs due to retinal degeneration, a
more invasive approach is necessary. These advanced therapeutic
options are all still in development or in early clinical use and
include gene therapy, gene editing, reprogramming, cell therapy,
optogenetic therapies, and retinal prostheses. The time at which
these therapies are useful varies greatly. For maximum efficacy,
gene therapy needs to be delivered in the early stage of disease
to prevent further degeneration. In contrast, other options have
a wider therapeutic window, but have had less success thus far,
both in development and in clinical use (Maeda et al., 2019;
Wood et al., 2019).

Inherited Diseases of the Cochlea
The inner ear is a small, fluid-filled compartment (Figure 1C)
encased in the temporal bone and located at the base of the
skull. The acoustic energy from sound is converted to an
electrical impulse that the brain perceives as hearing through
a multi-step process. Sound waves hit the tympanic membrane
(eardrum) which vibrates the attached ossicular chain (three
small ear bones). This vibration is transmitted to the fluid in
the cochlea and basilar membrane (Figure 1D), and resulting
fluid waves are sensed by the hair cells in the organ of
Corti through mechanotransduction. The specialized sensory
hair cells in the cochlea comprise a single layer of inner
hair cells (IHCs) responsible for converting the mechanical
signal into an electrochemical one, and three layers of outer
hair cells (OHCs) involved in modulating and amplifying
auditory signals. Mechanical deflection of stereocilia on the
surface hair cells results in depolarization, and subsequent signal
transmission to the auditory cortex (Rubel and Fritzsch, 2002).
The differentiation of sound frequencies is facilitated by the
length of the cochlea and the stiffness of the basilar membrane
(Manoussaki et al., 2006).

Sensorineural hearing loss (SNHL), defined as the presence
of a deafness-causing etiology in the cochlea or auditory nerve,
accounts for more than 90% of hearing loss in adult patients.
Approximately 50–60% of all cases of congenital deafness are
directly linked to genetic factors, with higher numbers in
developed countries (Marazita et al., 1993; Smith et al., 2005).
Currently there are 49 identified genes known to be responsible
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FIGURE 1 | Schematic Illustrations of the Cochlea and Retina. (A) The structure of the eye, (B) layers of the retina (Sc, sclera; CBV, choroidal blood vessel; BM,
Bruch’s membrane; RPE, retinal pigment epithelium; PR, photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner
plexiform layer; GCL, ganglion cell layer) and (C) The structure of the inner ear, (D) cross-section of the cochlea and a close-up of the Organ of Corti. Shown are
selected genes which are associated with disease in humans. Genes marked in red represent a selection of those that have been evaluated successfully in animal
models while those in blue have been evaluated in human clinical trials. Images were created with BioRender.com.

for autosomal dominant non-syndromic hearing loss, 76
autosomal recessive genes, and 5 X-linked genes4 and (Duman
and Tekin, 2012; Yuan et al., 2020) with many more remaining
to be mapped. These genes play a role in a variety of
processes including hair bundle development/function, hair
cell adhesion, synaptic transmission, cochlear ion homeostasis,
cellular homeostasis/energy generation, and regulation of the
extracellular matrix (reviewed in Dror and Avraham, 2010;
Stamatiou and Stankovic, 2013; Zhang W. J. et al., 2018). As in the
retina, disease onset can vary from birth to late adolescence. The
pattern and progression of symptoms in patients help identify
what mutation(s) may be involved and determine whether
interventions, genetic or otherwise, may be beneficial.

4https://hereditaryhearingloss.org/

Current treatment options focus on amplifying sound through
hearing aids or electrical stimulation of auditory neurons via
cochlear implants for individuals with severe deafness. Cochlear
implants are currently the most successful sensory prosthetics
available, allowing deaf individuals to understand speech (Wilson
and Dorman, 2008; Roche and Hansen, 2015). However, their
effectiveness is limited to quiet spaces and suffers from poorly
detailed sensory perception (Muller and Barr-Gillespie, 2015;
Roche and Hansen, 2015; Weiss et al., 2016). In addition, while
highly beneficial, cochlear implants merely treat the symptoms of
hearing loss without addressing the underlying cause, so cochlear
gene therapy has been an exciting therapeutic goal.

Syndromic Sensory Inherited Diseases
In addition to inherited disease genes affecting a single tissue (e.g.,
the retina or the cochlea), there are a large variety of disease genes
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FIGURE 2 | Site of Usher proteins in the retina and the cochlea. Shown are illustrations of the photoreceptor and hair cell highlighting the regions affected by different
Usher syndrome genes. Ush1 genes/locations are shown in cyan, Ush2 genes/locations in purple, and Ush 3 genes in lime green. Hair cell legend structures: ankle
links (purple), lateral links (green), contact region (gold), tip link (red), kinocilium links (blue), kinocilium (K). Images were created with BioRender.com.

that are syndromic, affecting multiple tissues. Structural parallels
in photoreceptors and cochlear hair cells mean that there are
also a large number of disease genes that cause dual syndromic
deafness and blindness. These genes often induce photoreceptor
degeneration rather than optic atrophy and are frequently classed
under the larger umbrella of ciliopathies. The most common
form of dual deafness and irreversible vision loss involves the
many genes associated with Usher syndrome (El-Amraoui and
Petit, 2014; Mathur and Yang, 2015, 2019). Usher syndrome is
clinically broken down into three types, Ush1, Ush2, and Ush3,
due to the severity of hearing and vision loss, presence or absence
of vestibular problems, and the age of onset for the symptoms
(Millan et al., 2011). Patients with Ush1 are born with severe
hearing loss, have abnormal vestibular systems, and progressive
vision loss due to RP beginning during childhood. Individuals
with Ush2 are born with mild to severe hearing loss and have
progressive vision loss starting during adolescence. People with
Ush3 develop hearing loss during adulthood and vision loss
during adolescence and develop vestibular abnormalities. The
types are further subdivided due to the underlying genetic cause.
The proteins associated with each type are localized into similar
regions in the retina and cochlea (Figure 2) and often associate
or interact with one another, thus mutations in several genes can
lead to similar patient phenotypes.

Other disease genes with multiple affected areas include
many of the retinal disease genes that cause optic atrophy
such as MECR and ACO2 which are also associated with
cerebellar defects and ataxias (Heimer et al., 1993; Sharkia et al.,
2019). In other cases, these disorders also have a deafness
component, for example in the case of TIMM8A, which is
associated with deafness-dystonia-optic neuropathy syndrome
(Tranebjaerg, 1993). However, these syndromic disorders are
very complex, and in some cases, different mutations in the same
gene lead to isolated optic atrophy or ataxias, such as the case
of AFG3L2 (Di Bella et al., 2010; Colavito et al., 2017). Some
syndromic forms of vision loss such as Batten disease affect the
brain and bipolar cells, the inner retinal neurons responsible for

conveying signals from photoreceptors to ganglion cells (Kleine
Holthaus et al., 2020). These various syndromic diseases highlight
molecular similarities in various sensory disorders, and suggest
that examining sensory disorders from a broader, non-organ-
specific perspective may be beneficial.

Commonalities Between the Retina and
the Cochlea
Favorable Biological Characteristics
One problem with systemic delivery or delivery to systemic
organs besides rapid clearance/excretion of the vector is potential
activation of the immune system. In contrast, both the eye and
the ear represent accessible local delivery sites that are fairly
protected from the systemic immune system. This permits a
prolonged half-life for delivered material and reduces the chance
of a systemic immune response or off-target effects in other
parts of the body.

The inside of the eye, including the retina, is isolated from the
systemic circulation by the blood-retinal barrier and the blood-
aqueous barrier, maintained by tight junctions between retinal
pigment epithelial cells; between vascular endothelial cells in the
ciliary processes, Schlemm’s canal inner wall endothelial cells and
the iris vasculature; and between the cells in the non-pigmented
ciliary epithelium (Campbell and Humphries, 2012; Coca-
Prados, 2014). Thanks to these barriers, the eye has a limited
immune system with only local immune and inflammatory
responses present to maintain homeostasis, allowing the retina
to be immune-privileged (Zhou and Caspi, 2010; Cunha-Vaz
et al., 2011). Likewise, the cochlea is also isolated and surrounded
by bone with even less access to the rest of the body. The
endothelial cells lining the cochlear blood vessels form the
blood-labyrinth barrier (BLB) or blood-cochlea barrier (BCB),
which is comparable to the blood-brain barrier (BBB) in its
ability to tightly regulate the exchange of macromolecules and
ions between the blood system and the inner ear. The BLB
maintains the homeostasis of the inner ear and isolates it from
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any pathogens found in the blood, allowing the inner ear to also
maintain relative immune-privilege (Salt and Hirose, 2018).

Another benefit of genetic therapies for both the retina and
cochlea is the need to deliver only small amounts of therapeutic
agents, which is due to the ability to deposit material directly to
or in very close proximity to the target cells, allowing for greater
chance of uptake by the desired cells with limited loss due to
systemic distribution.

In addition, the majority of the cells in both the retina
and cochlea are post-mitotic and fully differentiated. This
provides both opportunities and challenges for gene delivery.
One substantial advantage is that the lack of cell division permits
evaluation of changes in gene expression over time (for example
due to vector loss or epigenetic changes) without concern about
dilution of non-integrated vectors by cell division. Similarly, non-
integrated vectors are not lost over time due to cell proliferation.
In contrast, post-mitotic cells can be harder to transfect and target
than dividing ones, making it more difficult to achieve cellular
uptake of therapeutic vector. In addition, the non-proliferating
nature of retinal and cochlear sensory cells means that in general
once lost, cells are gone forever. Though research effort has
been focused on combatting this by the use of stem cells or
by regenerating cochlear hair cells, in general the degenerative
nature of disease when post-mitotic cells are affected means the
therapeutic window is narrow, as treatments delivered after too
many cells have died will not be effective.

Testing and Development Benefits
From a therapeutic development standpoint, the bilateral nature
of the retina and cochlea is also beneficial. Treating only one
eye or cochlea allows the contralateral eye/cochlea to serve as an
internal control for analysis, since the treatment rarely escapes
the treated eye/cochlea. However, leakage from one ear to the
other after scala tympani injections has been reported (Lalwani
et al., 2002b), so restriction of therapeutic agents to a single
eye or retina should be confirmed prior to interpreting resultant
functional data.

Another benefit of developing and testing gene therapies
in the retina and cochlea is that there are a variety of
ways to perform non-invasive functional testing to assess
therapeutic efficacy in both animal models and humans. The
non-invasive nature of these tools also enables measurements to
be performed longitudinally, essential for efficiently evaluating
the duration of therapeutic effects. In vivo imaging in the
retina includes spectral-domain optical coherence tomography
(OCT) and fundus imaging/angiography to assess distribution
of tagged genetic vectors and retinal structure. Non-invasive
functional testing in the retina include electroretinography
(ERG) to measure retinal neuronal responses, as well as
optokinetic tracking (OKT) to measure visual acuity (Cai et al.,
2010; Koirala et al., 2013). In vivo cochlear functional testing
includes assessments of auditory brainstem responses (ABR) and
distortion product otoacoustic emissions (DPOAE) to evaluate
inner ear function. Imaging modalities can be used in parallel,
including computed tomography (CT) and magnetic resonance
imaging (MRI) to evaluate cochlear structure (Razek and Huang,
2012; Al-Rawy et al., 2017).

THE USE OF ANIMAL MODELS TO
STUDY RETINAL AND COCHLEAR
INHERITED DISEASES

Preclinical gene therapy studies are an essential component of
therapeutic development. They are used to assess safety and
efficacy, but are also used to assess a variety of other parameters
that can have a huge influence on outcomes. These can include (1)
optimizing vector content, including promoter/enhance choice,
gene sequence, inclusion of intronic and untranslated region
(UTR) sequences, etc.; (2) evaluating methods to prevent gene
silencing, such as elimination of CpG islands, the inclusion
of insulators, etc.; (3) testing methods to promote or prevent
genomic integration, such as the inclusion of transposases or
S/MARs; (4) evaluating vector packaging, including the use or
development of various viral compaction methods, engineering
novel viral serotypes to enhance tissue tropism, engineering
novel non-viral vectors; (5) assessing delivery methods; (6)
assessing cellular uptake and targeting of vectors, including
vector/particle optimizations to enhance cellular uptake; and
(7) evaluating gene expression levels, knockdown efficiency,
or duration of expression. The length of this list highlights
how much development and testing often occurs before genetic
therapies can even be evaluated for their ability to elicit functional
improvement in the target disease.

Animal studies are necessary to fully understand the effects of
gene therapy in a true organ microenvironment and to investigate
the toxicities involved in long-term studies. The majority of
preclinical retinal and cochlear studies have used rodents as
preferred animal models. Mice have well characterized genomes,
with genetic, biological, and behavioral characteristics similar to
humans, and their genomes can be easily manipulated which
is a boon for studies of inherited diseases. Guinea pigs have
also been used for evaluation of auditory dysfunction as they
are susceptible to noise induced hearing loss, making them a
commonly used model for optimizing gene delivery approaches
and to assess the efficacy of gene-based treatments not targeted
to a specific disease gene (for example delivery of growth factors
for general neuroprotection) (Chen et al., 2018; Pinyon et al.,
2019; Lafond et al., 2020). Final preclinical studies for both
safety and efficacy use larger animal models, including pigs,
dogs, and non-human primates, as these animals may better
mimic the anatomy or immune system of human structures or
because they offer further evidence of efficacy, for example in
the RPE65 dog model (Kelley et al., 2018; Maddalena et al.,
2018; Ding et al., 2019; Gyorgy et al., 2019; Gardiner et al., 2020;
Ivanchenko et al., 2020).

Retinal Animal Models
There is an extensive body of literature using mouse models
for retinal gene therapy (for example, there are over 1,700
PubMed hits for “mouse retinal gene therapy”) and for the
study of IRD disease mechanisms (e.g., Sakamoto et al., 2009;
Sakami et al., 2014; Chakraborty et al., 2020; Genc et al., 2020).
However, there are some differences between the mouse and
human eye that make evaluation in larger animals prudent.
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First, in contrast to the human retina which is developed at
birth, the cells of the mouse retina are not fully produced
prenatally. While the first wave of retinogenesis begins during
embryonic stages (E11–E18), including horizontal cells, cone
photoreceptors, some amacrine cells, and retinal ganglion cells,
the second wave of retinogenesis takes place postnatally (P0–
P7) with the rod photoreceptors, bipolar interneurons, and
Müller glial cells (Cepko et al., 1996; Heavner and Pevny, 2012).
Thus studies showing effective gene therapy after early postnatal
treatment in mice may not translate well to humans. There
are also structural differences in addition to the obvious size
difference, most notably the larger relative size of the lens
and the lack of a macula in mice. The flatter lens in human
eyes (compared to mice) means that the relative intravitreal
volume is quite different, critical for designing and evaluating
dosing strategies. Also important is the lack of a macula in the
mouse eye. The macula is both very fragile and the primary
site of pathology for many IRDs, so the lack of a macula in
the mouse can make it challenging to test therapies that need
to target the macula or adjacent areas. In addition to lacking
a macula, the rod:cone ratio in mice is much higher than in
humans, making studies on cone-specific macular dystrophies
more challenging (Volland et al., 2015). In spite of this, many
successful preclinical studies (further discussed below) have used
mice to assess gene therapies in models of cone or macular
dystrophies, however, modeling the physical constraints of the
macula is challenging in rodents. Testing gene therapies in
non-human primates allows for a better approximation of how
results will translate clinically, especially with regards to vector
delivery, uptake, and gene expression (Yiu et al., 2020). Non-
human primates also have a macula, which is advantageous for
developing treatments for both IRDs and other macula-targeted
disease such as age-related macular degeneration (Picaud et al.,
2019). However, there are several limitations to using non-human
primate models, including cost, ethical concerns, and perhaps
most importantly, the lack of models for IRDs. One rare early
exception to the lack of non-human primate genetic models
was a squirrel monkey model in which trichromatic vision was
restored to animals lacking the L-opsin gene by the delivery of an
adeno associated virus (AAV) 2/5 vector (Mancuso et al., 2009).
However, in general, functional efficacy of IRD treatments has not
been evaluated in non-human primates due to the historical lack
of genetic flexibility.

Slowly however, there are signs that this lack of genetic
primate models may be changing due to the genome-
editing capabilities of CRISPR-based genome editing strategies.
Germline knockout models in non-human primates have
been established (Niu et al., 2014), but the long life-span
and singleton birth pattern make germline models in non-
human primates practically prohibitive. More recently however,
a somatic, macular knockout model of CNGB3-associated
achromatopsia has been generated in monkeys using AAV9-
mediated delivery of a CRISPR/Cas9-based construct (Lin
et al., 2020). Similarly, somatic, AAV5-mediated delivery of
a CRISPR/Cas9 GUCY2D knockdown construct was used to
generate a macaque model of cone-rod dystrophy (McCullough
et al., 2019). While still in the early stages, these innovative

genome editing tools may pave the way for expanded use of
large animal models.

Cochlear Animal Models
Mice are also widely used as genetic models for hearing loss.
Mouse models of hearing loss have been created using a
variety of genetic approaches, ranging from traditional knockouts
to modern gene-edited germline models (see for example
Charizopoulou et al., 2011; Michel et al., 2017; Schrauwen
et al., 2018; Zhang H. et al., 2018). The major difference
between the mouse and human auditory system is the timeline
of development. Mice are naturally born deaf and don’t
begin to hear until ∼P14, as the final development of the
organ of Corti occurs early postnatally. This is a practical
disadvantage for gene therapy for congenital deafness, firstly
because delivery in rodent models during the early postnatal
period—while likely to be successful—would be difficult to
mimic clinically since the corresponding human developmental
stage occurs in utero. Secondly, it has been proposed that in
many cases of congenital deafness the cellular and molecular
disease process has already started in utero, making effective
postnatal interventions all the more difficult to achieve. While
mice are widely used in genetic studies, guinea pigs are
more notably used in cochlear studies involving cochlear
implants due to easier and more reproducible surgical access
to the inner ear compared to other rodent models (Wysocki,
2005; DeMason et al., 2012; Mistry et al., 2014) and their
susceptibility to noise-induced hearing loss. The guinea pig
also has a hearing range which is more conducive to human
hearing comparisons, compared to other small rodent species
(Heffner and Heffner, 2007).

In addition to developmental differences, there are also
anatomical differences between the mouse and human ear that
are relevant to the evaluation of gene therapies. The human
cochlea and labyrinth are approximately 20-fold larger than
rodents and 3 to 4-fold larger than monkeys (Ren et al., 2019).
Studies have found that inner ear volumes correlated with animal
body mass across different species while looking at mice, rhesus
monkeys, and humans (Ekdale, 2013; Dai et al., 2017) suggesting
that the larger size of primates might enable them to serve
as intermediate models for translation of rodent findings into
humans. In addition to inner ear volume differences, there are
also anatomical differences between the human and mouse ear
that have implications for gene/drug delivery. Intratympanic
delivery is a common way to deliver drugs destined for the
inner ear in patients and rodent models, and it is thought
that drugs have some permeability through the otic capsule
(the bony structure surrounding the cochlea) in addition to
through the round window membrane. However, the human
otic capsule is significantly thicker than that in mouse and
guinea pig, so human drug/therapeutic delivery throughout the
length of the cochlea may not be well-modeled by rodent studies
(Mikulec et al., 2009).

Assessments of audiovestibular function after saline injection
into the oval or round window in non-human primates
showed no evidence of toxicity as assessed by auditory
function, histology, or behavior suggesting that drugs and
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therapies can be delivered to the primate ear (Dai et al.,
2017). Consistent with this observation, primate models
have been used to evaluate genetic therapies; for example,
transmastoid injection in the round window of AAV9 carrying
a GFP reporter achieved >90% transduction of both inner
and outer hair cells in one of their test animals but no
clear transduction of hair cells in the other (Gyorgy et al.,
2019). In addition, as with the retina, the lack of genetic
models for hearing loss in primates has also prevented their
widespread use for testing of therapeutic efficacy, and as
yet, no CRISPR/Cas9 non-human primate models of SNHL
have been reported.

DELIVERY METHODS FOR
GENE THERAPY

Delivery of Genes to the Retina
Delivery of genetic therapies to the retina typically involves
subretinal, intravitreal, or suprachoroidal injection of material,
with variations on the site of entry (Figure 3A). Subretinal
injections deliver material between the photoreceptors and the
RPE. This is the most widely used method for therapies targeting
photoreceptors or RPE since material is in close proximity to
most target cells. However, the method is invasive, causing retinal
detachment at the site of injection, and has greater potential
for complications during the procedure. Intravitreal injections
avoid these issues by delivering into the vitreous cavity of the
eye. This procedure is in routine clinical practice for the delivery
of anti-angiogenesis agents to treat neovascularization associated
with diseases such as age-related macular degeneration (Todorich
et al., 2014). However, material delivered intravitreally typically
has poor penetration into the outer retina (Farjo et al., 2006; Dias
et al., 2019), due both to the content of the vitreous itself as well
as to the inner limiting membrane which forms a physical barrier
between the retina and the vitreous. Identifying ways to improve
delivery of genetic material to the outer retina after intravitreal
delivery has been a critical research goal in the past several
years. Many methods have been tried, including making genetic
modifications to AAV capsids (Petrs-Silva et al., 2009; Dalkara
et al., 2013), including agents to digest or disrupt the inner
limiting membrane (Dalkara et al., 2009; Cehajic-Kapetanovic
et al., 2011), application of electrical currents (Song et al., 2019,
Song C. et al., 2020), and the inclusion of adjuvants such as
tyrosine kinase inhibitors or proteasome inhibitors (Dias et al.,
2019). Modification of viral capsids led to almost complete
transduction of the outer retina after intravitreal injection in
the mouse retina, but did not achieve this milestone in larger
animal models such as dog and non-human primate (Mowat
et al., 2014; Boyd et al., 2016; Ramachandran et al., 2017). This
highlights an area where testing in larger animals is essential
due to the relative (and absolute) difference in vitreous volume
and inner limiting membrane thickness between mice and
other larger animals (Matsumoto et al., 1984; Puk et al., 2006;
Dalkara et al., 2009). Consistent with this, many intravitreal
optimization studies are now being done in large animals,
including sheep and non-human primates (Ross et al., 2020;

Song H. et al., 2020), and overall this field has made significant
advancements. While all of the above-mentioned studies were
designed to optimize delivery of AAV-based gene therapies
to the outer retina, researchers are also experimenting with
ways to enhance non-viral gene delivery to the outer retina
after intravitreal delivery. For example, various agents, such as
chloroquine and hyaluronic acid, have been incorporated into
non-viral delivery complexes in order to enhance uptake, but thus
far they have met with limited success (Devoldere et al., 2019;
Mashal et al., 2019).

More recently, suprachoroidal injection has gained
prominence for gene delivery to the outer retina. In this
method, material is delivered between the choroid and the sclera
(Figure 3A), a region largely accessible only in larger animals.
It is further complicated by the need for advanced imaging
techniques, such as OCT, to visualize and inject through the use
of novel microneedles (Patel et al., 2011; Kim et al., 2014; Yiu
et al., 2014; Willoughby et al., 2018). The most notable advantage
of this approach is the potential ability to reach the outer retina
without performing a disruptive subretinal injection, and many
groups are exploring this new avenue. Recently, a phase 3 clinical
trial using suprachoroidal injection to deliver triamcinolone for
the treatment of uveitis with macular edema reported no serious
adverse events related to the treatment and positive efficacy
outcomes, paving the way for future clinical use of this delivery
method (Yeh et al., 2020). Various groups are testing the use of
this method for retinal gene therapy with AAVs in a variety of
animal models including rats, pigs, and non-human primates
with generally promising results (Touchard et al., 2012; Ding
et al., 2019; Yiu et al., 2020). Some groups have also been testing
suprachoroidal delivery with non-viral methods, but few full
published results are available yet (Kansara et al., 2020). The
suprachoroidal approach has great promise for less invasive
delivery to the retina, but there are concerns about penetrating
through multiple layers of tissue (from the choroid through the
RPE into the retina) and about initiating immune responses. One
alternative approach that has been shown to induce better retinal
transduction with attenuated immune responses in non-human
primates is transscleral microneedle-based subretinal delivery
(Yiu et al., 2020), which may be another delivery method for
further exploration.

Delivery of Genes to the Cochlea
As the cochlea is encased in bone (Figure 1C), the delivery
of material to the right location without creating significant
damage that may lead to further hearing loss is a major challenge.
Largely because of this delivery challenge, the field of cochlear
gene therapy has been slower to develop than retinal gene
therapy. Yet in the last few years, preclinical studies targeting
the cochlea have rapidly increased in number, as tools and
methodologies have improved. Modes of delivery for the cochlea
involve cochleostomy in the lateral wall of the cochlear basal
turn, canalostomy in the semicircular canal or injections through
the round window, scala media, or posterior semicircular canal
(Figure 3B). Cochleostomy, in which a hole is drilled in the
basal cochlea into the endolymphatic space and material is
thereby injected directly into the scala media, has been shown
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FIGURE 3 | Injection sites into the retina and the cochlea. Shown are (A) the three major injection sites for delivery to the retina and (B) the three main injection
locations for the cochlea. Images were created with BioRender.com.

to be reasonably efficient in generating AAV-mediated gene
expression in the inner ear (Shibata et al., 2009; Yoshimura
et al., 2018). However, the procedure has been shown to have
higher potential to induce hearing loss than round window
membrane injection (Chien et al., 2015; Delmaghani and El-
Amraoui, 2020). Round window membrane injections have
been successfully used in early postnatal mice (Akil et al.,
2012; Askew et al., 2015; Landegger et al., 2017; Pan et al.,
2017), and very recent studies have shown this method to be
effective in adult non-human primates (Gyorgy et al., 2019;
Ivanchenko et al., 2020). Others have shown reporter gene or
therapeutic gene expression in the murine inner ear after in
utero injection of AAV2 into the otocyst (Miwa et al., 2013;
Hu C. J. et al., 2020), potentially important given the very
early onset of many forms of congenital deafness. Canalostomy
involves injection in the posterior semicircular canal, and has
been shown to efficiently transduce inner and outer hair cells
after treatment of adult mice and is reported to have less chance
of leading to damage (Suzuki et al., 2017). Canalostomy can
also be combined with round window membrane injection to
further improve inner ear transduction in adult mice (Yoshimura
et al., 2018). While much remains to be refined in the area
of cochlear gene delivery, recent successes using non-human
primate models support an optimistic view for the future of
human cochlear gene delivery.

GENE THERAPY IN THE RETINA
AND COCHLEA

Preclinical Gene Therapy in the Retina
The earliest proof-of-principle studies for retinal gene therapy
took place in the early 1990s and involved gene supplementation
via transgenesis in spontaneously occurring IRD models (Lem
et al., 1992; Travis et al., 1992). While paving the way for
several decades of further development, even these early studies
highlighted one of the most challenging, and as yet incompletely
resolved, issues in retinal (and cochlear) gene therapy: levels of
expression. For both recessive IRD genes as well as autosomal

dominant genes associated with haploinsufficiency, generating
enough expression to mediate full rescue remains problematic
(Ali et al., 2000; Cai et al., 2009). Shortly after these initial
transgenesis studies, efforts were made to use adenovirus to
transduce the retina (Bennett et al., 1994; Li et al., 1994),
but safety concerns and lack of efficiency led to a shift to
the use of AAV (Ali et al., 1996). More recently, lentivirus
has been used for retinal gene therapy, especially for targeting
neovascularization, but lentiviruses have thus far been fairly
ineffective at targeting photoreceptors (Kalesnykas et al., 2017;
Becker et al., 2018; Holmgaard et al., 2019). In the intervening
25 years, AAV-mediated retinal gene therapy had been used in
a vast number of different preclinical IRD models, including
those targeting photoreceptors (e.g., Rho, Prph2, Nmnat, Abca4,
Cngb3, Rpgr), retinal ganglion cells (e.g., Xiap), Müller cells
(e.g., Vegfa, Dp71), bipolar cells, (Cln3), and the RPE, (e.g.,
Rpe65, Lrat) (Ali et al., 2000; Batten et al., 2005; Mookherjee
et al., 2015; Georgiadis et al., 2016; Becker et al., 2018; Zhang
et al., 2019; Barboni et al., 2020; Greenwald et al., 2020; Kleine
Holthaus et al., 2020; McClements et al., 2020; Wassmer et al.,
2020; Figure 1B). Notable successes with these models led to
testing in larger animal models, in particularly RPE65 and RPGR
dog studies providing further support for the efficacy of AAVs
(Bainbridge et al., 2015; Beltran et al., 2015; Gardiner et al., 2020;
Song C. et al., 2020).

Much recent work in the field of retinal gene therapy
with AAVs has focused on evolving viral capsids to improve
transduction efficiency and refine the type of cells that can
be targeted. This has been successful in the mouse, where
novel engineered viral capsids have been shown to be much
more efficient that parent viruses (Dalkara et al., 2013; Khabou
et al., 2016; Frederick et al., 2020). Because viral tropsims
can also be species specific, recent work on directed evolution
of AAV capsids has used the non-human primate model
(Byrne et al., 2020). This approach involves injection with
libraries generated with cap gene variants, harvesting the
retina, performing PCR to enrich cap gene variants present
(i.e., that transduced cells) and reformulating virus. This
selection process is repeated several times with additional
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steps included in subsequent rounds to increase diversity
in cap genes. The exciting end result was the identification
of novel AAV variants capable of efficiently transducing
non-human primate cones after intravitreal injection, a key
therapeutic goal that had not been achieved previously
(Byrne et al., 2020).

While AAV-mediated therapies have been remarkably
successful, there have been some concerns. Though largely
considered safe, some studies have shown that the AAV vector
is able to move from the eye to other areas of the body, from
both intravitreal (Dudus et al., 1999; Han et al., 2012) and
subretinal injection (Weber et al., 2003). Along with potential
systemic distribution and immunogenicity, another challenge
with AAV is its loading capacity. Standard AAVs can only
accommodate genes which are <5 kbp (Wu et al., 2010), smaller
than many IRD genes such as USH2A and ABCA4. There
have been advancements in AAVs which increase capacity
to 10 kbp, through dual AAV vectors. Dual AAV vectors
split the load into two fragments which are then co-delivered
and recombine in the target cell though either homologous
recombination or trans-splicing strategies (Xu et al., 2004;
Ghosh et al., 2011; Trapani et al., 2014). Though initially the
efficiency of this approach was limited, additional novel strategies
to overcome size limitations are being studied including the
use of oversized AAV, trans-splicing dual AAV, overlapping
dual AAV, and hybrid dual AAV (reviewed in Trapani, 2019).
However, as a result of these potential limitations, for many years
there has been interest in the development of non-viral gene
delivery methods.

Though many different non-viral formulations have been
successfully used to transfect cells, fewer have been successful
in vivo. One of the most successful has been polylysine DNA
nanoparticles complexed with polyethylene glycol. These
nanoparticles are non-immunogenic, and have the capacity to
compact up to 20 kbp of DNA (Fink et al., 2006). Importantly,
they have demonstrated robust transfection, sustained for up
to 15 months, in both photoreceptors and the RPE in the
mouse retina (Farjo et al., 2006; Han et al., 2012; Koirala et al.,
2013). This translated into improved functional outcomes
in Prph2, Rho, Abca4, and Rpe65-associated IRD models
(Cai et al., 2009, 2010; Koirala et al., 2013; Han et al., 2014,
2015). Other non-viral retinal gene therapy formulations
have also recently been shown to promote improvement in
murine IRD models. For example, solid lipid nanoparticles
carrying the human RS1 gene have been shown to mediate
structural improvement in the mouse Rs1h knockout model
of X-linked juvenile retinoschisis (Apaolaza et al., 2015,
2016). Another lipid-based system has also recently shown
promising results. The ECO-lipid ((1-aminoethyl) iminobis[N-
(oleicylcysteinyl-1-amino-ethyl) propionamide]) based system
incorporates a pH sensitive endosomal escape mechanism
to help promote release and preservation of DNA after
uptake by cells. This system is multifunctional and can be
conjugated to other compounds to facilitate targeted cell
uptake. It has recently been used to deliver plasmid DNA and
mediate improvements in the Rpe65 and Abca4 IRD models
(Sun et al., 2017, 2020).

The vast majority of IRD model recue studies have
involved gene supplementation to treat loss-of-function or
haploinsufficiency-associated mutations. However, many IRD
gene mutations are gain-of-function or dominant-negative
alleles and for many years researchers have recognized the
need for more complex therapies capable of knocking down
mutant genes while also supplementing with the correct allele.
This approach has been tested in a dog model of adRP; a
mutation-independent shRNA targeting rhodopsin was paired
with an RNAi-resistant human RHO cDNA (in AAV), and
shown to promote long-term protection of retinal structure
and function (Cideciyan et al., 2018). Proof-of-principle studies
using RNAi-based approaches to knock down mutant transcripts
have also been evaluated in mice for the treatment IRD
associated with Prph2, Impdh1 (RP10), Guca1a (cone-rod
dystrophy), and Pde6b (RP) with varying levels of success
(Tam et al., 2008; Tosi et al., 2011; Petrs-Silva et al., 2012;
Jiang et al., 2013).

More recently, CRISPR/Cas9 based genome-editing
approaches have gained popularity in preclinical studies to
correct dominant IRD mutations. These approaches hold great
promise for somatic gene editing, and various approaches have
been tried. Perhaps the most obvious strategy is correcting
IRD mutations using homology directed or micro-homology
repair-based approaches. This has been tried in an RPGR
model carrying a Cas9 transgene. AAV2/8 was used to deliver
an RPGR-targeted gRNA and a region of homologous DNA
carrying the corrected sequence (Hu S. et al., 2020). This study
reported sequence correction in a large percentage of cells
but the benefits were only apparent after ∼6 months, likely
due to the overall inefficiency of homology directed repair. In
addition, a challenge with homology-based repair approaches
is the small carrying capacity of AAV. Designing a construct
for delivery of Cas9, a homologous DNA segment for repair,
and the gRNA can be challenging. To overcome this challenge,
other groups have used two separate AAVs, one carrying the
Cas9 and one carrying the gRNA and homologous region. This
approach was used to target Rpe65, and reported homology-
directed repair efficiencies in excess of 1%. Though this seems
low, it was sufficient to mediate functional improvement.
Other groups have taken advantage of an alternative repair
pathway called micro-homology-mediated end joining, where
a much shorter (∼20 bp) homologous region is supplied, and
the whole expression cassette (Cas9, gRNAs, and homology
region) fit into a single AAV. A study using this approach to
target a Gnat1 model reported improvement in light-sensitivity
and visual acuity (Nishiguchi et al., 2020). An alternative
approach for gain-of-function mutations is to target the
mutant allele for knockout rather than correcting the mutation.
While genes associated with haploinsufficiency may require
concurrent gene supplementation, this approach has the benefit
of relying on more efficient non-homologous end joining
mechanisms rather than on the less efficient homology-based
repair mechanisms. It has been tried with success in both rat
and mouse models of rhodopsin-associated IRD (Bakondi et al.,
2016; Giannelli et al., 2018; Patrizi et al., 2021). In addition
to using CRISPR/Cas9 for gene editing, there are several
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alternative approaches that utilize a dead (d)Cas9/gRNA to
target a transcriptional regulator to the appropriate place in
the genome. A recent exciting study used this approach to
target the VPR transcriptional activator (dCas9-VPR) to the
M-opsin gene (Opn1mw) with an Opn1mw-specific gRNA
where it activates gene transcription (Bohm et al., 2020). When
dCas9-VPR/Opn1mw-gRNA under the control of the rhodopsin
promoter was delivered to the Rho± retina, researchers observed
expression of M-opsin in rods, and importantly, improvements
in scotopic vision and retinal structure. Genome editing in
the mouse retina has also been attempted for Pde6b-associated
RP (using electroporation), Cep290-associated LCA (further
discussed below), and Gucy2d-associated cone-rod dystrophy
(Ruan et al., 2017; McCullough et al., 2019; Vagni et al.,
2019). Somatic genome-editing, and non-genome editing
CRISPR-based therapeutic strategies are likely to become
increasingly prevalent, particularly as tools to block chronic
Cas9 activity, suppress immune responses, and increase the
efficiency of homology directed repair are developed (reviewed
in Nakamura et al., 2021).

The earliest clinical retinal gene therapy trials used AAV2
based vectors to deliver RPE65 for the treatment of LCA
(Bainbridge et al., 2008; Cideciyan et al., 2008; Maguire et al.,
2008), with groups reporting varying degrees of improvement
and persistence of effect. In initial phase I/II clinical trial
using the AAV2/2 vector carrying RPE65 cDNA with an RPE65
promotor, investigators observed improved visual function for
3 years (Bainbridge et al., 2008, 2015). Another group using
rAAV2 carrying hRPE65 driven by the ubiquitous, chicken β-
actin (CBA), promotor found no significant side-effects after
12 months but reported no significant improvement in vision
(Hauswirth et al., 2008; Cideciyan et al., 2009). A follow-
up done 6 years later saw progressive vision loss, reduced
retinal sensitivity, and thinning of the photoreceptor outer
nuclear layer (Jacobson et al., 2015). The third initial trial
was conducted by Spark Therapeutics Inc. (Philadelphia, PA)
using AAV2-hRPE65v2 with a CBA promotor (at three different
doses) and reported sustained improvement after 2 years
regardless of the dosage, with the greatest improvement in
the younger children (Maguire et al., 2008, 2009). A few
years later Spark Therapeutics Inc. released its results from
a phase 3 clinical trial data using LuxturnaTM (voretigene
neparvovec, AAV2-hRPE65v2) in patients with vision loss
associated with RPE65. Bilateral subretinal injections of the
highest dose tested in the prior trial found improved vision
with no adverse effects or immune response after 1 year (Russell
et al., 2017). This is the first phase 3 clinical trial to report
significant gene therapy efficacy for IRD, and after submission
to the FDA, Luxturna was approved for use and is now in
clinical practice.

Since then, several other clinical trials for retinal gene therapy
have been undertaken (Figure 1B). Recently promising results
from a PhaseI/II trial for CNGA3-associated achromatopsia
were published showing that the AAV vector was well-tolerated
and initial measures of efficacy were promising, including
improvement in visual acuity, contrast sensitivity, and cone
function [NCT02610582 (Fischer et al., 2020)]. Many other

retinal gene therapy clinical trials are currently ongoing or
recruiting, targeting RPGR and PDE6B-associated RP, CNGA3
and CNGB3-associated achromatopsia, RPE65-associated LCA,
RS1-associated x-linked retinoschisis, and ND4-associated optic
neuropathy5. All of these studies utilize an AAV-based delivery
method, and thus far non-viral retinal gene therapy has
not yet progressed to clinical testing. Excitingly, the first
retinal gene therapy trial to use CRISPR/Cas9-based genome
editing has recently started recruiting (NCT03872479). The
trial, which targets CEP290-associated LCA is not only a
milestone in retinal gene therapy, but also represents the first
time CRISPR-based treatments will be delivered directly into
the body in any trial, and results are eagerly anticipated.
This study uses an AAV5 vector to deliver Cas9 and CEP290
specific gRNAs and was effective in both a humanized
CEP290 mouse model and in a non-human primate model
(Fischer et al., 2020).

Cochlear Gene Therapy
As in the retina, the earliest cochlear gene therapy took the form
of proof-of-principle studies utilizing transgenic overexpression
to rescue hearing in mutant models with hearing loss (Fujiyoshi
et al., 1994; Ahmad et al., 2007). By the late 1990s, researchers
were exploring ways to deliver AAVs and adenoviruses to
the middle and inner ear often using the guinea pig model
described above (Lalwani et al., 1996, 1998; Mondain et al., 1998).
Subsequently, an extensive number of functional studies were
undertaken to genetically deliver antioxidants or neurotrophic
factors to the ear for the treatment or prevention of noise-
and pharmaceutical-induced auditory toxicity, rather than for
inherited cochlear diseases (e.g., Bowers et al., 2002; Lalwani et al.,
2002a; Kawamoto et al., 2003b, 2004; Liu et al., 2008). However,
neither of these approaches targets or corrects the underlying
genetic defect in the case of inherited forms of hearing loss.
Excitingly, in 2012 a model of congenital deafness was rescued
by delivery of a gene therapy vector. This landmark study used
an AAV1 vector delivered by either round window membrane
injection or cochleostomy to generate Vglut3 expression in
a Vglut3 knockout mouse model of hereditary deafness. This
study demonstrated almost complete rescue of ABR recordings
for over one year (69 weeks was the longest time evaluated)
after delivery at P10-12 (Akil et al., 2012). Subsequently,
antisense oligonucleotides were used to correct splicing in an
Usher syndrome mouse model (Ush1c) leading to functional
improvements in low-frequency hearing (Lentz et al., 2013;
Ponnath et al., 2018; Wang et al., 2020). Since then, some AAV-
mediated functional and/or structural rescue has been reported in
multiple inherited models of deafness, including those associated
with mutations in the gap junction gene connexin 26, the
potassium channel subunit Kcnq1, the stereocilia gene whirlin,
the antioxidant gene Msr3b, the usher 1C gene harmonin, the
usher 3 gene clarin, the gene Slc26a4, and the ion channel Tmc1,
among others (Yu et al., 2014; Chang et al., 2015; Iizuka et al.,
2015; Chien et al., 2016; Kim et al., 2016; Pan et al., 2017; Dulon
et al., 2018; Nist-Lund et al., 2019; Lan et al., 2020; Figure 1D).

5https://clinicaltrials.gov/
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Delivery of therapeutics to neonatal mice allows for
therapeutic intervention before the organ of Corti develops
fully, thus allowing for administration before early postnatal
degeneration has begun, and this approach has been taken by
several groups (Landegger et al., 2017; Pan et al., 2017). For
example, AAV-mediated expression of Ush1g, a submembrane
scaffold protein necessary for morphogenesis of the sensory
stereocilia in cochlear hair cells, was delivered into Sans null
mutant (Ush1g−/−) mice at P2.5 and found to preserve
hair cell function near wild-type levels (Emptoz et al.,
2017). Critically, studies such as this one demonstrate that
cochlear AAV-mediated gene delivery can generate protein
that folds, transports, and functions properly, and that
early delivery prior to full development can prevent hair
cell degeneration.

Delivering AAV to older/adult mice (compared to neonates)
results in a drop in efficiency and duration of expression. For
example, AAV-mediated delivery of Vglut3 led to better and
longer lasting recovery after neonatal delivery (P1-3) than later
delivery (P10) (Akil et al., 2012), although good results were
reported for P10-12 delivery as well. A more recent investigation
using a modified AAV2 vector to deliver harmonin at either P0-
1 or P10-12 found improvement in the function and structure
of the P0-1 treated mice with no treatment effects in those
treated at P10-12 (Pan et al., 2017). However, other recent
studies have achieved good gene expression in hair cells without
damaging the organ of Corti after delivery in adult animals,
with delivery at either 6 or 10 weeks of age (Suzuki et al.,
2017; Tao et al., 2018; Yoshimura et al., 2018). Although gene
expression was lower in most cases than with neonatal delivery,
it is encouraging that post-development delivery for cochlear
therapy is becoming more effective.

As in the retina, there has been great interest in designing
optimized AAVs for cochlear delivery. This includes several new
synthetic AAVs such as Anc80L65, which has shown very high
efficiency in transducing both inner and outer hair cells after
injections at 7 weeks of age through the posterior semicircular
canal (Suzuki et al., 2017; Hu C. J. et al., 2020). As in the
retina, the limited capacity of AAV (<5 kbp) is a significant
limitation. This is particularly problematic since many cochlear
disease genes, such as those associated with Usher syndrome,
are too large to be delivered by AAV. As a result, the dual-AAV
strategy, in which one AAV carried the 5′ end of the gene (in
this case the congenital deafness gene otoferlin), while the second
AAV carried the 3′ end has also been evaluated in the cochlea.
Although this requires recombination of the two cDNAs after
delivery, researchers reported stable otoferlin gene expression
and improvement in hearing after dual-AAV delivery, suggesting
it may be a useful therapeutic approach (Akil et al., 2019).

A number of non-viral gene therapy strategies have also
been tested in the cochlea. One of the earliest was a study in
which cationic liposomes were microinjected into the guinea pig
cochlea, and short-term reporter gene expression was observed
in the organ of Corti (Wareing et al., 1999). Lipid core
nanocapsules have been evaluated for their ability to penetrate
through the round window membrane for subsequent material
delivery (Zou et al., 2008). Polyethyleneimine (PEI)/DNA

complexes and quaternized chitosan coupled Na-carboxymethyl-
beta-cyclodextrin complexes have also been tested for their ability
to generate reporter gene expression, but overall transfection
efficiency still has room for improvement (Tan et al., 2008; Ren
et al., 2010).

CRISPR/Cas9 and somatic genome editing strategies have
also begun to be applied to the cochlea. One major potential
benefit of this approach is that if the endogenous gene error
can be corrected in enough cells, the challenge of generating
sufficient levels of expression from an exogenous transgene is
circumvented. While some groups are working on optimizing
individual steps in the path to effective in vivo cochlear genome
editing (Tang et al., 2016; Kang et al., 2020; Zhao et al., 2020),
other groups have directly applied genome editing technology
to models of inherited deafness. Gao et al. used cochleostomy
to deliver a cationic liposome formulation containing a Cas9-
gRNA ribonucleoprotein (RNP) complex targeting a mutant
Tmc1 allele to the scala media at P0-2. They reported improved
preservation of hair cells at 8 weeks post-injection and improved
ABR thresholds at 4 weeks post-injection compared to uninjected
controls (Gao et al., 2018). These exciting preliminary studies
demonstrate the potential for future application to somatic
genome editing for cochlear diseases.

In spite of rapid advancements in preclinical testing of
cochlear gene therapies since 2012, this strategy has not
made the jump to widespread clinical testing. Only one gene
therapy Phase I/II safety and tolerability clinical trial for severe
hearing loss has been completed (NCT02132130). The study
involved intralabyrinthine delivery of recombinant adenovirus
carrying the Hath1/Atoh1 transcription factor (Figure 1D). This
transcription factor has been widely evaluated in preclinical
studies to promote hair cell regeneration, however few data
are available about the trial and its findings have not yet
been reported, although as of September 2020, the study
is listed as “completed” and results are eagerly awaited
(Crowson et al., 2017).

ROLE OF TIME OF DELIVERY AND
DURATION OF EFFECT ON THE
OUTCOMES

While progress is being made for both retinal and cochlear
gene therapy, it is necessary to remember one of the key
limiting factors of gene therapy for inherited dystrophies: time.
Due to the nature of degenerative hereditary diseases, unless
intervention is applied early, the optimal therapeutic window
will be missed. In many cases patients may not even know they
have a genetic disorder until symptoms are severe enough to see
their physician, at which point, the progression of the disease
is often far enough along that affected cells are dead or dying.
This is particularly challenging in the case of degenerations that
affect neuronal cells, since there is, as yet, no effective way to
regenerate or replace lost neurons (although this is a goal of
the stem cell transplantation field). To a certain degree, this is
an area where cochlear gene therapy is ahead of retinal gene
therapy. There have been extensive preclinical studies focused
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on regeneration of hair cells in deafened mice (largely in non-
genetic models) by delivery of the transcription factor Math1
(also known as Hath1/Atoh1) (Kawamoto et al., 2003a; Shou
et al., 2003; Baker et al., 2009; Kraft et al., 2013), and several of
these studies have produced promising results. However, while
cochlear regeneration of hair cells may be more within reach
than photoreceptor regeneration, the earlier onset of many forms
of congenital deafness (compared to inherited irreversible vision
loss) counteracts some of this benefit. In studies with mice, this
issue can be partially overcome by the fact that the sensory
organs of the eye and ear are not fully developed at birth, and
thus therapy can be administered very early in the course of
the pathology. However, this advantage is lost in the transition
to human patients. Individuals with an early developmental
disorder would need to have therapy administered while still
in the womb, which introduces additional challenges to the
already complex nature of cochlear gene delivery. Regardless of
the time-of-onset, early detection and intervention in patients is
key to effective treatment. Clinical support for this idea comes
from early reports from the LCA retinal gene therapy trials.
RPE65-associated LCA is an early onset disease (in contrast
to many inherited retinal diseases), and in the initial phase
1 clinical trial the greatest improvement was observed in the
younger children (Maguire et al., 2008, 2009). The need for
intervention early in the disease process also highlights the need
for treatments and delivery strategies that do not themselves
result in vision or hearing loss. Both subretinal injection and
cochlear delivery methods have the potential to impair function
(Wang et al., 2013), so optimizing delivery approaches should
remain a key research goal.

In addition to delivery at the appropriate time in the course
of the disease pathology, an additional concern is the potential
need for repeat dosing. The ideal gene therapy would be effective
long-term after delivery of a single dose. However, generating
and maintaining sufficient levels of gene expression remains
a challenge. Improving duration of expression at levels high
enough to maintain functional rescue is essential (Adijanto and
Naash, 2015; Hardee et al., 2017; Goswami et al., 2019; Patil et al.,
2019; Wang et al., 2019).

In the case of the retina, the current measures of therapeutic
longevity come from the early LCA trials, where results have been
variable. Some groups reported functional visual improvement
up to 3 years despite cell degeneration still taking place
(Cideciyan et al., 2013; Testa et al., 2013), while other groups
reported that the improvement in vision diminished in patients
after 3 years (Bainbridge et al., 2015; Jacobson et al., 2015).
In other cases, it has been reported that the beneficial effects
are more durable, persisting at the 4 year follow-up (Maguire
et al., 2019) however, different trials have used different outcome
measures to assess improvement. The mechanism underlying
limited duration of effects is unclear, however it has been
suggested that the virally-expressed RPE65 levels declined over
time to below the levels necessary to remain therapeutically
relevant (Bainbridge et al., 2015). It is also possible that loss
of non-transduced RPE cells led to such severe stress in the
retina that the transduced RPE cells were insufficient to prevent
the eventual photoreceptor degeneration. Clearly, these findings

highlight both the promise and vast room for continued technical
and scientific advancement needed for clinical application of
retinal and cochlear gene therapy.

FUTURE PERSPECTIVES

Both the eye and cochlea are organs which have favorable
anatomy for gene therapy with small sizes that can be easily
treated with small doses of therapeutics, a contralateral control
and easy non-invasive analytical techniques. They are also sites
of many different forms of inherited hearing loss and irreversible
vision loss caused by several hundred known genes, and thus they
are prime targets for novel therapies. The monogenic nature of
most inherited diseases of the eye and ear make gene therapy an
attractive method to potentially correct causative genetic defects
and cure disease, rather than just treating symptoms. There
are various limitations and challenges still to face including (1)
the limited number of patients carrying any given mutation,
although allele-independent approaches are being developed, (2)
limited carrying capacity of common viral-delivery methods,
(3) the rapid progression of degeneration in some pathologies,
(4) limited distribution and longevity of gene expression after
single-dose treatments, (5) difficulty transfecting/transducing
post-mitotic cells, and (6) the need for delivery methods that are
less invasive. Yet all these areas are being actively studied, and
outcomes with genetic therapies are likely to keep improving.
Another area that has seen rapid progress in the last decade is
genetic diagnosis. The accessibility and accuracy of genetic testing
in the past few years has improved drastically (Shearer et al., 2011;
Lin et al., 2012; Furutani and Shimamura, 2017; Men et al., 2017;
Furutani et al., 2019). As genetic testing and screening improve,
the ability to identify causative pathogenic alleles and potential
at-risk individuals increases. Earlier screening and diagnosis are
essential to earlier intervention.

The commonalities between the eye and the ear, coupled with
the numerous syndromic genetic disorders with both an auditory
and visual component mean that coordination between the fields
is likely to be beneficial. Collaboration and resource sharing
between groups studying both the retina and the cochlea may
help advance the development of clinically relevant therapies for
both vision and hearing loss, and lead to significantly improved
quality of life in patients.

AUTHOR CONTRIBUTIONS

RC wrote initial draft and created the figures. SMC, MRA, and
MIN were editors of final draft. All authors contributed to the
article and approved the submitted version.

FUNDING

This study was supported by the grants from the National
Institutes of Health (R01 EY018656, R01 EY10609, and R01
EY026499 to MIN and MRA and P20 GM125528 to SMC).

Frontiers in Neuroscience | www.frontiersin.org 12 March 2021 | Volume 15 | Article 652215

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-652215 March 11, 2021 Time: 17:3 # 13

Crane et al. Retinal and Cochlear Gene Therapy

REFERENCES
Adijanto, J., and Naash, M. I. (2015). Nanoparticle-based technologies for retinal

gene therapy. Eur. J. Pharmaceut. Biopharmaceut. 95, 353–367. doi: 10.1016/j.
ejpb.2014.12.028

Ahmad, S., Tang, W., Chang, Q., Qu, Y., Hibshman, J., Li, Y., et al. (2007).
Restoration of connexin26 protein level in the cochlea completely rescues
hearing in a mouse model of human connexin30-linked deafness. Proc. Natl.
Acad. Sci. U.S.A. 104, 1337–1341. doi: 10.1073/pnas.0606855104

Akil, O., Dyka, F., Calvet, C., Emptoz, A., Lahlou, G., Nouaille, S., et al. (2019). Dual
AAV-mediated gene therapy restores hearing in a DFNB9 mouse model. Proc.
Natl. Acad. Sci. U.S.A. 116, 4496–4501. doi: 10.1073/pnas.1817537116

Akil, O., Seal, R. P., Burke, K., Wang, C., Alemi, A., During, M., et al. (2012).
Restoration of hearing in the VGLUT3 knockout mouse using virally mediated
gene therapy. Neuron 75, 283–293. doi: 10.1016/j.neuron.2012.05.019

Al-Rawy, A. S., al-Shatouri, M., El Tabbakh, M., and Gad, A. A. (2017). Systematic
approach by computed tomography and magnetic resonance imaging in
cochlear implantation candidates in Suez Canal University Hospital. Egypt. J.
Radiol. Nucl. Med. 48, 877–884. doi: 10.1016/j.ejrnm.2017.08.005

Ali, R. R., Reichel, M. B., Thrasher, A. J., Levinsky, R. J., Kinnon, C., Kanuga,
N., et al. (1996). Gene transfer into the mouse retina mediated by an adeno-
associated viral vector. Hum. Mol. Genet. 5, 591–594. doi: 10.1093/hmg/5.5.
591

Ali, R. R., Sarra, G. M., Stephens, C., Alwis, M. D., Bainbridge, J. W., Munro,
P. M., et al. (2000). Restoration of photoreceptor ultrastructure and function
in retinal degeneration slow mice by gene therapy. Nat. Genet. 25, 306–310.
doi: 10.1038/77068

Apaolaza, P. S., Del Pozo-Rodriguez, A., Solinis, M. A., Rodriguez, J. M., Friedrich,
U., Torrecilla, J., et al. (2016). Structural recovery of the retina in a retinoschisin-
deficient mouse after gene replacement therapy by solid lipid nanoparticles.
Biomaterials 90, 40–49. doi: 10.1016/j.biomaterials.2016.03.004

Apaolaza, P. S., Del Pozo-Rodriguez, A., Torrecilla, J., Rodriguez-Gascon, A.,
Rodriguez, J. M., Friedrich, U., et al. (2015). Solid lipid nanoparticle-based
vectors intended for the treatment of X-linked juvenile retinoschisis by gene
therapy: in vivo approaches in Rs1h-deficient mouse model. J. Control Release
217, 273–283. doi: 10.1016/j.jconrel.2015.09.033

Askew, C., Rochat, C., Pan, B., Asai, Y., Ahmed, H., Child, E., et al. (2015).
Tmc gene therapy restores auditory function in deaf mice. Sci. Transl. Med.
7:295ra108. doi: 10.1126/scitranslmed.aab1996

Bainbridge, J. W. B., Mehat, M. S., Sundaram, V., Robbie, S. J., Barker,
S. E., Ripamonti, C., et al. (2015). Long-term effect of gene therapy on
Leber’s congenital amaurosis. N. Engl. J. Med. 372, 1887–1897. doi: 10.1056/
NEJMoa1414221

Bainbridge, J. W. B., Smith, A. J., Barker, S. S., Robbie, S., Henderson, R., Balaggan,
K., et al. (2008). Effect of gene therapy on visual function in Leber’s congenital
amaurosis. N. Engl. J. Med. 358, 2231–2239. doi: 10.1056/NEJMoa0802268

Baker, K., Brough, D. E., and Staecker, H. (2009). Repair of the vestibular system
via adenovector delivery of Atoh1: a potential treatment for balance disorders.
Adv. Otorhinolaryngol. 66, 52–63. doi: 10.1159/000218207

Bakondi, B., Lv, W., Lu, B., Jones, M. K., Tsai, Y., Kim, K. J., et al. (2016).
In vivo CRISPR/Cas9 gene editing corrects retinal dystrophy in the S334ter-3
rat model of autosomal dominant retinitis pigmentosa. Mol. Ther. 24, 556–563.
doi: 10.1038/mt.2015.220

Barboni, M. T. S., Vaillend, C., Joachimsthaler, A., Liber, A. M. P., Khabou, H.,
Roux, M. J., et al. (2020). Rescue of defective electroretinographic responses in
Dp71-null mice with AAV-mediated reexpression of Dp71. Invest. Ophthalmol.
Vis. Sci. 61:11. doi: 10.1167/iovs.61.2.11

Batten, M. L., Imanishi, Y., Tu, D. C., Doan, T., Zhu, L., Pang, J., et al. (2005).
Pharmacological and rAAV gene therapy rescue of visual functions in a blind
mouse model of Leber congenital amaurosis. PLoS Med. 2:e333. doi: 10.1371/
journal.pmed.0020333

Becker, S., Wang, H., Simmons, A. B., Suwanmanee, T., Stoddard, G. J., Kafri,
T., et al. (2018). Targeted knockdown of overexpressed VEGFA or VEGF164
in muller cells maintains retinal function by triggering different signaling
mechanisms. Sci. Rep. 8:2003. doi: 10.1038/s41598-018-20278-4

Beltran, W. A., Cideciyan, A. V., Iwabe, S., Swider, M., Kosyk, M. S., McDaid, K.,
et al. (2015). Successful arrest of photoreceptor and vision loss expands the

therapeutic window of retinal gene therapy to later stages of disease. Proc. Natl.
Acad. Sci. U.S.A. 112, E5844–E5853. doi: 10.1073/pnas.1509914112

Bennett, J., Wilson, J., Sun, D., Forbes, B., and Maguire, A. (1994). Adenovirus
vector-mediated in vivo gene transfer into adult murine retina. Invest.
Ophthalmol. Vis. Sci. 35, 2535–2542.

Bohm, S., Splith, V., Riedmayr, L. M., Rotzer, R. D., Gasparoni, G., Nordstrom,
K. J. V., et al. (2020). A gene therapy for inherited blindness using dCas9-VPR-
mediated transcriptional activation. Sci. Adv. 6:eaba5614. doi: 10.1126/sciadv.
aba5614

Bowers, W. J., Chen, X., Guo, H., Frisina, D. R., Federoff, H. J., and Frisina,
R. D. (2002). Neurotrophin-3 transduction attenuates cisplatin spiral ganglion
neuron ototoxicity in the cochlea. Mol. Ther. 6, 12–18. doi: 10.1006/mthe.2002.
0627

Boyd, R. F., Sledge, D. G., Boye, S. L., Boye, S. E., Hauswirth, W. W., Komaromy,
A. M., et al. (2016). Photoreceptor-targeted gene delivery using intravitreally
administered AAV vectors in dogs. Gene Ther. 23, 223–230. doi: 10.1038/gt.
2015.96

Byrne, L. C., Day, T. P., Visel, M., Strazzeri, J. A., Fortuny, C., Dalkara, D., et al.
(2020). In vivo-directed evolution of adeno-associated virus in the primate
retina. JCI Insight 5:e135112. doi: 10.1172/jci.insight.135112

Cai, X., Conley, S. M., Nash, Z., Fliesler, S. J., Cooper, M. J., and Naash, M. I.
(2010). Gene delivery to mitotic and postmitotic photoreceptors via compacted
DNA nanoparticles results in improved phenotype in a mouse model of retinitis
pigmentosa. FASEB J. 24, 1178–1191. doi: 10.1096/fj.09-139147

Cai, X., Nash, Z., Conley, S. M., Fliesler, S. J., Cooper, M. J., and Naash, M. I. (2009).
A partial structural and functional rescue of a retinitis pigmentosa model with
compacted DNA nanoparticles. PLoS One 4:e5290. doi: 10.1371/journal.pone.
0005290

Campbell, M., and Humphries, P. (2012). The blood-retina barrier: tight junctions
and barrier modulation. Adv. Exp. Med. Biol. 763, 70–84.

Cehajic-Kapetanovic, J., Le Goff, M. M., Allen, A., Lucas, R. J., and Bishop, P. N.
(2011). Glycosidic enzymes enhance retinal transduction following intravitreal
delivery of AAV2. Mol. Vis. 17, 1771–1783.

Cepko, C. L., Austin, C. P., Yang, X. J., and Alexiades, M. (1996). Cell fate
determination in the vertebrate retina. Proc. Natl. Acad. Sci. U.S.A. 93, 589–595.
doi: 10.1073/pnas.93.2.589

Chakraborty, D., Strayve, D. G., Makia, M. S., Conley, S. M., Kakahel, M., Al-
Ubaidi, M. R., et al. (2020). Novel molecular mechanisms for Prph2-associated
pattern dystrophy. FASEB J. 34, 1211–1230. doi: 10.1096/fj.201901888R

Chang, Q., Wang, J., Li, Q., Kim, Y., Zhou, B., Wang, Y., et al. (2015). Virally
mediated Kcnq1 gene replacement therapy in the immature scala media restores
hearing in a mouse model of human Jervell and Lange-Nielsen deafness
syndrome. EMBOMol. Med. 7, 1077–1086. doi: 10.15252/emmm.201404929

Charizopoulou, N., Lelli, A., Schraders, M., Ray, K., Hildebrand, M. S., Ramesh,
A., et al. (2011). Gipc3 mutations associated with audiogenic seizures and
sensorineural hearing loss in mouse and human. Nat. Commun. 2:201. doi:
10.1038/ncomms1200

Chen, H., Xing, Y., Xia, L., Chen, Z., Yin, S., and Wang, J. (2018). AAV-mediated
NT-3 overexpression protects cochleae against noise-induced synaptopathy.
Gene Ther. 25, 251–259. doi: 10.1038/s41434-018-0012-0

Chien, W. W., Isgrig, K., Roy, S., Belyantseva, I. A., Drummond, M. C., May, L. A.,
et al. (2016). Gene therapy restores hair cell stereocilia morphology in inner ears
of deaf Whirler mice. Mol. Ther. 24, 17–25. doi: 10.1038/mt.2015.150

Chien, W. W., McDougald, D. S., Roy, S., Fitzgerald, T. S., and Cunningham, L. L.
(2015). Cochlear gene transfer mediated by adeno-associated virus: comparison
of two surgical approaches. Laryngoscope 125, 2557–2564. doi: 10.1002/lary.
25317

Cideciyan, A. V., Aleman, T. S., Boye, S. L., Schwartz, S. B., Kaushal, S., Roman,
A. J., et al. (2008). Human gene therapy for RPE65 isomerase deficiency
activates the retinoid cycle of vision but with slow rod kinetics. Proc. Natl. Acad.
Sci. U.S.A. 105, 15112–15117. doi: 10.1073/pnas.0807027105

Cideciyan, A. V., Hauswirth, W. W., Aleman, T. S., Kaushal, S., Schwartz, S. B.,
Boye, S. L., et al. (2009). Human RPE65 gene therapy for Leber congenital
amaurosis: persistence of early visual improvements and safety at 1 year. Hum.
Gene Ther. 20, 999–1004. doi: 10.1089/hum.2009.086

Cideciyan, A. V., Jacobson, S. G., Beltran, W. A., Sumaroka, A., Swider, M., Iwabe,
S., et al. (2013). Human retinal gene therapy for Leber congenital amaurosis

Frontiers in Neuroscience | www.frontiersin.org 13 March 2021 | Volume 15 | Article 652215

https://doi.org/10.1016/j.ejpb.2014.12.028
https://doi.org/10.1016/j.ejpb.2014.12.028
https://doi.org/10.1073/pnas.0606855104
https://doi.org/10.1073/pnas.1817537116
https://doi.org/10.1016/j.neuron.2012.05.019
https://doi.org/10.1016/j.ejrnm.2017.08.005
https://doi.org/10.1093/hmg/5.5.591
https://doi.org/10.1093/hmg/5.5.591
https://doi.org/10.1038/77068
https://doi.org/10.1016/j.biomaterials.2016.03.004
https://doi.org/10.1016/j.jconrel.2015.09.033
https://doi.org/10.1126/scitranslmed.aab1996
https://doi.org/10.1056/NEJMoa1414221
https://doi.org/10.1056/NEJMoa1414221
https://doi.org/10.1056/NEJMoa0802268
https://doi.org/10.1159/000218207
https://doi.org/10.1038/mt.2015.220
https://doi.org/10.1167/iovs.61.2.11
https://doi.org/10.1371/journal.pmed.0020333
https://doi.org/10.1371/journal.pmed.0020333
https://doi.org/10.1038/s41598-018-20278-4
https://doi.org/10.1073/pnas.1509914112
https://doi.org/10.1126/sciadv.aba5614
https://doi.org/10.1126/sciadv.aba5614
https://doi.org/10.1006/mthe.2002.0627
https://doi.org/10.1006/mthe.2002.0627
https://doi.org/10.1038/gt.2015.96
https://doi.org/10.1038/gt.2015.96
https://doi.org/10.1172/jci.insight.135112
https://doi.org/10.1096/fj.09-139147
https://doi.org/10.1371/journal.pone.0005290
https://doi.org/10.1371/journal.pone.0005290
https://doi.org/10.1073/pnas.93.2.589
https://doi.org/10.1096/fj.201901888R
https://doi.org/10.15252/emmm.201404929
https://doi.org/10.1038/ncomms1200
https://doi.org/10.1038/ncomms1200
https://doi.org/10.1038/s41434-018-0012-0
https://doi.org/10.1038/mt.2015.150
https://doi.org/10.1002/lary.25317
https://doi.org/10.1002/lary.25317
https://doi.org/10.1073/pnas.0807027105
https://doi.org/10.1089/hum.2009.086
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-652215 March 11, 2021 Time: 17:3 # 14

Crane et al. Retinal and Cochlear Gene Therapy

shows advancing retinal degeneration despite enduring visual improvement.
Proc. Natl. Acad. Sci. U.S.A. 110, E517–E525. doi: 10.1073/pnas.1218933110

Cideciyan, A. V., Sudharsan, R., Dufour, V. L., Massengill, M. T., Iwabe, S., Swider,
M., et al. (2018). Mutation-independent rhodopsin gene therapy by knockdown
and replacement with a single AAV vector. Proc. Natl. Acad. Sci. U.S.A. 115,
E8547–E8556. doi: 10.1073/pnas.1805055115

Coca-Prados, M. (2014). The blood-aqueous barrier in health and disease.
J. Glaucoma 23(8 Suppl. 1), S36–S38. doi: 10.1097/IJG.0000000000000107

Colavito, D., Maritan, V., Suppiej, A., Del Giudice, E., Mazzarolo, M., Miotto, S.,
et al. (2017). Non-syndromic isolated dominant optic atrophy caused by the
p.R468C mutation in the AFG3 like matrix AAA peptidase subunit 2 gene.
Biomed. Rep. 7, 451–454. doi: 10.3892/br.2017.987

Crowson, M. G., Hertzano, R., and Tucci, D. L. (2017). Emerging therapies for
sensorineural hearing loss. Otol. Neurotol. 38, 792–803. doi: 10.1097/MAO.
0000000000001427

Cunha-Vaz, J., Bernardes, R., and Lobo, C. (2011). Blood-retinal barrier. Eur. J.
Ophthalmol. 21, S3–S9. doi: 10.5301/Ejo.2010.6049

Dai, C. K., Lehar, M., Sun, D. Q., Swarthout, L., Carey, J. P., MacLachlan, T., et al.
(2017). Rhesus cochlear and vestibular functions are preserved after inner ear
injection of saline volume sufficient for gene therapy delivery. Jaro J. Assoc. Res.
Otolaryngol. 18, 601–617. doi: 10.1007/s10162-017-0628-6

Dalkara, D., Byrne, L. C., Klimczak, R. R., Visel, M., Yin, L., Merigan, W. H.,
et al. (2013). In vivo-directed evolution of a new adeno-associated virus for
therapeutic outer retinal gene delivery from the vitreous. Sci. Transl. Med.
5:189ra76. doi: 10.1126/scitranslmed.3005708

Dalkara, D., Kolstad, K. D., Caporale, N., Visel, M., Klimczak, R. R., Schaffer,
D. V., et al. (2009). Inner limiting membrane barriers to AAV-mediated retinal
transduction from the vitreous. Mol. Ther. 17, 2096–2102. doi: 10.1038/mt.
2009.181

Delmaghani, S., and El-Amraoui, A. (2020). Inner ear gene therapies take off:
current promises and future challenges. J. Clin. Med. 9:2309. doi: 10.3390/
jcm9072309

DeMason, C., Choudhury, B., Ahmad, F., Fitzpatrick, D. C., Wang, J., Buchman,
C. A., et al. (2012). Electrophysiological properties of cochlear implantation
in the gerbil using a flexible array. Ear Hear. 33, 534–542. doi: 10.1097/AUD.
0b013e3182498c28

Devoldere, J., Wels, M., Peynshaert, K., Dewitte, H., De Smedt, S. C., and Remaut,
K. (2019). The obstacle course to the inner retina: hyaluronic acid-coated
lipoplexes cross the vitreous but fail to overcome the inner limiting membrane.
Eur. J. Pharm. Biopharm. 141, 161–171. doi: 10.1016/j.ejpb.2019.05.023

Di Bella, D., Lazzaro, F., Brusco, A., Plumari, M., Battaglia, G., Pastore, A., et al.
(2010). Mutations in the mitochondrial protease gene AFG3L2 cause dominant
hereditary ataxia SCA28. Nat. Genet. 42, 313–321. doi: 10.1038/ng.544

Dias, M. S., Araujo, V. G., Vasconcelos, T., Li, Q., Hauswirth, W. W., Linden,
R., et al. (2019). Retina transduction by rAAV2 after intravitreal injection:
comparison between mouse and rat. Gene Ther. 26, 479–490. doi: 10.1038/
s41434-019-0100-9

Ding, K., Shen, J., Hafiz, Z., Hackett, S. F., Silva, R. L. E., Khan, M., et al.
(2019). AAV8-vectored suprachoroidal gene transfer produces widespread
ocular transgene expression. J. Clin. Invest. 129, 4901–4911. doi: 10.1172/
JCI129085

Dror, A. A., and Avraham, K. B. (2010). Hearing impairment: a panoply of genes
and functions. Neuron 68, 293–308. doi: 10.1016/j.neuron.2010.10.011

Dudus, L., Anand, V., Acland, G. M., Chen, S. J., Wilson, J. M., Fisher, K. J.,
et al. (1999). Persistent transgene product in retina, optic nerve and brain after
intraocular injection of rAAV. Vis. Res. 39, 2545–2553. doi: 10.1016/s0042-
6989(98)00308-3

Dulon, D., Papal, S., Patni, P., Cortese, M., Vincent, P. F., Tertrais, M., et al.
(2018). Clarin-1 gene transfer rescues auditory synaptopathy in model of Usher
syndrome. J. Clin. Invest. 128, 3382–3401. doi: 10.1172/JCI94351

Duman, D., and Tekin, M. (2012). Autosomal recessive nonsyndromic
deafness genes: a review. Front. Biosci. Landmark 17:2213–2236.
doi: 10.2741/4046

Ekdale, E. G. (2013). Comparative anatomy of the bony labyrinth (Inner Ear) of
placental mammals. PLoS One 8:e66624. doi: 10.1371/journal.pone.0066624

El-Amraoui, A., and Petit, C. (2014). The retinal phenotype of Usher syndrome:
pathophysiological insights from animal models. C. R. Biol. 337, 167–177. doi:
10.1016/j.crvi.2013.12.004

Emptoz, A., Michel, V., Lelli, A., Akil, O., de Monvel, J. B., Lahlou, G., et al.
(2017). Local gene therapy durably restores vestibular function in a mouse
model of Usher syndrome type 1G. Proc. Natl. Acad. Sci. U.S.A. 114, 9695–9700.
doi: 10.1073/pnas.1708894114

Farjo, R., Skaggs, J., Quiambao, A. B., Cooper, M. J., and Naash, M. I. (2006).
Efficient non-viral ocular gene transfer with compacted DNA nanoparticles.
PLoS One 1:e38. doi: 10.1371/journal.pone.0000038

Ferrari, S., Di Iorio, E., Barbaro, V., Ponzin, D., Sorrentino, F. S., and Parmeggiani,
F. (2011). Retinitis pigmentosa: genes and disease mechanisms. Curr. Genomics
12, 238–249. doi: 10.2174/138920211795860107

Fink, T. L., Klepcyk, P. J., Oette, S. M., Gedeon, C. R., Hyatt, S. L., Kowalczyk, T. H.,
et al. (2006). Plasmid size up to 20 kbp does not limit effective in vivo lung
gene transfer using compacted DNA nanoparticles. Gene Ther. 13, 1048–1051.
doi: 10.1038/sj.gt.3302761

Fischer, M. D., Michalakis, S., Wilhelm, B., Zobor, D., Muehlfriedel, R., Kohl, S.,
et al. (2020). Safety and vision outcomes of subretinal gene therapy targeting
cone photoreceptors in achromatopsia: a nonrandomized controlled trial. Jama
Ophthalmol. 138, 643–651. doi: 10.1001/jamaophthalmol.2020.1032

Frederick, A., Sullivan, J., Liu, L., Adamowicz, M., Lukason, M., Raymer, J., et al.
(2020). Engineered capsids for efficient gene delivery to the retina and cornea.
Hum. Gene Ther. 31, 756–774. doi: 10.1089/hum.2020.070

Fujiyoshi, T., Hood, L., and Yoo, T. J. (1994). Restoration of brain stem auditory-
evoked potentials by gene transfer in shiverer mice. Ann. Otolrhinollaryngol.
103, 449–456. doi: 10.1177/000348949410300606

Fukui, T., Yamamoto, S., Nakano, K., Tsujikawa, M., Morimura, H., Nishida, K.,
et al. (2002). ABCA4 gene mutations in Japanese patients with Stargardt disease
and retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 43, 2819–2824.

Furutani, E., Newburger, P. E., and Shimamura, A. (2019). Neutropenia in the
age of genetic testing: advances and challenges. Am. J. Hematol. 94, 384–393.
doi: 10.1002/ajh.25374

Furutani, E., and Shimamura, A. (2017). Germline genetic predisposition to
hematologic malignancy. J. Clin. Oncol. 35, 1018–1028. doi: 10.1200/Jco.2016.
70.8644

Gao, X., Tao, Y., Lamas, V., Huang, M., Yeh, W. H., Pan, B., et al. (2018). Treatment
of autosomal dominant hearing loss by in vivo delivery of genome editing
agents. Nature 553, 217–221. doi: 10.1038/nature25164

Gardiner, K. L., Cideciyan, A. V., Swider, M., Dufour, V. L., Sumaroka, A.,
Komaromy, A. M., et al. (2020). Long-term structural outcomes of late-stage
RPE65 gene therapy. Mol. Ther. 28, 266–278. doi: 10.1016/j.ymthe.2019.08.013

Genc, A. M., Makia, M. S., Sinha, T., Conley, S. M., Al-Ubaidi, M. R., and Naash,
M. I. (2020). Elimination of a retinal riboflavin binding protein exacerbates
degeneration in a model of cone-rod dystrophy. Invest. Ophthalmol. Vis. Sci.
61:17. doi: 10.1167/iovs.61.6.17

Georgiadis, A., Duran, Y., Ribeiro, J., Abelleira-Hervas, L., Robbie, S. J., Sunkel-
Laing, B., et al. (2016). Development of an optimized AAV2/5 gene therapy
vector for Leber congenital amaurosis owing to defects in RPE65. Gene Ther.
23, 857–862. doi: 10.1038/gt.2016.66

Ghosh, A., Yue, Y. P., and Duan, D. S. (2011). Efficient transgene reconstitution
with hybrid dual AAV vectors carrying the minimized bridging sequences.
Hum. Gene Ther. 22, 77–83. doi: 10.1089/hum.2010.122

Giannelli, S. G., Luoni, M., Castoldi, V., Massimino, L., Cabassi, T., Angeloni,
D., et al. (2018). Cas9/sgRNA selective targeting of the P23H Rhodopsin
mutant allele for treating retinitis pigmentosa by intravitreal AAV9.PHP.B-
based delivery. Hum. Mol. Genet. 27, 761–779. doi: 10.1093/hmg/ddx438

Goswami, R., Subramanian, G., Silayeva, L., Newkirk, I., Doctor, D., Chawla, K.,
et al. (2019). Gene therapy leaves a vicious cycle. Front. Oncol. 9:297. doi:
10.3389/fonc.2019.00297

Greenwald, S. H., Brown, E. E., Scandura, M. J., Hennessey, E., Farmer, R., Pawlyk,
B. S., et al. (2020). Gene therapy preserves retinal structure and function in a
mouse model of NMNAT1-associated retinal degeneration. Mol. Ther. Methods
Clin. Dev. 18, 582–594. doi: 10.1016/j.omtm.2020.07.003

Gyorgy, B., Meijer, E. J., Ivanchenko, M. V., Tenneson, K., Emond, F., Hanlon,
K. S., et al. (2019). Gene transfer with AAV9-PHP.B rescues hearing in a mouse
model of usher syndrome 3A and transduces hair cells in a non-human primate.
Mol. Ther. Methods Clin. Dev. 13, 1–13. doi: 10.1016/j.omtm.2018.11.003

Haddad, S., Chen, C. A., Santangelo, S. L., and Seddon, J. M. (2006). The
genetics of age-related macular degeneration: a review of progress to date. Surv.
Ophthalmol. 51, 316–363. doi: 10.1016/j.survophthal.2006.05.001

Frontiers in Neuroscience | www.frontiersin.org 14 March 2021 | Volume 15 | Article 652215

https://doi.org/10.1073/pnas.1218933110
https://doi.org/10.1073/pnas.1805055115
https://doi.org/10.1097/IJG.0000000000000107
https://doi.org/10.3892/br.2017.987
https://doi.org/10.1097/MAO.0000000000001427
https://doi.org/10.1097/MAO.0000000000001427
https://doi.org/10.5301/Ejo.2010.6049
https://doi.org/10.1007/s10162-017-0628-6
https://doi.org/10.1126/scitranslmed.3005708
https://doi.org/10.1038/mt.2009.181
https://doi.org/10.1038/mt.2009.181
https://doi.org/10.3390/jcm9072309
https://doi.org/10.3390/jcm9072309
https://doi.org/10.1097/AUD.0b013e3182498c28
https://doi.org/10.1097/AUD.0b013e3182498c28
https://doi.org/10.1016/j.ejpb.2019.05.023
https://doi.org/10.1038/ng.544
https://doi.org/10.1038/s41434-019-0100-9
https://doi.org/10.1038/s41434-019-0100-9
https://doi.org/10.1172/JCI129085
https://doi.org/10.1172/JCI129085
https://doi.org/10.1016/j.neuron.2010.10.011
https://doi.org/10.1016/s0042-6989(98)00308-3
https://doi.org/10.1016/s0042-6989(98)00308-3
https://doi.org/10.1172/JCI94351
https://doi.org/10.2741/4046
https://doi.org/10.1371/journal.pone.0066624
https://doi.org/10.1016/j.crvi.2013.12.004
https://doi.org/10.1016/j.crvi.2013.12.004
https://doi.org/10.1073/pnas.1708894114
https://doi.org/10.1371/journal.pone.0000038
https://doi.org/10.2174/138920211795860107
https://doi.org/10.1038/sj.gt.3302761
https://doi.org/10.1001/jamaophthalmol.2020.1032
https://doi.org/10.1089/hum.2020.070
https://doi.org/10.1177/000348949410300606
https://doi.org/10.1002/ajh.25374
https://doi.org/10.1200/Jco.2016.70.8644
https://doi.org/10.1200/Jco.2016.70.8644
https://doi.org/10.1038/nature25164
https://doi.org/10.1016/j.ymthe.2019.08.013
https://doi.org/10.1167/iovs.61.6.17
https://doi.org/10.1038/gt.2016.66
https://doi.org/10.1089/hum.2010.122
https://doi.org/10.1093/hmg/ddx438
https://doi.org/10.3389/fonc.2019.00297
https://doi.org/10.3389/fonc.2019.00297
https://doi.org/10.1016/j.omtm.2020.07.003
https://doi.org/10.1016/j.omtm.2018.11.003
https://doi.org/10.1016/j.survophthal.2006.05.001
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-652215 March 11, 2021 Time: 17:3 # 15

Crane et al. Retinal and Cochlear Gene Therapy

Han, Z., Banworth, M. J., Makkia, R., Conley, S. M., Al-Ubaidi, M. R., Cooper, M. J.,
et al. (2015). Genomic DNA nanoparticles rescue rhodopsin-associated retinitis
pigmentosa phenotype. FASEB J. 29, 2535–2544. doi: 10.1096/fj.15-270363

Han, Z., Conley, S. M., Makkia, R., Guo, J., Cooper, M. J., and
Naash, M. I. (2012). Comparative analysis of DNA nanoparticles
and AAVs for ocular gene delivery. PLoS One 7:e52189.
doi: 10.1371/journal.pone.0052189

Han, Z., Conley, S. M., and Naash, M. I. (2014). Gene therapy for Stargardt disease
associated with ABCA4 gene. Adv. Exp. Med. Biol. 801, 719–724. doi: 10.1007/
978-1-4614-3209-8_90

Hanany, M., Rivolta, C., and Sharon, D. (2020). Worldwide carrier frequency and
genetic prevalence of autosomal recessive inherited retinal diseases. Proc. Natl.
Acad. Sci. U.S.A. 117, 2710–2716. doi: 10.1073/pnas.1913179117

Hardee, C. L., Arevalo-Soliz, L. M., Hornstein, B. D., and Zechiedrich, L. (2017).
Advances in non-viral DNA vectors for gene therapy. Genes 8:65. doi: 10.3390/
genes8020065

Hauswirth, W. W., Aleman, T. S., Kaushal, S., Cideciyan, A. V., Schwartz, S. B.,
Wang, L. L., et al. (2008). Treatment of Leber congenital amaurosis due to
RPE65 mutations by ocular subretinal injection of adeno-associated virus gene
vector: short-term results of a Phase I Trial. Hum. Gene Ther. 19, 979–990.
doi: 10.1089/hum.2008.107

Heavner, W., and Pevny, L. (2012). Eye development and retinogenesis.Cold Spring
Harb. Perspect. Biol. 4:a008391. doi: 10.1101/cshperspect.a008391

Heffner, H. E., and Heffner, R. S. (2007). Hearing ranges of laboratory animals.
J. Am. Assoc. Lab. Anim. Sci. 46, 20–22.

Heimer, G., Gregited byory, A., Hogarth, P., Hayflick, S., Ben Zeev, B., Stephens,
K., et al. (1993). “MECR-Related Neurologic Disorder,” in GeneReviews((R)),
eds M. P. Adam, H. H. Ardinger, R. A. Pagon, S. E. Wallace, and L. J. H. Bean
(Seattle, WA: University of Washington).

Holmgaard, A., Alsing, S., Askou, A. L., and Corydon, T. J. (2019).
CRISPR gene therapy of the eye: targeted knockout of vegfa in
mouse retina by lentiviral delivery. Methods Mol. Biol. 1961, 307–328.
doi: 10.1007/978-1-4939-9170-9_19

Hu, C. J., Lu, Y. C., Tsai, Y. H., Cheng, H. Y., Takeda, H., Huang, C. Y., et al.
(2020). Efficient in utero gene transfer to the mammalian inner ears by the
synthetic adeno-associated viral vector Anc80L65. Mol. Ther. Methods Clin.
Dev. 18, 493–500. doi: 10.1016/j.omtm.2020.06.019

Hu, S., Du, J., Chen, N., Jia, R., Zhang, J., Liu, X., et al. (2020). In Vivo
CRISPR/Cas9-mediated genome editing mitigates photoreceptor degeneration
in a mouse model of X-Linked retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci.
61:31. doi: 10.1167/iovs.61.4.31

Iizuka, T., Kamiya, K., Gotoh, S., Sugitani, Y., Suzuki, M., Noda, T., et al. (2015).
Perinatal Gjb2 gene transfer rescues hearing in a mouse model of hereditary
deafness. Hum. Mol. Genet. 24, 3651–3661. doi: 10.1093/hmg/ddv109

Ivanchenko, M. V., Hanlon, K. S., Devine, M. K., Tenneson, K., Emond, F., Lafond,
J. F., et al. (2020). Preclinical testing of AAV9-PHP.B for transgene expression in
the non-human primate cochlea. Hear. Res. 394:107930. doi: 10.1016/j.heares.
2020.107930

Jacobson, S. G., Cideciyan, A. V., Roman, A. J., Sumaroka, A., Schwartz, S. B.,
Heon, E., et al. (2015). Improvement and decline in vision with gene therapy
in childhood blindness. N. Engl. J. Med. 372, 1920–1926. doi: 10.1056/
NEJMoa1412965

Jiang, L., Li, T. Z., Boye, S. E., Hauswirth, W. W., Frederick, J. M., and
Baehr, W. (2013). RNAi-mediated gene suppression in a GCAP1(L151F) cone-
rod dystrophy mouse model. PLoS One 8:e57676. doi: 10.1371/journal.pone.
0057676

Kalesnykas, G., Kokki, E., Alasaarela, L., Lesch, H. P., Tuulos, T., Kinnunen, K.,
et al. (2017). Comparative study of adeno-associated virus, adenovirus, bacu
lovirus and lentivirus vectors for gene therapy of the eyes. Curr. Gene Ther. 17,
235–247. doi: 10.2174/1566523217666171003170348

Kang, W., Zhao, X., Sun, Z., Dong, T., Jin, C., Tong, L., et al. (2020). Adeno-
associated virus vector enables safe and efficient Cas9 activation in neonatal
and adult Cas9 knockin murine cochleae. Gene Ther. 27, 392–405. doi: 10.1038/
s41434-020-0124-1

Kansara, V., Muya, L., Wan, C. R., and Ciulla, T. A. (2020). Suprachoroidal delivery
of viral and nonviral gene therapy for retinal diseases. J. Ocul. Pharmacol. Ther.
36, 384–392. doi: 10.1089/jop.2019.0126

Kawamoto, K., Ishimoto, S., Minoda, R., Brough, D. E., and Raphael, Y. (2003a).
Math1 gene transfer generates new cochlear hair cells in mature guinea pigs
in vivo. J. Neurosci. 23, 4395–4400.

Kawamoto, K., Sha, S. H., Minoda, R., Izumikawa, M., Kuriyama, H., Schacht, J.,
et al. (2004). Antioxidant gene therapy can protect hearing and hair cells from
ototoxicity. Mol. Ther. 9, 173–181. doi: 10.1016/j.ymthe.2003.11.020

Kawamoto, K., Yagi, M., Stover, T., Kanzaki, S., and Raphael, Y. (2003b). Hearing
and hair cells are protected by adenoviral gene therapy with TGF-beta1 and
GDNF. Mol. Ther. 7, 484–492. doi: 10.1016/s1525-0016(03)00058-3

Kelley, R. A., Conley, S. M., Makkia, R., Watson, J. N., Han, Z., Cooper, M. J., et al.
(2018). DNA nanoparticles are safe and nontoxic in non-human primate eyes.
Int. J. Nanomed. 13, 1361–1379. doi: 10.2147/IJN.S157000

Khabou, H., Desrosiers, M., Winckler, C., Fouquet, S., Auregan, G., Bemelmans,
A. P., et al. (2016). Insight into the mechanisms of enhanced retinal
transduction by the engineered AAV2 capsid variant -7m8. Biotechnol. Bioeng.
113, 2712–2724. doi: 10.1002/bit.26031

Kim, M. A., Cho, H. J., Bae, S. H., Lee, B., Oh, S. K., Kwon, T. J., et al. (2016).
Methionine sulfoxide reductase B3-targeted in utero gene therapy rescues
hearing function in a mouse model of congenital sensorineural hearing loss.
Antioxid. Redox Signal. 24, 590–602. doi: 10.1089/ars.2015.6442

Kim, Y. C., Edelhauser, H. F., and Prausnitz, M. R. (2014). Targeted delivery
of antiglaucoma drugs to the supraciliary space using microneedles. Invest.
Ophthalmol. Vis. Sci. 55, 7387–7397. doi: 10.1167/iovs.14-14651

Kleine Holthaus, S. M., Aristorena, M., Maswood, R., Semenyuk, O., Hoke, J., Hare,
A., et al. (2020). Gene therapy targeting the inner retina rescues the retinal
phenotype in a mouse model of CLN3 batten disease. Hum. Gene Ther. 31,
709–718. doi: 10.1089/hum.2020.038

Klevering, B. J., Maugeri, A., Wagner, A., Go, S. L., Vink, C., Cremers, F. P. M.,
et al. (2004). Three families displaying the combination of Stargardt’s disease
with cone-rod dystrophy or retinitis pigmentosa. Ophthalmology 111, 546–553.
doi: 10.1016/j.ophtha.2003.06.010

Koirala, A., Conley, S. M., Makkia, R., Liu, Z., Cooper, M. J., Sparrow, J. R., et al.
(2013). Persistence of non-viral vector mediated RPE65 expression: case for
viability as a gene transfer therapy for RPE-based diseases. J. Control Release
172, 745–752. doi: 10.1016/j.jconrel.2013.08.299

Kraft, S., Hsu, C., Brough, D. E., and Staecker, H. (2013). Atoh1 induces auditory
hair cell recovery in mice after ototoxic injury. Laryngoscope 123, 992–999.
doi: 10.1002/lary.22171

Lafond, J. F., Tenneson, K., Emond, F., Foucault, C., Vogel, S., and Boubekeur, H.
(2020). Evaluation of a model of long-term middle ear catheterization for repeat
infusion administration and cochlear hair cell injury in guinea pigs. Toxicol.
Pathol. 48, 586–592. doi: 10.1177/0192623320916635

Lalwani, A. K., Han, J. J., Castelein, C. M., Carvalho, G. J., and Mhatre, A. N.
(2002a). In vitro and in vivo assessment of the ability of adeno-associated
virus-brain-derived neurotrophic factor to enhance spiral ganglion cell survival
following ototoxic insult. Laryngoscope 112(8 Pt 1), 1325–1334. doi: 10.1097/
00005537-200208000-00001

Lalwani, A. K., Jero, J., and Mhatre, A. N. (2002b). Current issues in cochlear gene
transfer. Audiol. Neuro Otol. 7, 146–151. doi: 10.1159/000058300

Lalwani, A. K., Walsh, B. J., Reilly, P. G., Muzyczka, N., and Mhatre, A. N.
(1996). Development of in vivo gene therapy for hearing disorders: introduction
of adeno-associated virus into the cochlea of the guinea pig. Gene Ther. 3,
588–592.

Lalwani, A., Walsh, B., Reilly, P., Carvalho, G., Zolotukhin, S., Muzyczka, N.,
et al. (1998). Long-term in vivo cochlear transgene expression mediated by
recombinant adeno-associated virus. Gene Ther. 5, 277–281. doi: 10.1038/sj.gt.
3300573

Lan, Y. Y., Tao, Y., Wang, Y. F., Ke, J. Z., Yang, Q. X., Liu, X. Y., et al. (2020). Recent
development of AAV-based gene therapies for inner ear disorders. Gene Ther.
27, 329–337. doi: 10.1038/s41434-020-0155-7

Landegger, L. D., Pan, B., Askew, C., Wassmer, S. J., Gluck, S. D., Galvin, A., et al.
(2017). A synthetic AAV vector enables safe and efficient gene transfer to the
mammalian inner ear. Nat. Biotechnol. 35, 280–284. doi: 10.1038/nbt.3781

Lem, J., Flannery, J. G., Li, T., Applebury, M. L., Farber, D. B., and Simon, M. I.
(1992). Retinal degeneration is rescued in transgenic rd mice by expression
of the cGMP phosphodiesterase beta subunit. Proc. Natl. Acad. Sci. U.S.A. 89,
4422–4426. doi: 10.1073/pnas.89.10.4422

Frontiers in Neuroscience | www.frontiersin.org 15 March 2021 | Volume 15 | Article 652215

https://doi.org/10.1096/fj.15-270363
https://doi.org/10.1371/journal.pone.0052189
https://doi.org/10.1007/978-1-4614-3209-8_90
https://doi.org/10.1007/978-1-4614-3209-8_90
https://doi.org/10.1073/pnas.1913179117
https://doi.org/10.3390/genes8020065
https://doi.org/10.3390/genes8020065
https://doi.org/10.1089/hum.2008.107
https://doi.org/10.1101/cshperspect.a008391
https://doi.org/10.1007/978-1-4939-9170-9_19
https://doi.org/10.1016/j.omtm.2020.06.019
https://doi.org/10.1167/iovs.61.4.31
https://doi.org/10.1093/hmg/ddv109
https://doi.org/10.1016/j.heares.2020.107930
https://doi.org/10.1016/j.heares.2020.107930
https://doi.org/10.1056/NEJMoa1412965
https://doi.org/10.1056/NEJMoa1412965
https://doi.org/10.1371/journal.pone.0057676
https://doi.org/10.1371/journal.pone.0057676
https://doi.org/10.2174/1566523217666171003170348
https://doi.org/10.1038/s41434-020-0124-1
https://doi.org/10.1038/s41434-020-0124-1
https://doi.org/10.1089/jop.2019.0126
https://doi.org/10.1016/j.ymthe.2003.11.020
https://doi.org/10.1016/s1525-0016(03)00058-3
https://doi.org/10.2147/IJN.S157000
https://doi.org/10.1002/bit.26031
https://doi.org/10.1089/ars.2015.6442
https://doi.org/10.1167/iovs.14-14651
https://doi.org/10.1089/hum.2020.038
https://doi.org/10.1016/j.ophtha.2003.06.010
https://doi.org/10.1016/j.jconrel.2013.08.299
https://doi.org/10.1002/lary.22171
https://doi.org/10.1177/0192623320916635
https://doi.org/10.1097/00005537-200208000-00001
https://doi.org/10.1097/00005537-200208000-00001
https://doi.org/10.1159/000058300
https://doi.org/10.1038/sj.gt.3300573
https://doi.org/10.1038/sj.gt.3300573
https://doi.org/10.1038/s41434-020-0155-7
https://doi.org/10.1038/nbt.3781
https://doi.org/10.1073/pnas.89.10.4422
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-652215 March 11, 2021 Time: 17:3 # 16

Crane et al. Retinal and Cochlear Gene Therapy

Lentz, J. J., Jodelka, F. M., Hinrich, A. J., McCaffrey, K. E., Farris, H. E., Spalitta,
M. J., et al. (2013). Rescue of hearing and vestibular function by antisense
oligonucleotides in a mouse model of human deafness. Nat. Med. 19, 345–350.
doi: 10.1038/nm.3106

Li, T., Adamian, M., Roof, D. J., Berson, E. L., Dryja, T. P., Roessler, B. J.,
et al. (1994). In vivo transfer of a reporter gene to the retina mediated by an
adenoviral vector. Invest. Ophthalmol. Vis. Sci. 35, 2543–2549.

Lin, Q., Lv, J. N., Wu, K. C., Zhang, C. J., Liu, Q., and Jin, Z. B. (2020). Generation of
nonhuman primate model of cone dysfunction through in situ AAV-Mediated
CNGB3 ablation. Mol. Ther. Methods Clin. Dev. 18, 869–879. doi: 10.1016/j.
omtm.2020.08.007

Lin, X., Tang, W. X., Ahmad, S., Lu, J. Q., Colby, C. C., Zhu, J., et al.
(2012). Applications of targeted gene capture and next-generation sequencing
technologies in studies of human deafness and other genetic disabilities. Hear.
Res. 288, 67–76. doi: 10.1016/j.heares.2012.01.004

Liu, Y., Okada, T., Shimazaki, K., Sheykholeslami, K., Nomoto, T., Muramatsu,
S. I., et al. (2008). Protection against aminoglycoside-induced ototoxicity by
regulated AAV vector-mediated GDNF gene transfer into the cochlea. Mol.
Ther. 16, 474–480. doi: 10.1038/sj.mt.6300379

Maddalena, A., Tornabene, P., Tiberi, P., Minopoli, R., Manfredi, A., Mutarelli, M.,
et al. (2018). Triple vectors expand AAV transfer capacity in the retina. Mol.
Ther. 26, 524–541. doi: 10.1016/j.ymthe.2017.11.019

Maeda, A., Mandai, M., and Takahashi, M. (2019). Gene and induced pluripotent
stem cell therapy for retinal diseases. Annu. Rev. Genomics Hum. Genet. 20,
201–216. doi: 10.1146/annurev-genom-083118-015043

Maguire, A. M., High, K. A., Auricchio, A., Wright, J. F., Pierce, E. A., Testa,
F., et al. (2009). Age-dependent effects of RPE65 gene therapy for Leber’s
congenital amaurosis: a phase 1 dose-escalation trial. Lancet 374, 1597–1605.
doi: 10.1016/S0140-6736(09)61836-5

Maguire, A. M., Russell, S., Wellman, J. A., Chung, D. C., Yu, Z. F., Tillman, A.,
et al. (2019). Efficacy, safety, and durability of voretigene neparvovec-rzyl in
RPE65 mutation-associated inherited retinal dystrophy: results of phase 1 and
3 trials. Ophthalmology 126, 1273–1285. doi: 10.1016/j.ophtha.2019.06.017

Maguire, A. M., Simonelli, F., Pierce, E. A., Pugh, E. N., Mingozzi, F., Bennicelli,
J., et al. (2008). Safety and efficacy of gene transfer for Leber’s congenital
amaurosis. N. Engl. J. Med. 358, 2240–2248. doi: 10.1056/NEJMoa0802315

Mancuso, K., Hauswirth, W. W., Li, Q., Connor, T. B., Kuchenbecker, J. A., Mauck,
M. C., et al. (2009). Gene therapy for red-green colour blindness in adult
primates. Nature 461, 784–787. doi: 10.1038/nature08401

Manoussaki, D., Dimitriadis, E. K., and Chadwick, R. S. (2006). Cochlea’s graded
curvature effect on low frequency waves. Phys. Rev. Lett. 96:088701. doi: 10.
1103/PhysRevLett.96.088701

Marazita, M. L., Ploughman, L. M., Rawlings, B., Remington, E., Arnos, K. S., and
Nance, W. E. (1993). Genetic epidemiological studies of early-onset deafness in
the U.S. school-age population. Am. J. Med. Genet. 46, 486–491. doi: 10.1002/
ajmg.1320460504

Mashal, M., Attia, N., Martinez-Navarrete, G., Soto-Sanchez, C., Fernandez, E.,
Grijalvo, S., et al. (2019). Gene delivery to the rat retina by non-viral vectors
based on chloroquine-containing cationic niosomes. J. Control Release 304,
181–190. doi: 10.1016/j.jconrel.2019.05.010

Mathur, P. D., and Yang, J. (2019). Usher syndrome and non-syndromic deafness:
functions of different whirlin isoforms in the cochlea, vestibular organs, and
retina. Hear. Res. 375, 14–24. doi: 10.1016/j.heares.2019.02.007

Mathur, P., and Yang, J. (2015). Usher syndrome: hearing loss, retinal degeneration
and associated abnormalities. Biochim. Biophys. Acta 1852, 406–420. doi: 10.
1016/j.bbadis.2014.11.020

Matsumoto, B., Blanks, J. C., and Ryan, S. J. (1984). Topographic variations in the
rabbit and primate internal limiting membrane. Invest. Ophthalmol. Vis. Sci. 25,
71–82.

McClements, M. E., Barnard, A. R., Charbel Issa, P., and MacLaren, R. E. (2020).
Assessment of AAV dual vector safety in theAbca4 (-/-) mouse model of
stargardt disease. Transl. Vis. Sci. Technol. 9:20. doi: 10.1167/tvst.9.7.20

McCullough, K. T., Boye, S. L., Fajardo, D., Calabro, K., Peterson, J. J., Strang,
C. E., et al. (2019). Somatic gene editing of GUCY2D by AAV-CRISPR/Cas9
alters retinal structure and function in mouse and macaque. Hum. Gene Ther.
30, 571–589. doi: 10.1089/hum.2018.193

Men, C. J., Bujakowska, K. M., Comander, J., Place, E., Bedoukian, E. C., Zhu, X. S.,
et al. (2017). The importance of genetic testing as demonstrated by two cases

of CACNA1F-associated retinal generation misdiagnosed as LCA. Mol. Vis. 23,
695–706.

Michel, V., Booth, K. T., Patni, P., Cortese, M., Azaiez, H., Bahloul, A., et al.
(2017). CIB2, defective in isolated deafness, is key for auditory hair cell
mechanotransduction and survival. Embo Mol. Med. 9, 1711–1731. doi: 10.
15252/emmm.201708087

Mikulec, A. A., Plontke, S. K., Hartsock, J. J., and Salt, A. N. (2009). Entry
of substances into perilymph through the bone of the otic capsule after
intratympanic applications in guinea pigs: implications for local drug delivery
in humans. Otol. Neurotol. 30, 131–138. doi: 10.1097/mao.0b013e318191bff8

Millan, J. M., Aller, E., Jaijo, T., Blanco-Kelly, F., Gimenez-Pardo, A., and Ayuso,
C. (2011). An update on the genetics of usher syndrome. J. Ophthalmol.
2011:417217. doi: 10.1155/2011/417217

Mistry, N., Nolan, L. S., Saeed, S. R., Forge, A., and Taylor, R. R. (2014). Cochlear
implantation in the mouse via the round window: effects of array insertion.
Hear. Res. 312, 81–90. doi: 10.1016/j.heares.2014.03.005

Miwa, T., Minoda, R., Ise, M., Yamada, T., and Yumoto, E. (2013).
Mouse otocyst transuterine gene transfer restores hearing in mice with
connexin 30 deletion-associated hearing loss. Mol. Ther. 21, 1142–1150.
doi: 10.1038/mt.2013.62

Mondain, M., Restituito, S., Vincenti, V., Gardiner, Q., Uziel, A., Delabre, A., et al.
(1998). Adenovirus-mediated in vivo gene transfer in guinea pig middle ear
mucosa. Hum. Gene Ther. 9, 1217–1221. doi: 10.1089/hum.1998.9.8-1217

Mookherjee, S., Hiriyanna, S., Kaneshiro, K., Li, L., Li, Y., Li, W., et al. (2015).
Long-term rescue of cone photoreceptor degeneration in retinitis pigmentosa
2 (RP2)-knockout mice by gene replacement therapy. Hum. Mol. Genet. 24,
6446–6458. doi: 10.1093/hmg/ddv354

Morimura, H., Fishman, G. A., Grover, S. A., Fulton, A. B., Berson, E. L., and Dryja,
T. P. (1998). Mutations in the RPE65 gene in patients with autosomal recessive
retinitis pigmentosa or leber congenital amaurosis. Proc. Natl. Acad. Sci. U.S.A.
95, 3088–3093. doi: 10.1073/pnas.95.6.3088

Mowat, F. M., Gornik, K. R., Dinculescu, A., Boye, S. L., Hauswirth, W. W.,
Petersen-Jones, S. M., et al. (2014). Tyrosine capsid-mutant AAV vectors for
gene delivery to the canine retina from a subretinal or intravitreal approach.
Gene Ther. 21, 96–105. doi: 10.1038/gt.2013.64

Muller, U., and Barr-Gillespie, P. G. (2015). New treatment options for hearing loss.
Nat. Rev. Drug Discov. 14, 346–U84. doi: 10.1038/nrd4533

Nakamura, M., Gao, Y., Dominguez, A. A., and Qi, L. S. (2021). CRISPR
technologies for precise epigenome editing. Nat. Cell Biol. 23, 11–22. doi: 10.
1038/s41556-020-00620-7

Nishiguchi, K. M., Fujita, K., Miya, F., Katayama, S., and Nakazawa, T. (2020).
Single AAV-mediated mutation replacement genome editing in limited number
of photoreceptors restores vision in mice. Nat. Commun. 11:482. doi: 10.1038/
s41467-019-14181-3

Nist-Lund, C. A., Pan, B., Patterson, A., Asai, Y., Chen, T., Zhou, W., et al. (2019).
Improved TMC1 gene therapy restores hearing and balance in mice with genetic
inner ear disorders. Nat. Commun. 10:236. doi: 10.1038/s41467-018-08264-w

Niu, Y., Shen, B., Cui, Y., Chen, Y., Wang, J., Wang, L., et al. (2014). Generation of
gene-modified cynomolgus monkey via Cas9/RNA-mediated gene targeting in
one-cell embryos. Cell 156, 836–843. doi: 10.1016/j.cell.2014.01.027

Pan, B., Askew, C., Galvin, A., Heman-Ackah, S., Asai, Y., Indzhykulian, A. A.,
et al. (2017). Gene therapy restores auditory and vestibular function in a mouse
model of Usher syndrome type 1c. Nat. Biotechnol. 35, 264–272. doi: 10.1038/
nbt.3801

Patel, S. R., Lin, A. S. P., Edelhauser, H. F., and Prausnitz, M. R. (2011).
Suprachoroidal drug delivery to the back of the eye using hollow microneedles.
Pharmaceut. Res. 28, 166–176. doi: 10.1007/s11095-010-0271-y

Patil, S., Gao, Y. G., Lin, X., Li, Y., Dang, K., Tian, Y., et al. (2019). The development
of functional non-viral vectors for gene delivery. Int. J. Mol. Sci. 20:5491. doi:
10.3390/ijms20215491

Patrizi, C., Llado, M., Benati, D., Iodice, C., Marrocco, E., Guarascio, R., et al.
(2021). Allele-specific editing ameliorates dominant retinitis pigmentosa in a
transgenic mouse model. Am. J. Hum. Genet. 108, 295–308. doi: 10.1016/j.ajhg.
2021.01.006

Petrs-Silva, H., Dinculescu, A., Li, Q., Min, S. H., Chiodo, V., Pang, J. J.,
et al. (2009). High-efficiency transduction of the mouse retina by tyrosine-
mutant AAV serotype vectors. Mol. Ther. 17, 463–471. doi: 10.1038/mt.2008.
269

Frontiers in Neuroscience | www.frontiersin.org 16 March 2021 | Volume 15 | Article 652215

https://doi.org/10.1038/nm.3106
https://doi.org/10.1016/j.omtm.2020.08.007
https://doi.org/10.1016/j.omtm.2020.08.007
https://doi.org/10.1016/j.heares.2012.01.004
https://doi.org/10.1038/sj.mt.6300379
https://doi.org/10.1016/j.ymthe.2017.11.019
https://doi.org/10.1146/annurev-genom-083118-015043
https://doi.org/10.1016/S0140-6736(09)61836-5
https://doi.org/10.1016/j.ophtha.2019.06.017
https://doi.org/10.1056/NEJMoa0802315
https://doi.org/10.1038/nature08401
https://doi.org/10.1103/PhysRevLett.96.088701
https://doi.org/10.1103/PhysRevLett.96.088701
https://doi.org/10.1002/ajmg.1320460504
https://doi.org/10.1002/ajmg.1320460504
https://doi.org/10.1016/j.jconrel.2019.05.010
https://doi.org/10.1016/j.heares.2019.02.007
https://doi.org/10.1016/j.bbadis.2014.11.020
https://doi.org/10.1016/j.bbadis.2014.11.020
https://doi.org/10.1167/tvst.9.7.20
https://doi.org/10.1089/hum.2018.193
https://doi.org/10.15252/emmm.201708087
https://doi.org/10.15252/emmm.201708087
https://doi.org/10.1097/mao.0b013e318191bff8
https://doi.org/10.1155/2011/417217
https://doi.org/10.1016/j.heares.2014.03.005
https://doi.org/10.1038/mt.2013.62
https://doi.org/10.1089/hum.1998.9.8-1217
https://doi.org/10.1093/hmg/ddv354
https://doi.org/10.1073/pnas.95.6.3088
https://doi.org/10.1038/gt.2013.64
https://doi.org/10.1038/nrd4533
https://doi.org/10.1038/s41556-020-00620-7
https://doi.org/10.1038/s41556-020-00620-7
https://doi.org/10.1038/s41467-019-14181-3
https://doi.org/10.1038/s41467-019-14181-3
https://doi.org/10.1038/s41467-018-08264-w
https://doi.org/10.1016/j.cell.2014.01.027
https://doi.org/10.1038/nbt.3801
https://doi.org/10.1038/nbt.3801
https://doi.org/10.1007/s11095-010-0271-y
https://doi.org/10.3390/ijms20215491
https://doi.org/10.3390/ijms20215491
https://doi.org/10.1016/j.ajhg.2021.01.006
https://doi.org/10.1016/j.ajhg.2021.01.006
https://doi.org/10.1038/mt.2008.269
https://doi.org/10.1038/mt.2008.269
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-652215 March 11, 2021 Time: 17:3 # 17

Crane et al. Retinal and Cochlear Gene Therapy

Petrs-Silva, H., Yasumura, D., Matthes, M. T., LaVail, M. M., Lewin, A. S., and
Hauswirth, W. W. (2012). Suppression of rds expression by siRNA and gene
replacement strategies for gene therapy using rAAV vector. Adv. Exp. Med. Biol.
723, 215–223. doi: 10.1007/978-1-4614-0631-0_29

Picaud, S., Dalkara, D., Marazova, K., Goureau, O., Roska, B., and Sahel, J. A.
(2019). The primate model for understanding and restoring vision. Proc. Natl.
Acad. Sci. U.S.A. 116, 26280–26287. doi: 10.1073/pnas.1902292116

Pinyon, J. L., von Jonquieres, G., Crawford, E. N., Duxbury, M., Al Abed, A.,
Lovell, N. H., et al. (2019). Neurotrophin gene augmentation by electrotransfer
to improve cochlear implant hearing outcomes. Hear. Res. 380, 137–149. doi:
10.1016/j.heares.2019.06.002

Ponnath, A., Depreux, F. F., Jodelka, F. M., Rigo, F., Farris, H. E., Hastings, M. L.,
et al. (2018). Rescue of outer hair cells with antisense oligonucleotides in usher
mice is dependent on age of treatment. J. Assoc. Res. Otolaryngol. 19, 1–16.
doi: 10.1007/s10162-017-0640-x

Puk, O., Dalke, C., Favor, J., de Angelis, M. H., and Graw, J. (2006). Variations of eye
size parameters among different strains of mice. Mamm. Genome 17, 851–857.
doi: 10.1007/s00335-006-0019-5

Ramachandran, P. S., Lee, V., Wei, Z., Song, J. Y., Casal, G., Cronin, T., et al. (2017).
Evaluation of dose and safety of AAV7m8 and AAV8BP2 in the non-human
primate retina. Hum. Gene Ther. 28, 154–167. doi: 10.1089/hum.2016.111

Rattner, A., Sun, H., and Nathans, J. (1999). Molecular genetics of human retinal
disease. Annu. Rev. Genet. 33, 89–131. doi: 10.1146/annurev.genet.33.1.89

Razek, A. A., and Huang, B. Y. (2012). Lesions of the petrous apex: classification
and findings at CT and MR imaging. Radiographics 32, 151–173. doi: 10.1148/
rg.321105758

Ren, L. L., Wu, Y., Han, D., Zhao, L. D., Sun, Q. M., Guo, W. W., et al. (2010).
Math1 gene transfer based on the delivery system of quaternized chitosan/Na-
carboxymethyl-beta-cyclodextrin nanoparticles. J. Nanosci. Nanotechnol. 10,
7262–7265. doi: 10.1166/jnn.2010.2822

Ren, Y., Landegger, L. D., and Stankovic, K. M. (2019). Gene therapy for human
sensorineural hearing loss. Front. Cell. Neurosci. 13:323. doi: 10.3389/fncel.
2019.00323

Roche, J. P., and Hansen, M. R. (2015). On the horizon cochlear implant
technology. Otolaryngol. Clin. N. Am. 48, 1097–1116. doi: 10.1016/j.otc.2015.
07.009

Ross, M., Obolensky, A., Averbukh, E., Ezra-Elia, R., Yamin, E., Honig, H., et al.
(2020). Evaluation of photoreceptor transduction efficacy of capsid-modified
adeno-associated viral vectors following intravitreal and subretinal delivery in
sheep. Hum. Gene Ther. 31, 719–729. doi: 10.1089/hum.2020.023

Ruan, G. X., Barry, E., Yu, D., Lukason, M., Cheng, S. H., and Scaria,
A. (2017). CRISPR/Cas9-mediated genome editing as a therapeutic
approach for Leber congenital amaurosis 10. Mol. Ther. 25, 331–341.
doi: 10.1016/j.ymthe.2016.12.006

Rubel, E. W., and Fritzsch, B. (2002). Auditory system development: primary
auditory neurons and their targets. Annu. Rev. Neurosci. 25, 51–101. doi: 10.
1146/annurev.neuro.25.112701.142849

Russell, S., Bennett, J., Wellman, J. A., Chung, D. C., Yu, Z. F., Tillman, A.,
et al. (2017). Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2)
in patients with RPE65-mediated inherited retinal dystrophy: a randomised,
controlled, open-label, phase 3 trial. Lancet 390, 849–860. doi: 10.1016/S0140-
6736(17)31868-8

Sakami, S., Kolesnikov, A. V., Kefalov, V. J., and Palczewski, K. (2014). P23H opsin
knock-in mice reveal a novel step in retinal rod disc morphogenesis. Hum. Mol.
Genet. 23, 1723–1741. doi: 10.1093/hmg/ddt561

Sakamoto, K., McCluskey, M., Wensel, T. G., Naggert, J. K., and Nishina,
P. M. (2009). New mouse models for recessive retinitis pigmentosa caused by
mutations in the Pde6a gene. Hum. Mol. Genet. 18, 178–192. doi: 10.1093/hmg/
ddn327

Salt, A. N., and Hirose, K. (2018). Communication pathways to and from the
inner ear and their contributions to drug delivery. Hear. Res. 362, 25–37. doi:
10.1016/j.heares.2017.12.010

Schrauwen, I., Chakchouk, I., Acharya, A., Liaqat, K., Nickerson, D. A., Bamshad,
M. J., et al. (2018). Novel digenic inheritance of PCDH15 and USH1G underlies
profound non-syndromic hearing impairment. BMC Med. Genet. 19:122. doi:
10.1186/s12881-018-0618-5

Sharkia, R., Wierenga, K. J., Kessel, A., Azem, A., Bertini, E., Carrozzo, R., et al.
(2019). Clinical, radiological, and genetic characteristics of 16 patients with

ACO2 gene defects: delineation of an emerging neurometabolic syndrome.
J. Inherit. Metab. Dis. 42, 264–275. doi: 10.1002/jimd.12022

Shearer, A. E., Hildebrand, M. S., Sloan, C. M., and Smith, R. J. H. (2011). Deafness
in the genomics era. Hear. Res. 282, 1–9. doi: 10.1016/j.heares.2011.10.001

Shibata, S. B., Di Pasquale, G., Cortez, S. R., Chiorini, J. A., and Raphael, Y. (2009).
Gene transfer using bovine adeno-associated virus in the guinea pig cochlea.
Gene Ther. 16, 990–997. doi: 10.1038/gt.2009.57

Shou, J., Zheng, J. L., and Gao, W. Q. (2003). Robust generation of new hair cells in
the mature mammalian inner ear by adenoviral expression of Hath1. Mol. Cell.
Neurosci. 23, 169–179. doi: 10.1016/s1044-7431(03)00066-6

Simo-Servat, O., Hernandez, C., and Simo, R. (2013). Genetics in diabetic
retinopathy: current concepts and new insights. Curr. Genomics 14, 289–299.
doi: 10.2174/13892029113149990008

Singh, M., and Tyagi, S. C. (2018). Genes and genetics in eye diseases: a
genomic medicine approach for investigating hereditary and inflammatory
ocular disorders. Int. J. Ophthalmol. 11, 117–134. doi: 10.18240/ijo.2018.01.20

Smith, R. J. H., Bale, J. F., and White, K. R. (2005). Sensorineural hearing loss in
children. Lancet 365, 879–890. doi: 10.1016/S0140-6736(05)71047-3

Song, C., Dufour, V. L., Cideciyan, A. V., Ye, G. J., Swider, M., Newmark, J. A.,
et al. (2020). Dose range finding studies with two RPGR transgenes in a canine
model of X-Linked retinitis pigmentosa treated with subretinal gene therapy.
Hum. Gene Ther. 31, 743–755. doi: 10.1089/hum.2019.337

Song, H., Bush, R. A., Zeng, Y., Qian, H., Wu, Z., and Sieving, P. A. (2019).
Trans-ocular electric current in vivo enhances AAV-mediated retinal gene
transduction after intravitreal vector administration. Mol. Ther. Methods Clin.
Dev. 13, 77–85. doi: 10.1016/j.omtm.2018.12.006

Song, H., Zeng, Y., Sardar Pasha, S. P. B., Bush, R. A., Vijayasarathy, C., Qian,
H., et al. (2020). Trans-ocular electric current in vivo enhances AAV-mediated
retinal transduction in large animal eye after intravitreal vector administration.
Transl. Vis. Sci. Technol. 9:28. doi: 10.1167/tvst.9.7.28

Stamatiou, G. A., and Stankovic, K. M. (2013). A comprehensive network and
pathway analysis of human deafness genes. Otol. Neurotol. 34, 961–970. doi:
10.1097/MAO.0b013e3182898272

Sun, D., Sahu, B., Gao, S., Schur, R. M., Vaidya, A. M., Maeda, A., et al. (2017).
Targeted multifunctional lipid ECO plasmid DNA nanoparticles as efficient
non-viral gene therapy for Leber’s congenital amaurosis. Mol. Ther. Nucleic
Acids 7, 42–52. doi: 10.1016/j.omtn.2017.02.005

Sun, D., Schur, R. M., Sears, A. E., Gao, S. Q., Vaidya, A., Sun, W., et al. (2020).
Non-viral gene therapy for stargardt disease with ECO/pRHO-ABCA4 self-
assembled nanoparticles. Mol. Ther. 28, 293–303. doi: 10.1016/j.ymthe.2019.09.
010

Suzuki, J., Hashimoto, K., Xiao, R., Vandenberghe, L. H., and Liberman, M. C.
(2017). Cochlear gene therapy with ancestral AAV in adult mice: complete
transduction of inner hair cells without cochlear dysfunction. Sci. Rep. 7:45524.
doi: 10.1038/srep45524

Tam, L. C., Kiang, A. S., Kennan, A., Kenna, P. F., Chadderton, N., Ader, M., et al.
(2008). Therapeutic benefit derived from RNAi-mediated ablation of IMPDH1
transcripts in a murine model of autosomal dominant retinitis pigmentosa
(RP10). Hum. Mol. Genet. 17, 2084–2100. doi: 10.1093/hmg/ddn107

Tan, B. T., Foong, K. H., Lee, M. M., and Ruan, R. (2008). Polyethylenimine-
mediated cochlear gene transfer in guinea pigs. Arch. Otolaryngol. Head Neck
Surg. 134, 884–891. doi: 10.1001/archotol.134.8.884

Tang, Z. H., Chen, J. R., Zheng, J., Shi, H. S., Ding, J., Qian, X. D., et al.
(2016). Genetic correction of induced pluripotent stem cells from a deaf patient
with MYO7A mutation results in morphologic and functional recovery of the
derived hair cell-like cells. Stem Cells Transl. Med. 5, 561–571. doi: 10.5966/
sctm.2015-0252

Tao, Y., Huang, M. Q., Shu, Y. L., Ruprecht, A., Wang, H. Y., Tang, Y., et al.
(2018). Delivery of adeno-associated virus vectors in adult mammalian inner-
ear cell subtypes without auditory dysfunction. Hum. Gene Ther. 29, 492–506.
doi: 10.1089/hum.2017.120

Testa, F., Maguire, A. M., Rossi, S., Pierce, E. A., Melillo, P., Marshall, K.,
et al. (2013). Three-year follow-up after unilateral subretinal delivery of
adeno-associated virus in patients with Leber congenital amaurosis type 2.
Ophthalmology 120, 1283–1291. doi: 10.1016/j.ophtha.2012.11.048

Todorich, B., Yiu, G., and Hahn, P. (2014). Current and investigational
pharmacotherapeutic approaches for modulating retinal angiogenesis. Exp. Rev.
Clin. Pharmacol. 7, 375–391. doi: 10.1586/17512433.2014.890047

Frontiers in Neuroscience | www.frontiersin.org 17 March 2021 | Volume 15 | Article 652215

https://doi.org/10.1007/978-1-4614-0631-0_29
https://doi.org/10.1073/pnas.1902292116
https://doi.org/10.1016/j.heares.2019.06.002
https://doi.org/10.1016/j.heares.2019.06.002
https://doi.org/10.1007/s10162-017-0640-x
https://doi.org/10.1007/s00335-006-0019-5
https://doi.org/10.1089/hum.2016.111
https://doi.org/10.1146/annurev.genet.33.1.89
https://doi.org/10.1148/rg.321105758
https://doi.org/10.1148/rg.321105758
https://doi.org/10.1166/jnn.2010.2822
https://doi.org/10.3389/fncel.2019.00323
https://doi.org/10.3389/fncel.2019.00323
https://doi.org/10.1016/j.otc.2015.07.009
https://doi.org/10.1016/j.otc.2015.07.009
https://doi.org/10.1089/hum.2020.023
https://doi.org/10.1016/j.ymthe.2016.12.006
https://doi.org/10.1146/annurev.neuro.25.112701.142849
https://doi.org/10.1146/annurev.neuro.25.112701.142849
https://doi.org/10.1016/S0140-6736(17)31868-8
https://doi.org/10.1016/S0140-6736(17)31868-8
https://doi.org/10.1093/hmg/ddt561
https://doi.org/10.1093/hmg/ddn327
https://doi.org/10.1093/hmg/ddn327
https://doi.org/10.1016/j.heares.2017.12.010
https://doi.org/10.1016/j.heares.2017.12.010
https://doi.org/10.1186/s12881-018-0618-5
https://doi.org/10.1186/s12881-018-0618-5
https://doi.org/10.1002/jimd.12022
https://doi.org/10.1016/j.heares.2011.10.001
https://doi.org/10.1038/gt.2009.57
https://doi.org/10.1016/s1044-7431(03)00066-6
https://doi.org/10.2174/13892029113149990008
https://doi.org/10.18240/ijo.2018.01.20
https://doi.org/10.1016/S0140-6736(05)71047-3
https://doi.org/10.1089/hum.2019.337
https://doi.org/10.1016/j.omtm.2018.12.006
https://doi.org/10.1167/tvst.9.7.28
https://doi.org/10.1097/MAO.0b013e3182898272
https://doi.org/10.1097/MAO.0b013e3182898272
https://doi.org/10.1016/j.omtn.2017.02.005
https://doi.org/10.1016/j.ymthe.2019.09.010
https://doi.org/10.1016/j.ymthe.2019.09.010
https://doi.org/10.1038/srep45524
https://doi.org/10.1093/hmg/ddn107
https://doi.org/10.1001/archotol.134.8.884
https://doi.org/10.5966/sctm.2015-0252
https://doi.org/10.5966/sctm.2015-0252
https://doi.org/10.1089/hum.2017.120
https://doi.org/10.1016/j.ophtha.2012.11.048
https://doi.org/10.1586/17512433.2014.890047
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-15-652215 March 11, 2021 Time: 17:3 # 18

Crane et al. Retinal and Cochlear Gene Therapy

Tosi, J., Sancho-Pelluz, J., Davis, R. J., Hsu, C. W., Wolpert, K. V., Sengillo,
J. D., et al. (2011). Lentivirus-mediated expression of cDNA and shRNA slows
degeneration in retinitis pigmentosa. Exp. Biol. Med. 236, 1211–1217. doi: 10.
1258/ebm.2011.011053

Touchard, E., Berdugo, M., Bigey, P., El Sanharawi, M., Savoldelli, M., Naud, M. C.,
et al. (2012). Suprachoroidal electrotransfer: a nonviral gene delivery method to
transfect the choroid and the retina without detaching the retina. Mol. Ther. 20,
1559–1570. doi: 10.1038/mt.2011.304

Tranebjaerg, L. (1993). “Deafness-dystonia-optic neuronopathy syndrome,” in
GeneReviews, eds M. P. Adam, H. H. Ardinger, R. A. Pagon, S. E. Wallace,
L. J. H. Bean, K. Stephens, et al. (Seattle, WA:University of Washington).

Trapani, I. (2019). Adeno-associated viral vectors as a tool for large gene delivery
to the retina. Genes 10:287. doi: 10.3390/genes10040287

Trapani, I., Colella, P., Sommella, A., Iodice, C., Cesi, G., de Simone, S., et al. (2014).
Effective delivery of large genes to the retina by dual AAV vectors. Hum. Gene
Ther. 25, A33–A33.

Travis, G. H., Groshan, K. R., Lloyd, M., and Bok, D. (1992).
Complete rescue of photoreceptor dysplasia and degeneration in
transgenic retinal degeneration slow (rds) mice. Neuron 9, 113–119.
doi: 10.1016/0896-6273(92)90226-4

Vagni, P., Perlini, L. E., Chenais, N. A. L., Marchetti, T., Parrini, M., Contestabile,
A., et al. (2019). Gene editing preserves visual functions in a mouse model of
retinal degeneration. Front. Neurosci. 13:945. doi: 10.3389/fnins.2019.00945

Volland, S., Esteve-Rudd, J., Hoo, J., Yee, C., and Williams, D. S. (2015). A
comparison of some organizational characteristics of the mouse central retina
and the human macula. PLoS One 10:e0125631. doi: 10.1371/journal.pone.
0125631

Wang, D., Tai, P. W. L., and Gao, G. P. (2019). Adeno-associated virus vector
as a platform for gene therapy delivery. Nat. Rev. Drug Discov. 18, 358–378.
doi: 10.1038/s41573-019-0012-9

Wang, L., Kempton, J. B., Jiang, H., Jodelka, F. M., Brigande, A. M., Dumont, R. A.,
et al. (2020). Fetal antisense oligonucleotide therapy for congenital deafness
and vestibular dysfunction. Nucleic Acids Res. 48, 5065–5080. doi: 10.1093/nar/
gkaa194

Wang, Y. F., Sun, Y., Chang, Q., Ahmad, S., Zhou, B. F., Kim, Y. J., et al.
(2013). Early postnatal virus inoculation into the scala media achieved extensive
expression of exogenous green fluorescent protein in the inner ear and
preserved auditory brainstem response thresholds. J. Gene Med. 15, 123–133.
doi: 10.1002/jgm.2701

Wareing, M., Mhatre, A. N., Pettis, R., Han, J. J., Haut, T., Pfister, M. H., et al.
(1999). Cationic liposome mediated transgene expression in the guinea pig
cochlea. Hear. Res. 128, 61–69. doi: 10.1016/s0378-5955(98)00196-8

Wassmer, S. J., De Repentigny, Y., Sheppard, D., Lagali, P. S., Fang, L., Coupland,
S. G., et al. (2020). XIAP protects retinal ganglion cells in the mutant ND4
mouse model of leber hereditary optic neuropathy. Invest. Ophthalmol. Vis. Sci.
61:49. doi: 10.1167/iovs.61.8.49

Weber, M., Rabinowitz, J., Provost, N., Conrath, H., Folliot, S., Briot, D., et al.
(2003). Recombinant adeno-associated virus serotype 4 mediates unique and
exclusive long-term transduction of retinal pigmented epithelium in rat, dog,
and nonhuman primate after subretinal delivery. Mol. Ther. 7, 774–781. doi:
10.1016/s1525-0016(03)00098-4

Weiss, R. S., Voss, A., and Hemmert, W. (2016). Optogenetic stimulation of
the cochlea-A review of mechanisms, measurements, and first models. Netw.
Comput. Neural Syst. 27, 212–236. doi: 10.1080/0954898x.2016.1224944

Willoughby, A., Vuong, V., Cunefare, D., Farsiu, S., Noronha, G., Danis, R. P.,
et al. (2018). Choroidal changes after suprachoroidal injection of CLS-TA,
triamcinolone acetonide injectable suspension, in eyes with macular edema
secondary to retinal vein occlusion. Invest. Ophthalmol. Vis. Sci. 59:5969.

Wilson, B. S., and Dorman, M. F. (2008). Cochlear implants: a remarkable past and
a brilliant future. Hear. Res. 242, 3–21. doi: 10.1016/j.heares.2008.06.005

Wood, E. H., Tang, P. H., De la Huerta, I., Korot, E., Muscat, S., Palanker, D. A.,
et al. (2019). Stem cell therapies, gene-based therapies, optogenetics, and retinal
prosthetics: current state and implications for the future. Retina 39, 820–835.
doi: 10.1097/IAE.0000000000002449

Wu, Z. J., Yang, H. Y., and Colosi, P. (2010). Effect of genome size on AAV vector
packaging. Mol. Ther. 18, 80–86. doi: 10.1038/mt.2009.255

Wysocki, J. (2005). Topographical anatomy of the guinea pig temporal bone. Hear.
Res. 199, 103–110. doi: 10.1016/j.heares.2004.08.008

Xu, Z. P., Yue, Y. P., Lai, Y., Ye, C. Y., Qiu, J. M., Pintel, D. J., et al. (2004). Trans-
splicing adeno-associated viral vector-mediated gene therapy is limited by the
accumulation of spliced mRNA but not by dual vector coinfection efficiency.
Hum. Gene Ther. 15, 896–905. doi: 10.1089/hum.2004.15.896

Yeh, S., Khurana, R. N., Shah, M., Henry, C. R., Wang, R. C., Kissner, J. M.,
et al. (2020). Efficacy and safety of suprachoroidal CLS-TA for macular edema
secondary to noninfectious uveitis: phase 3 randomized trial. Ophthalmology
127, 948–955. doi: 10.1016/j.ophtha.2020.01.006

Yiu, G., Chung, S. H., Mollhoff, I. N., Nguyen, U. T., Thomasy, S. M.,
Yoo, J., et al. (2020). Suprachoroidal and subretinal injections of
AAV using transscleral microneedles for retinal gene delivery in
nonhuman primates. Mol. Ther. Methods Clin. Dev. 16, 179–191.
doi: 10.1016/j.omtm.2020.01.002

Yiu, G., Pecen, P., Sarin, N., Chiu, S. J., Farsiu, S., Mruthyunjaya, P., et al. (2014).
Characterization of the choroid-scleral junction and suprachoroidal layer in
healthy individuals on enhanced-depth imaging optical coherence tomography.
JAMA Ophthalmol. 132, 174–181. doi: 10.1001/jamaophthalmol.2013.7288

Yoshimura, H., Shibata, S. B., Ranum, P. T., and Smith, R. J. H. (2018). Enhanced
viral-mediated cochlear gene delivery in adult mice by combining canal
fenestration with round window membrane inoculation. Sci. Rep. 8:2980. doi:
10.1038/s41598-018-21233-z

Yu, Q., Wang, Y., Chang, Q., Wang, J., Gong, S., Li, H., et al. (2014).
Virally expressed connexin26 restores gap junction function in the cochlea of
conditional Gjb2 knockout mice. Gene Ther. 21, 71–80. doi: 10.1038/gt.2013.59

Yuan, Y. Y., Li, Q., Su, Y., Lin, Q. F., Gao, X., Liu, H. K., et al. (2020).
Comprehensive genetic testing of Chinese SNHL patients and variants
interpretation using ACMG guidelines and ethnically matched normal controls.
Eur. J. Hum. Genet. 28, 231–243. doi: 10.1038/s41431-019-0510-6

Zhang, H., Pan, H., Zhou, C., Wei, Y., Ying, W., Li, S., et al. (2018).
Simultaneous zygotic inactivation of multiple genes in mouse through
CRISPR/Cas9-mediated base editing. Development 145:dev168906.
doi: 10.1242/dev.168906

Zhang, W. J., Kim, S. M., Wang, W. W., Cai, C. Y., Feng, Y., Kong, W. J., et al.
(2018). Cochlear gene therapy for sensorineural hearing loss: current status and
major remaining hurdles for translational success. Front. Mol. Neurosci. 11:221.
doi: 10.3389/fnmol.2018.00221

Zhang, Y., Wang, S., Xu, M., Pang, J., Yuan, Z., and Zhao, C. (2019). AAV-mediated
human CNGB3 restores cone function in an all-cone mouse model of CNGB3
achromatopsia. J. Biomed. Res. 34, 114–121. doi: 10.7555/JBR.33.20190056

Zhao, X., Jin, C., Dong, T., Sun, Z., Zheng, X., Feng, B., et al. (2020).
Characterization of promoters for adeno-associated virus mediated efficient
Cas9 activation in adult Cas9 knock-in murine cochleae. Hear. Res. 394:107999.
doi: 10.1016/j.heares.2020.107999

Zhou, R., and Caspi, R. R. (2010). Ocular immune privilege. F1000 Biol. Rep. 2:3.
doi: 10.3410/B2-3

Zou, J., Saulnier, P., Perrier, T., Zhang, Y., Manninen, T., Toppila, E., et al. (2008).
Distribution of lipid nanocapsules in different cochlear cell populations after
round window membrane permeation. J. Biomed. Mater. Res. B Appl. Biomater.
87, 10–18. doi: 10.1002/jbm.b.31058

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Crane, Conley, Al-Ubaidi and Naash. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 18 March 2021 | Volume 15 | Article 652215

https://doi.org/10.1258/ebm.2011.011053
https://doi.org/10.1258/ebm.2011.011053
https://doi.org/10.1038/mt.2011.304
https://doi.org/10.3390/genes10040287
https://doi.org/10.1016/0896-6273(92)90226-4
https://doi.org/10.3389/fnins.2019.00945
https://doi.org/10.1371/journal.pone.0125631
https://doi.org/10.1371/journal.pone.0125631
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1093/nar/gkaa194
https://doi.org/10.1093/nar/gkaa194
https://doi.org/10.1002/jgm.2701
https://doi.org/10.1016/s0378-5955(98)00196-8
https://doi.org/10.1167/iovs.61.8.49
https://doi.org/10.1016/s1525-0016(03)00098-4
https://doi.org/10.1016/s1525-0016(03)00098-4
https://doi.org/10.1080/0954898x.2016.1224944
https://doi.org/10.1016/j.heares.2008.06.005
https://doi.org/10.1097/IAE.0000000000002449
https://doi.org/10.1038/mt.2009.255
https://doi.org/10.1016/j.heares.2004.08.008
https://doi.org/10.1089/hum.2004.15.896
https://doi.org/10.1016/j.ophtha.2020.01.006
https://doi.org/10.1016/j.omtm.2020.01.002
https://doi.org/10.1001/jamaophthalmol.2013.7288
https://doi.org/10.1038/s41598-018-21233-z
https://doi.org/10.1038/s41598-018-21233-z
https://doi.org/10.1038/gt.2013.59
https://doi.org/10.1038/s41431-019-0510-6
https://doi.org/10.1242/dev.168906
https://doi.org/10.3389/fnmol.2018.00221
https://doi.org/10.7555/JBR.33.20190056
https://doi.org/10.1016/j.heares.2020.107999
https://doi.org/10.3410/B2-3
https://doi.org/10.1002/jbm.b.31058
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

	Gene Therapy to the Retina andthe Cochlea
	Introduction
	Inherited Diseases of the Retina
	Inherited Diseases of the Cochlea
	Syndromic Sensory Inherited Diseases
	Commonalities Between the Retina and the Cochlea
	Favorable Biological Characteristics
	Testing and Development Benefits


	The Use of Animal Models to Study Retinal and Cochlear Inherited Diseases
	Retinal Animal Models
	Cochlear Animal Models

	Delivery Methods forGene Therapy
	Delivery of Genes to the Retina
	Delivery of Genes to the Cochlea

	Gene Therapy in the Retinaand Cochlea
	Preclinical Gene Therapy in the Retina
	Cochlear Gene Therapy

	Role of Time of Delivery and Duration of Effect on the Outcomes
	Future Perspectives
	Author Contributions
	Funding
	References


