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Abstract

Inner ear diseases are common and often result in hearing disability. Sensorineural hearing loss is the main cause
of hearing disability. So far, no effective treatment is available although some patients may benefit from a
hearing aid equipped with a hearing amplifier or from cochlear implantation. Inner ear gene therapy has become
an emerging field of study for the treatment of hearing disability. Numerous new discoveries and tremendous
advances have been made in inner ear gene therapy including gene vectors, routes of administration, and
therapeutic genes and targets. Gene therapy may become a treatment option for inner ear diseases in the near
future. In this review, we summarize the current state of inner ear gene therapy including gene vectors, delivery
routes, and therapeutic genes and targets by examining and analyzing publications on inner ear gene therapy
from the literature and patent documents, and identify promising patents, novel techniques, and vital research
projects. We also discuss the progress and prospects of inner ear gene therapy, the advances and shortcomings,

with possible solutions in this field of research.

Introduction

THE INNER EAR is a highly differentiated peripheral sen-
sory organ that lies in the temporal bones of both mam-
malian animals and human beings. It is composed of the
cochlea, comprising the organ of Corti for detecting the me-
chanical vibrations of sound waves and the vestibular organ
comprising the utricle, saccule, and ampullae for detecting
linear motion (utricle and saccule) and curvilinear motion
(ampullae). The sensory epithelium of the organ of Corti, the
utricle and saccule, and the ampullae can transform me-
chanical stimuli to bioelectrical impulses that can be recog-
nized by the brain. Then, the afferent neurons contacting the
bottoms of the hair cells in these sensory epithelia transfer the
impulses from hair cells to the auditory or vestibular nerve
center located in the temporal lobe of the cerebrum via the
brainstem (Brough, 2007). Therefore, the inner ear is the most
important organ for perception of hearing and balance stim-
uli, which is crucial for an individual’s responses to the en-
vironment, especially in dangerous circumstances. The hair
cells and inner ear neurons are common pathological sites of
inner ear diseases as well as the major targets for inner ear
gene therapy (Brough, 2007).

There are three main types of organic hearing impairment:
sensorineural hearing loss (SNHL; it could be further divided
into cochlear deafness and retrocochlear deafness [central
deafness]), conductive hearing loss, and mixed hearing loss
(a combination of sensorineural and conductive loss) (Pe-
tersen and Willems, 2006). SNHL is due to a defect in the
inner ear or the acoustic nerve whereas conductive hearing
loss is due to a defect in the sound-conducting apparatus,
that is, the external auditory canal or middle ear. Disabling
hearing impairment (deafness) affected 250 million people in
the world in 2001, much higher than previously estimated
(World Health Organization, 2003). About two-thirds of the
250 million affected people were from developing countries.
There are 110 million deaf persons in Southeast Asia, pop-
ulation 1.5 billion, with a 7.3% overall prevalence of deafness
(World Health Organization, 2003). A population-based
survey of ear and hearing disorders for 6626 persons in
Guizhou Province of China demonstrated that the preva-
lence of hearing impairment is 17.1% (the standardized rate
was 17.6% for the whole country) and that of hearing dis-
ability is 6.1% (the standardized rate was 6.5% for the whole
country), the rate being slightly lower than the global pop-
ulation prevalence of 7.3% (Wang et al., 2007). About 35
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million Americans have detectable hearing loss, affecting
approximately 1.7% of the people under the age of 18 years,
31.4% over the age of 65, and 40-50% over 75 and older. Two
or three of every 1000 children are born deaf or hard-of-
hearing in the United States (National Institute on Deafness
and Other Communication Disorders, 2007). The main cause
of hearing disability is SNHL, usually resulting from hyp-
oxia—ischemia of the cochlea, ototoxicity, noise injury, viral
infection, and heredity or gene mutation. SNHL can be in-
herited as an autosomal dominant or recessive pattern, with
90% as autosomal recessive. Unfortunately, no substantial
therapy can reverse SNHL so far. Although hearing loss is
not a life-threatening disease it affects more people than any
other disease and negatively impacts the quality of life of
numerous patients and their families. Therefore, it is urgent
that an effective treatment for this disease be found.

The concept of gene therapy was first introduced in the
early 1970s (Osterman et al., 1970; Qasba and Aposhian,
1971). Gene therapy may be defined as a technique or ap-
proach to treat and/or prevent a disease by introducing a
desired foreign gene or gene-regulatory element, such as
RNA interference, into the target cells to replace or fix the
defective gene (Mulligan, 1993). Because of the risk of deg-
radation of the foreign nucleic acid by nucleases in the body,
the therapeutic gene must be carried and protected by a
vehicle to help it enter the target cells at an adequate level.
The vehicle for carrying the therapeutic gene is now referred
to as the gene vector (Zaki et al., 2007). The gene vector is a
crucial element among the four major elements of gene
therapy: the therapeutic gene, the gene vector, the route of
gene administration, and the target cells.

The study of gene therapy for the inner ear started in the
mid-1990s (Fujiyoshi et al., 1994). The study of inner ear gene
therapy has become an emerging field and it may bring a
glimmer of hope for successful treatment of hearing dis-
ability. However, it is still at the experimental stage and has a
long way to go from translating the success of laboratory
research into clinical practice.

Initiation of Inner Ear Gene Therapy

To our knowledge, the first study of gene therapy for
hearing disorders was reported in 1994 by Fujiyoshi and
colleagues. They generated myelin basic protein (MBP)
transgenic mice by microinjected an MBP cosmid clone into
the pronucleus of fertilized eggs of shiverer mice to replace
the autosomal recessive mutation (deletion) gene for MBP.
The MBP transgenic mice were found to recover up to 25% of
normal levels of MBP and to have a greater number of my-
elinated axons than did control mice. In addition, the inter-
peak latencies of the auditory brainstem response were
shortened in the transgenic mice than in the control mice. In
1996 foreign genes were successfully transfected into the
inner ear, using replication-deficient viral vectors (Lalwani
et al., 1996; Raphael et al., 1996). The inner ear, especially the
cochlea, is a highly differentiated and extremely precise
electrophysiological organ with a fine-spun anatomical
structure, so any improper intervention during the process of
gene transfection may result in undesired morphological
and/or functional damage to the inner ear. Thus, it would be
more difficult to transfer an exogenous gene into the inner
ear than into other organs. For example, the blood-labyrinth
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barrier prevents macromolecules moving from the peripheral
blood into the inner ear.

Therapeutic Genes for Inner Ear Gene Therapy

Therapeutic genes encoding proteins/peptides for inner ear
gene therapy may be divided into two major groups: inner ear
protectors and transdifferentiation activators. These thera-
peutic molecules have rapidly increased in number as re-
search in this field has advanced. The therapeutic genes used
for inner ear gene therapy are summarized in the Table 1.

Genes for protection of the inner ear
and hereditary single-gene defects

Neurotrophic factors are a large group of biologically
active peptides, most of them able to protect inner ear hair
cells and spiral ganglion neurons from the damage caused by
various pathogenic factors and to promote recovery from
cochlear injury. Normally, neurotrophic factors in the inner
ear are produced mainly by hair cells to maintain normal
function and the survival of cochlear hair cells and neurons.
The neurotrophic factors play an important role in cellular
differentiation, proliferation, development, neuronal plastic-
ity, and cellular survival, not only in the embryonic stage but
also throughout life. So far, more than 20 neurotrophic fac-
tors have been revealed with protective effects on inner ear
cells. These factors belong to one of the following groups: (1)
the neurotrophin (NT) family including nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), and neu-
rotrophins 3-7 (NT-3, NT-4/5, NT-7); (2) the glial cell line-
derived neurotrophic factor (GDNF) family; (3) the ciliary
neurotrophic factor (CNTF) family; (4) the fibroblast growth
factor (FGF) family including at least 17 members, with
acidic fibroblast growth factor (aFGF or FGF-1) and basic
fibroblast growth factor (bFGF or FGF-2) the most exten-
sively studied factors; and (5) other neurotrophically acting
factors including but not limited to epidermal growth factor
(EGF), transforming growth factor (TGF), platelet-derived
growth factor (PDGF), insulin-like growth factor (IGF), he-
patocyte growth factor (HGF), and so on (Oshima et al.,
2004). It has been reported that infusion of either NT-3,
BDNF, or NT-3 plus BDNF into the scala tympani of guinea
pigs exposed to ototoxic agents (i.e., ototoxin-exposed co-
chleae) resulted in 78-90% survival of auditory neurons
compared with 14-24% neuronal survival in untreated con-
trols (Staecker et al., 1996). It is well established that neuro-
trophic factors, especially NT-3 and BDNF, can protect inner
ear hair cells and neurons via antiapoptosis, antioxidation,
and modulation of neuronal physiological and biochemical
activities. A large number of documents have demonstrated
the successful transfection and expression of neurotrophic
factors in the inner ear, mediated by both viral and nonviral
vectors in vitro and in vivo (Staecker et al., 1996; Noushi et al.,
2005; Jiang et al., 2007). It is interesting that either BDNF or
NT-3 may have protective effects on inner ear hair cells and
neurons even 1 month after deafness has occurred. Of course,
the earlier the treatment with a therapeutic gene/protein, the
better the outcome (Miller et al., 2007). Therefore, neuro-
trophic factor genes have become the preferred therapeutic
genes for inner ear gene therapy. Besides BDNF and NT-3,
other neurotrophic factors, such as TGF, GDNF, FGF, CNTF,
and HGEF, also have protective effects to different extents on



INNER EAR GENE THERAPY

1313

TaBLE 1. THERAPEUTIC GENES USED FOR INNER EAR GENE THERAPY

Gene

Main target

Protective effect

Neurotrophic factors
1. Neurotrophin family
2. Glial cell line-derived
neurotrophic factor family
3. Ciliary neurotrophic factor family
4. Fibroblast growth factor family
5. Other neurotrophically acting
factors such as epidermal growth
factor (EGF), transforming growth
factor (TGF), platelet-derived growth
factor (PDGEF), insulin-like growth
factor (IGF), and hepatocyte growth
factor (HGF)
Otospiralin

Antiapoptotic agents
XIAP, IAPs, and Bcl-2 family
Connexins
Such as Cx26 (G]B2), Cx30 (GJB6),
Cx31 (GJB3), and Cx43 (GJA1)
Atonal-related factors or bHLH
transcription factors
Such as Math1, Cathl, Xathl, and Hathl

Hair cells, neurons

Nonsensory epithelial
cells of the inner ear

Hair cells, neurons,
other inner ear cells

Gap junctions in inner ear

Supporting cells of the organ
or Corti and its adjacent
nonsensory epithelial cells

Comprehensive protection, such
as antiapoptosis, antioxidation,
and modulation of neuronal
physiological and biochemical
activities

Maintaining normal structure
and function of the fibrocytes
and other nonsensory epithelial
cells in inner ear

Antiapoptosis

Maintaining normal structure
and function of the gap junction
of the inner ear

Inducing a phenotypic trans-differentiation
from nonsensory cells to the hair cells

bHLH, basic helix-loop-helix; IAP, inhibitor of apoptosis; XIAP, X-linked IAP.

inner ear hair cells and neurons (Pickles et al., 1998; Stover
et al., 2000; Kawamoto et al., 2003b; Nakaizumi et al., 2004).

Otospiralin is a newly discovered ear-specific protein
produced by fibrocytes from the nonsensory epithelial re-
gions of the inner ear, specifically by the spiral ligament and
limbus in the cochlea, and the maculae and semicircular
canals of the vestibule. These mesenchymal nonsensory ep-
ithelial tissues surrounding the neuroepithelium in the inner
ear play an important role in maintaining ionic balance,
which affects the normal structure and function of the inner
ear. Otospiralin is a novel 6.4-kDa protein with unknown
function and shares its protein motif with the Gag p30 core
shell nucleocapsid protein of type C retroviruses (Delprat
et al., 2002). Downregulation of otospiralin by cochlear per-
fusion with antisense oligonucleotides of otospiralin led to a
rapid decrease in compound action potentials and irrevers-
ible deafness in guinea pigs (Delprat et al., 2002). The pos-
sible mechanism of deafness was hair cell loss and
degeneration of the organ of Corti, as revealed by trans-
mission electron microscopy. The result indicated that otos-
piralin is essential not only for normal function but also for
survival of the cochlear sensory epithelium. The same re-
search group further found that knocking out the Otos gene
encoding otospiralin in mice led to degeneration of type II
and IV fibrocytes and moderate hearing loss (Delprat et al.,
2005). These findings suggested that loss of otospiralin
would induce fibrocyte damage and lead to both structural
and functional impairment of the inner ear. The loss of hair
cells also indicated the importance of supporting cells for
hair cell survival, and that the function of otospiralin is much
more than just for “supporting” the hair cells in the right

location. Upregulation of Otos gene expression through ad-
enoviral vector-mediated gene transfection significantly de-
creased apoptosis induced by cisplatin treatment in cultured
spiral ligament fibrocytes (Zhuo et al., 2008). Taken together,
these findings indicate that otospiralin may be a potential
protective molecule for the inner ear. In addition, it may be
possible to employ a specific antibody to otospiralin as the
targeting element of a gene vector for inner ear gene therapy,
based on the specificity of otospiralin for the inner ear.

In addition to the conventional inhibitors of the families of
inhibitor-of-apoptosis proteins (IAPs) and Bcl-2, the most
convincing antiapoptotic agent that may be used for inner
ear gene therapy is the X-linked inhibitor of apoptosis pro-
tein (XIAP), a member of the IAP family. It is an extremely
potent suppressor of apoptosis and selectively binds and
inhibits caspase-3, caspase-7, and caspase-9 (Deveraux et al.,
1997). It was discovered that XIAP inhibited apoptosis of
cochlear cells under various conditions such as age-related
hearing loss and cisplatin-induced deafness (Cooper et al.,
2006, Wang et al., 2008). Studies demonstrated that the se-
verity of hearing loss induced by cisplatin was significantly
reduced by XIAP (Cooper et al., 2006). The experiments were
carried out by delivering the XIAP gene by an adeno-
associated viral (AAV) vector into the inner ear of rats via round
window membrane (RWM) injection. At least 2 months later,
the rats were treated with cisplatin and the auditory-evoked
brainstem response (ABR) threshold and hair cells were in-
vestigated 72 hr after cisplatin treatment. The results showed
that cochleae transfected with AAV encoding XIAP were
significantly protected from cisplatin-induced ototoxicity by
the antiapoptosis effects of XIAP, that is, the ABR threshold
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shift and hair cell loss were significantly decreased (78 and
45%, respectively) in treated cochleae compared with un-
treated contralateral cochleae. The finding suggested that
XIAP may be a promising gene for inner ear gene therapy.

Connexins, the major proteins of gap junctions, have been
demonstrated to be crucial for the maintenance of hearing
capacity, and may represent a new target for inner ear gene
therapy. Mutations of genes encoding connexins may lead to
hearing impairment, especially for nonsyndromic hereditary
deafness, which accounts for 70% of inherited hearing im-
pairment (Cohen-Salmon et al., 2005). Mutations are most
frequently detected in the Cx26 gene encoding connexin-26,
which is responsible for as much as 49% of nonsyndromic
deafness. More than 100 causative mutations in Cx26 (GJB2)
have been found and account for a large proportion of pre-
lingual deafness (Hoang Dinh et al., 2009). Other relatively
common mutations have been detected in Cx30 (GJB6), Cx31
(GJB3), and Cx43 (GJAl) (Cohen-Salmon ef al., 2005). A
susceptibility gene for nonsyndromic sensorineural autoso-
mal deafness (DFNBI) was identified to link to chromosome
13q11-12, where the Cx26 gene is localized (Kelsell et al.,
1997). This finding indicates that connexin-26 is an important
component in the cochlea. Connexin-26 exists in gap junc-
tions connecting many types of cells in the cochlea, including
the epithelial cells and connective tissues (Kikuchi ef al.,
2000). Therefore, it would certainly interfere with the intra-
cellular and/or intercellular internal environments or sig-
naling pathways if the cochlear gap junctions were damaged
by a connexin gene mutation. The lesion pattern and time
course of cellular degeneration in the cochlea of conditional
Cx26 (cCx26) null and Cx30 null mice has been investigated
(Sun et al., 2009). It was observed in that study that cellular
degeneration in the cochlea of cCx26 null mice was much
more rapid and widespread than in Cx30 null mice. This
result suggests that different deafness mechanisms may exist
in spite of the coassembly of Cx26 and Cx30 in forming gap
junctions in the cochlea. In addition, one of the functions of
the gap junction system is to recirculate K* ions from hair
cells to the strial marginal cells. Interruption of the re-
circulation of K™ ions would disrupt the ionic balance in the
cochlea and result in hearing loss (Kikuchi et al., 2000).
Considering their importance in maintaining the morphol-
ogy and function of the inner ear, connexin gene therapy
may become a treatment for a large number of cases of he-
reditary deafness in the embryonic or even early postnatal
stage by replacing the mutated connexin gene of the patients
with a specific therapeutic gene. Unfortunately, no such
successful case has yet been reported.

Genes for cell regeneration of the inner ear

In general, the highly differentiated hair cells and neurons
of the mammalian inner ear cannot be replaced through
cellular regeneration if they are damaged after birth (Ra-
phael, 2002). There is no evidence of regeneration of the
mammalian auditory sensory epithelium in vivo except for a
low degree of regeneration of the vestibular epithelium in
rodents just after birth. Encouraged by the full regeneration
of avian statoacoustic epithelia after inner ear damage, at-
tempts have been made to activate the potential capacity of
regenerating functional sensory epithelium of the inner ear
after impairment in mammals. Early studies showed that the
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adult utricular sensory epithelium of mice displayed the
characteristic features of stem cells, having the capacity for
self-renewal and forming spheres capable of expressing
marker genes for the development of the inner ear and ner-
vous system (Li ef al., 2003). This experiment provided evi-
dence for the possibility of sensory epithelium regeneration
in the mammalian inner ear. The formation of regenerated
hair cell-like cells strongly indicates that inner ear stem cells
are pluripotent and that damaged hair cells may be replaced
by regenerated cells via proper gene transfer (Kawamoto
et al., 2003a). Atonal homolog-1 (Atohl, encoded by Atohl;
also known as Mathl) plays an important role in the differ-
entiation of hair cells of the developing inner ear. It was
originally isolated from Drosophila chordotonal organs as a
proneural gene. The homologs of homolog-1 were called
atonal-related factors or basic helix-loop-helix (bHLH)
transcription factors, and include Math1, Cathl, Xathl, and
Hath1, with Math1 being the most extensively studied factor.
Studies demonstrated that mouse atonal homolog-1 (Math1)
was essential for the generation of hair cells (Bermingham
et al., 1999). Mathl is a positive regulator of hair cell differ-
entiation during cochlear development and is expressed only
in the developing stage of the hair cells. It is a bHLH tran-
scription factor homolog of the Drosophila atonal gene. bBHLH
transcription factors modulate the development of several
systems of both vertebrates and invertebrates, and also play
an important role in inner ear hair cell differentiation (Ka-
wamoto ef al., 2003a). These homologs of bHLH with similar
structure and function were called atonal-related factors or
bHLH transcription factors, and include Mathl, Cathl
(chicken atonal homolog-1), Xathl (Xenopus atonal homolog-
1), and Hathl (human atonal homolog-1). It has been re-
ported that Mathl was expressed in the supporting cells of
the organ of Corti and its adjacent nonsensory epithelial cells
by endolymphatic perfusion of adenoviral vector loaded
with Mathl gene into mature guinea pig cochlea (Kawamoto
et al., 2003a). It led to the appearance of immature hair cells
in the organ of Corti and new hair cells within the interdental
cells, inner sulcus, and Hensen cell regions. In addition, the
axons of ganglion neurons were attached to some of the
newly developed hair cells. Therefore, a possible promising
strategy for restoring hearing capacity is to induce pheno-
typic transdifferentiation of nonsensory cells retaining the
competence of response to Mathl or other atonal-related
factors in the damaged inner ear to regenerate new hair cells
or sensory epithelia with normal morphological and func-
tional properties. On the other hand, bHLH-related inhibi-
tors of differentiation and DNA-binding (Id) proteins are
known to negatively regulate many bHLH transcription
factors, including Mathl, in a number of different systems.
Id1, Id2, and Id3 are expressed within the cochlear duct and
the Ids play an important role in the regulation of expression
of Math1 and hair cell differentiation in the developing co-
chlea (Jones et al., 2006). An interesting study has reported
that numerous newly developed hair cells were observed in
the outer hair cell region of the cochlea of guinea pigs after
the delivery of atonal gene by adenoviral vectors into the
cochlea, the hair cells of which were almost totally damaged
by injection of kanamycin and ethacrynic acid before the
transfection of exogenous gene (Izumikawa et al., 2005). The
most significant result of this study was that the average
threshold of the auditory brainstem response (ABR) of the
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treated animals was significantly lower than that of the
control group, which indicated that transfection of atonal
gene into the inner ear could help hearing recovery. To our
knowledge, this is the first report of successful regeneration
of hair cells with hearing improvement in the experimentally
profoundly deafened mature mammalian cochlea. There is a
possibility that transfection of the genes encoding atonal-
related factors into the inner ear may lead to an exciting
breakthrough in the regeneration of inner ear hair cells in
mammals. However, the success of atonal gene transfection
is currently debated and discussed with caution. This study
would strongly imply the feasibility of hair cell regeneration
in the mammalian cochlea if the result could be confirmed by
other laboratories. Studies from two separate research
groups demonstrated regeneration of vestibular hair cells or
ectopic vestibular hair cell-like cells in the rodent by ade-
noviral vector-mediated delivery of the Mathl gene (Staecker
et al., 2007; Huang et al., 2009). However, no other successful
experiment has been reported on Atohl-induced cochlear
hair cell regeneration from other laboratories. It will there-
fore take more time to translate laboratory success into the
clinical setting for the generation of cochlear hair cells with
natural morphology and function. It should be remembered
that regenerated or newly developed hair cells induced by a
foreign gene are not the same as natural and functional hair
cells in terms of spatial location, histological and ultrastruc-
tural morphology, or physiological and biochemical prop-
erties. Not all of the cellular signal pathways and regulating
elements necessary for natural hair cell regeneration, which
have developed during the long process of evolution in the
avian inner ear, have been clearly elucidated. Sequences of
the Mathl and Hathl genes are publicly available at GenBank
(www.ncbi.nlm.nih.gov/genbank/).

Vectors for Inner Ear Gene Therapy

The success of gene therapy is dependent mainly on the
development of a vector or vehicle (Li and Huang, 2000). An
ideal gene delivery vector should be able to (1) reach the
target tissues/organs in vivo, preferably with recognition of
the specific target cells; (2) cross the membranous barriers of
cells and deliver its cargo into the cells; (3) easily control the
intensity and duration of foreign gene expression with the
precondition of high efficiency of expression; (4) biodegrade
to ensure biological safety without carcinogenicity, immu-
nogenicity, or cytotoxicity; and (5) be manufactured on a
commercial scale for straightforward clinical use. Gene de-
livery vectors may be divided into viral and nonviral vectors.
A virus (polyoma pseudovirus) was used as a vehicle for
gene therapy in the earliest studies (Osterman et al., 1970;
Qasba and Aposhian, 1971). For purposes of safety, the virus
was modified before gene transfection by deleting partial
sequences related to its replication, to prevent harming the
host. The most significant advantage of the viral vector is its
high efficiency of transfection. However, its clinical applica-
tion is limited by various significant shortcomings including
immunogenicity and carcinogenicity, difficulty in produc-
tion, lack of selectivity for specific target cells, and the pos-
sibility of causing disease due to reversion of the engineered
replication-deficient virus to a wild-type virus (Bermingham
et al., 1999). On the other hand, nonviral vectors have vir-
tually unlimited loading capacity and may be produced on a
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large scale without the risk of immunogenicity and carcino-
genicity; however, low transfection efficiency has limited their
use (Bermingham et al., 1999; Li et al., 2003). In this review, the
gene vectors described were not developed especially for in-
ner ear gene transfer but can be used for this purpose.

Viral vectors

Numerous replication-deficient viruses have been modi-
fied and developed as viral vector systems. The commonly
used viruses include, but are not limited to, adenovirus;
adeno-associated virus (AAV); retrovirus, including lentivi-
rus; herpes simplex virus (HSV); and hemagglutinating virus
of Japan (HV], Sendai virus), a member of the paramyxovi-
rus family. Adenovirus-mediated atonal gene transfection of
the inner ear may be the most exciting progress in inner ear
gene therapy; it effectively activated the regeneration of co-
chlear hair cells in the mature ear of mammals (Bermingham
et al., 1999). After in utero delivery of lentivirus and an array
of recombinant AAV serotypes to the developing mouse
otocyst, AAV2/1 was found to be the optimal vector for
in utero cochlear gene transfer in terms of efficiency and
cellular specificity of transgene expression (Bedrosian et al.,
2006). It efficiently transduced progenitors, giving rise to
both inner and outer hair cells and supporting cells with no
adverse effect on cochlear cell differentiation and no patho-
logical effect on differentiated hair cells or the integrity of the
auditory nerve or brainstem nuclei as measured by auditory
brainstem response testing (Bedrosian ef al., 2006).

A modified adenoviral gene delivery vector with several
elements was invented by Kadan and colleagues (2001). The
vector consists of a genome with an adenoviral 5 inverted
terminal repeat (ITR), 3" ITR, and encapsidation signal, a
DNA sequence (therapeutic gene) encoding a heterologous
protein or polypeptide, and a promoter for controlling ex-
pression of the DNA sequence. In addition, portions of the
El, E4, E2a and/or E2 DNA sequences were deleted to
eliminate harmful elements of the proteins. This vector has
the advantages of minimizing the host’s immunological re-
sponse to the vector, prolonging the duration of the vector’s
existence, and increasing gene expression. A new viral vector
was constructed with adenovirus type 11p (Ad 11p) and type
4p (Ad 4p) as the backbone of the vector system (Wadell et al.,
2002). This vector was able to deliver transfected gene into
cells of neural origin, especially human cells of neural origin.
Adenovirus type 11p is suitable as a gene vector because of
its relatively low prevalence in the human population, and
its capacity for high-affinity and excessive infection. A
pharmaceutical preparation for injection was invented for
the gene therapy of hearing impairment (Kaneda ef al., 2006).
It was composed of a viral envelope vector, using HV] as the
backbone, and plasmid DNA into which a hepatocyte
growth factor (HGF) gene was inserted as the therapeutic
gene. HGF was overexpressed in the cochlea after injection of
the preparation into the subarachnoid space of Sprague-
Dawley rats made deaf by administration of kanamycin.

Nonviral vectors

The basic unit of a nonviral vector system consists of a
backbone of nonviral materials and plasmid DNA into which
is inserted a therapeutic and/or reporter gene. The simplest
approach for nonviral delivery system is direct gene transfer
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plasmid inserted with various
desired exogenous genes
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FIG. 1. Schematic of gene therapy with a nonviral vector system.

with naked plasmid DNA (Li and Huang, 2000). The com-
monly used nonviral vectors are cationic polymer, cationic
liposome, and other inorganic nanoparticles, usually with
positive charges on their surfaces. The vector combines with
its cargo (the foreign nucleic acid) via negative charges on
the surface (electrostatic effect), and compresses it to a
smaller size for better protection and transportation. There
are several important advantages with nonviral vectors for
gene delivery: (1) almost infinite structural variations of the
molecules make the vectors easy to create with various
functions; (2) the ability to form a complex with a plasmid
carrying various desired genes; (3) possibly no immunoge-
nicity, or carcinogenicity, and low or even no toxicity to the
host; and (4) possibly becoming a targeting vector when
bound to cell-specific ligands (Chattopadhyay ef al., 2005).
The major disadvantages for all nonviral vectors are the low
transfection efficiency and transient expression in the host
cells. The transfection process for nonviral gene vectors is
illustrated in Fig. 1.

The most extensively studied artificial polymers are
polyethylenimine (PEI) and polyamidoamine dendrimer
(PAMAM-D). The other commonly used nonviral vector is
liposome, which was first described in 1965 (Bangham et al.,
1965). Liposome became an important vector for drug and
gene delivery after the discovery of its ability to protect bi-
ological molecules from degradation and increase cellular
uptake. The most commonly used liposome formulation for
delivering anionic molecules such as DNA is cationic lipo-
some (Vagle ef al., 2008). Inorganic nanoparticles may also be
used as vectors for gene delivery. Inorganic nanoparticles
have lower transfection efficiency compared with liposome
or polymer; however, they have the advantages of easy
preparation, relative convenience for storage, low cost, and,
more importantly, manufacturing on a commercial scale

(Mori et al., 2006; Sun et al., 2006, 2008; Son et al., 2007). It
could become a more popular or even ideal gene vector if its
transfection efficiency could be significantly increased.

The expression and distribution of a foreign gene in the
host could be monitored in vivo when a nonviral vector was
linked to an appropriate tracer. The key advantage of such a
vector is that it allows monitoring of the expression and
distribution of a foreign gene in vivo almost in real time
(Hanawa, 2006; Sen and Gambhir, 2007). A gene delivery
system with the ability to monitor foreign gene expression
in vivo may provide an effective approach for gene therapy in
the clinic, in a negative feedback fashion.

Inorganic nanoparticle vectors have been constructed for
gene therapy. A nonviral gene delivery system was con-
structed on the basis of multisegment bimetallic nanorods
(Salem et al., 2003). It could simultaneously bind with com-
pacted DNA plasmids and targeting ligands in a spatial
manner. This approach allows for precise control over the
composition, size, and multifunctionality of the gene deliv-
ery system. A vector with superparamagnetic iron oxide
nanoparticles (SNP) composed of magnetite (Fe;O,) for
therapeutic molecule delivery into the inner ear of rats has
been reported (Kopke ef al., 2006). The embedded SNPs,
coated with either dextran, silica, or poly(p,L-lactide-co-
glycolide), were placed in the round window membrane
(RWM) niche of the rat. The RWM of the experimental rat ear
was positioned horizontally upward, and the head was
placed on the surface of the center of a 4-inch cube 48-MGOe
neodymium-iron-boron (NdFeB48) magnet, with the mag-
netic pole facing the opposite side of the rat’s head. The
experiment demonstrated that the forces generated by per-
manent magnetic fields were sufficient to pull SNPs into and
across the RWM, entering the perilymphatic space of the
cochlea. No significant toxicity was observed in the tested
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rats. Our laboratory successfully transferred the NT-3 gene
into primary cultures of cochlear spiral ganglion neurons of
neonatal mice in vitro and into cochlear spiral ganglion
neurons of adult guinea pigs in vivo, using hydroxyapatite
nanoparticles as the gene vector (Sun et al., 2006, 2008). Good
compatibility was observed by MTT test. To our knowledge,
this was the first report of a therapeutic gene being success-
fully transfected into the mammalian inner ear with an in-
organic nanoparticle vector (Sun et al., 2006). Various new
gene vectors comprising both viral and nonviral elements,
called “multiplex gene vectors,” were developed by several
laboratories. These new gene vectors could, at least to some
extent, improve the outcomes of gene therapy in both labo-
ratories and clinical settings. A new gene vector called “tar-
geted artificial gene delivery” (TAGD) (Rozenberg et al., 2004)
was invented. In addition, multiplex gene vectors were con-
structed, comprising a cationic polymer containing the de-
sired nucleic acid (e.g., therapeutic gene) and a lipid-based
vesicle encapsulating a membrane-active agent, such as viral
envelope proteins or membrane-active peptides, to enhance
the efficiency of foreign gene transfection into eukaryotic cells
(Yu and Matsumoto, 2006). The multiplex gene vectors pos-
sess most of the advantages of both viral and nonviral vectors
and they may represent the right approach for gene therapy
in the future.

Routes of Administration for Inner Ear Gene Therapy

An ideal route for inner ear gene delivery should possess
several features. First, the cargo-carrying gene vectors should
be able to effectively access the inner ear without harm to the
peripheral vestibular or auditory organs. Second, any im-
pairment of the inner ear induced by the process should be
minimal and acceptable compared with the benefit from
gene therapy. Third, administration to the inner ear should
be convenient, with easy operation and control. The routes of
administration used for inner ear gene therapy are summa-
rized in the Table 2.

Transgene expression was observed in the contralateral
(untransfected) cochlea and cerebrospinal fluid (CSF) on
unilateral transfer of adenovirus-mediated lacZ reporter
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genes into the cochlea of guinea pigs by intrathecal injection
(Stover ef al., 2000). Successful transduction of both cochleae
was achieved by direct injection of adenovirus-mediated lacZ
reporter gene into the CSF intrathecally; no transduction was
observed when injecting the reporter gene into the blood-
stream. This result indicated that CSF may be a possible
approach for inner ear gene transfer, and that the cochlear
aqueduct may be the most likely route for transferring genes
into the contralateral cochlea. It has been demonstrated that
the systemic route of foreign gene administration is infeasible
because of the existence of the blood-labyrinth barrier. A
novel strategy for inner ear gene therapy was proposed, in
which a combination of human hepatocyte growth factor
(HGF) gene and HV]J envelope (HV]-E) vector was delivered
into the inner ear of rats by intrathecal injection of the viral
vector into the CSF via the cisterna magna (Oshima et al.,
2004). Transgene expression was detected in the spiral gan-
glion cells (SGCs) of rats made deaf by the administration of
kanamycin, and hearing impairment was prevented or sig-
nificantly recovered by HGF gene transfer before or 2 weeks
after kanamycin treatment. However, the quantity of vector
entering the inner ear is obviously limited via the CSF route,
and foreign gene transfection into the CNS may result in
unexpected side effects or even harm the CNS. Therefore,
this approach should be used with caution.

Perilymphatic or endolymphatic perfusion of gene vectors
through a tiny hole drilled in the bony wall of the labyrinth
or via RWM injection with or without the help of an osmotic
micropump is a conventional route for inner ear drug/gene
delivery. It has the advantages of allowing the maximal
amount of drug/gene to enter the inner ear with minimal
systemic interference. Numerous reports have been pub-
lished on the successful delivery via this approach of various
foreign genes and genetically engineered therapeutic cells
into inner ears, mediated by various vectors (Stover ef al.,
2000; Oshima et al., 2004; Okano et al., 2006; Akin et al., 2007;
Kanzaki et al., 2007; Liu et al., 2007; Wenzel et al., 2007). Inner
ear perfusion with a osmotic micropump may be a reason-
able choice for continuing and steady delivery of a foreign
gene (Luebke et al., 2001). An osmotic micropump may
provide continuous drug/gene supply for several days to

TABLE 2. ROUTES OF ADMINISTRATION USED FOR INNER EAR GENE THERAPY

Route Advantage

Disadvantage

—_

Labyrinthine drilling
or RWM injection

. Maximum drug/gene entering

1. Higher risks of inducing damage
and infection of the inner ear

2. Minimal systemic interference 2. Difficult manipulation
Intrathecal injection 1. Relatively convenient Diffusing effect may harm other parts
2. No harm to inner ear of central nervous system
Systemic application 1. Convenient Difficult to pass blood-labyrinthine barrier
2. No harm to inner ear
Intratympanic approach 1. Relatively high drug/gene entering 1. Difficult manipulation
or intact RWM permeation 2. Minimal systemic interference 2. Risk of infection of middle ear
3. Minimal harm to inner ear 3. May do slight harm to RWM and inner ear
Intrauterine approach Start treatment in embryonic stage 1. May harm embryo and/or mother

Applied with implanted object

(cochlear electrode) with the implantation)

Convenient (applied along

2. Difficult manipulation
3. Need for expensive equipment

RWM, round window membrane.
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several months, depending on the requirements of the ther-
apy and the capacity of the micropump. It is typically used
for perilymphatic infusion. The invasive approach could di-
rectly deliver foreign genes into the inner ear with relatively
higher efficiency and easier control to compensate for the
disadvantage of transient gene expression mediated by
nonviral gene vectors. However, it could dramatically in-
crease the risks of damage to and infection of the inner ear.
The potential for mechanical impairment and the complexity
of manipulation may limit its clinical usage.

The round window is the only membranously sealed
window on the bony labyrinth. The RWM is composed of
three layers. The outer epithelial layer is nonciliated, but
often contains microvilli. The middle layer contains a large
amount of collagen and elastic fibers as well as fibrocytes.
The inner layer is a continuation of the epithelial layer of the
perilymphatic space (Miriszlai et al., 1978). The first study on
RWM permeability to macromolecules with tritiated normal
human serum albumin was carried out in an experimental
cat model of otitis media (Goycoolea ef al., 1980). The study
demonstrated the feasibility of diffusion of smaller molecules
(toxins and enzymes) through an intact RWM. A large
number of studies have confirmed that the corresponding
exogenous substances can be detected in the perilymph after
placing albumin, steroid, antibiotics, anesthetics, and toxins
on the RWM (Miriszlai et al., 1978, Anniko ef al., 1989;
Plontke et al., 2007, 2008). These experiments imply that the
RWM is a potential route for delivery of biologically active
molecules (drug or toxin) into the inner ear. Higher peri-
lymphatic drug concentrations have been detected in many
laboratories after delivering the drugs intratympanically
through the intact RWM compared with other routes, such as
the peritoneum and bloodstream. The molecules used for
studies of RWM delivery include antibiotics, poly(lactic-
glycolic acid) (PLGA), methylprednisolone, and so on
(Tamura et al., 2005; Bird et al., 2007; Plontke et al., 2007). The
intact RWM approach (intratympanic pathway) may provide
higher a perilymphatic concentration of exogenous mole-
cules with low drug dosage by bypassing the blood—
labyrinth barrier. Meanwhile, it induces slight but acceptable
structural impairment of the inner ear with minimal systemic
interference, although it is relatively inconvenient for clinical
practice compared with the oral or intravenous route.
However, the molecular weight of the complexes consisting
of exogenous gene, vector, and helper element is much
higher than for tested molecules such as antibiotics and
PLGA, and therefore it is more difficult to deliver a sufficient
quantity of these complexes into the inner ear through the
intact RWM. Transgenes were successfully expressed in a
variety of cochlear tissues or cells by placing a Gelfoam cube
absorbed with liposome or adenoviral vector on the RWM of
mice (Jero et al., 2001). Several separate studies have con-
firmed the feasibility of inner ear gene transfer mediated by
viral or nonviral vectors via the intact RWM (Suzuki et al.,
2003; Zou et al., 2008). An ultrastructural study of the RWM
revealed that the paracellular pathway is the major route by
which the gene vector penetrates the RWM (Zou et al., 2010).
The efficiency of foreign gene transfection will be signifi-
cantly increased if the RWM is pretreated or simultaneously
treated with a facilitating agent, such as histamine, local
anesthetic phenol, or other chemicals (Chandrasekhar et al.,
2000; Suzuki et al., 2003). A possible mechanism for the
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effects of facilitating agents on the RWM may involve
damage of the RWM epithelium by the facilitator, thus en-
larging the space between cells. The RWM offers an atrau-
matic route of administration to the inner ear. The intact
RWM route may become an ideal approach for inner ear
gene transfection compared with invasive gene delivery
methods such as labyrinth drilling and RWM injection. Thus,
facilitating agents are worthy of further study for promotion
of the transfection efficiency of gene vectors.

Another novel method for delivering foreign genes into the
inner ear has been proposed. Cochlear implant electrodes
were coated with guinea pig fibroblasts transfected by an
adenoviral vector carrying a brain-derived neurotrophic fac-
tor (BDNF) gene (Rejali et al., 2007). The researchers found
that the BDNF-expressing electrodes had preserved more
spiral ganglion neurons compared with control electrodes 48
days after implantation. Although the protective effect de-
creased in the higher cochlear turns, the result demonstrated
the feasibility of combining cochlear implant therapy with
ex vivo gene transfer to enhance the survival of spiral gan-
glion neurons. Again, another interesting method for inner
ear gene delivery was carried out by delivering foreign genes
into inner ear cells in the otocyst of a developing embryonic
mouse via the uterus (Gubbels et al., 2008). A plasmid car-
rying genes encoding atonal homolog-1 and enhanced green
fluorescent protein (GFP) was microinjected through the
mouse uterus and into the fluid-filled cavity of the embryonic
day 11.5 (E11.5) mouse otic vesicle, and then a directional,
square-wave pulse train was delivered to electroporate ven-
tral progenitor cells that give rise to the organ of Corti, al-
lowing transfection of the foreign gene. Expression of hair cell
marker myosin 7a (Myo7a) by Atohl/GFP" cells was de-
tected in the otocyst 24hr after the electroporation. These
Atohl/GFP*/Myo7a™" cells were present in the base, mid-
base, and apex of the transfected cochleae. The cochlear ste-
reotyped pattern of hair cells in the one inner and three outer
rows was altered by overexpression of the Atohl/GFP"/Myo7a*
cells, called supernumerary cells. There were phalloidin-
positive epithelial protrusions on the apical surfaces of the
cells at E18.5, which resembled immature stereociliary bun-
dles, and lasted for 1 month after the birth. In addition, the
experiment demonstrated that cochlear morphology and
the hearing ability of transfected mice were not affected by
the intrauterine gene transfer. This may be a promising new
approach for inner ear gene delivery, especially for the
treatment of hereditary hearing loss at the embryonic stage.

Animal Models for Inner Ear Gene Therapy

Animal models can play important roles in auditory re-
search, particularly research aimed at improving cochlear
prostheses, understanding central auditory plasticity, and
developing strategies for inner ear rescue and repair
(McFadden et al., 2002). Gene therapy in the inner ear is
applied in animal models of ototoxicity and ischemia—
reperfusion injury (Maiorana and Staecker, 2005). The ani-
mals used as models of inner ear gene therapy include mice,
rats, guinea pigs, cats, and Mongolian gerbils.

As mentioned previously, a mouse model was used for cell-
gene therapy with nonviral vectors for delivery of therapeutic
molecules into the cochlea of the mouse inner ear. NIH3T3
cells were transfected with the brain-derived neurotrophic
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factor gene (Bdnf), using lipofection, and then transplanted into
the mouse inner ear. Immunohistochemistry and Western
blotting demonstrated the survival of grafted cells in the co-
chlea for up to 4 weeks after transplantation. A BDNF-specific
enzyme-linked immunosorbent assay revealed a significant
increase in BDNF production in the inner ear after transplan-
tation of engineered cells (Okano et al., 2006). A gene knockout
mouse model was used to evaluate the degeneration of type II
and IV fibrocytes and hearing loss by knocking out the Otos
gene encoding otospiralin (Delprat et al., 2005). Another in-
teresting mouse model involved delivery of a foreign gene into
the inner ear cells in the otocyst of a developing embryonic
mouse via the uterus (Gubbels ef al., 2008).

A rat model was used for the study of gene expression in
the organ of Corti (OC) exposed to gentamicin, using DNA
microarray technology to compare the expression profile of
OC exposed to gentamicin with that of untreated OC of
Sprague-Dawley rats (Nagy et al., 2004). In a rat model study
for inner ear gene therapy, adenoviral vectors carrying the
Mathl gene were constructed to examine their effect on ves-
tibular epithelia in postnatal rats. The new ectopic vestibular
hair cell-like cells induced by overexpression of Mathl were
found in the nonsensory region of the postnatal rat vestibular
epithelia, as observed in the cochlea. The study indicated that
the cells could have the ability to differentiate into new hair
cells (Huang ef al.,, 2009). Another rat model was used to
deliver the XIAP gene into the inner ear of rats by AAV
vector via RWM injection to study its ability to protect against
cisplatin-induced ototoxicity (Cooper ef al., 2006).

A study was carried out by infusion of NT-3, BDNF, or NT-
3 plus BDNF into the scala tympani of guinea pigs exposed to
ototoxic agents to examine survival of auditory neurons
(Staecker et al., 1996). Another guinea pig model was used to
study inner ear gene therapy. Transgene expression was ob-
served in the contralateral (untransfected) cochlea and CSF on
unilateral, adenovirus-mediated transfer of the lacZ reporter
gene into the cochlea of guinea pigs by intrathecal injection
(Stover et al., 2000). Successful transduction of both cochleae
was achieved by direct injection of adenovirus-mediated lacZ
reporter gene into the CSF intrathecally, whereas no trans-
duction was observed when injecting the reporter gene into
the bloodstream. A guinea pig model was used to test cochlear
implant electrodes coated with guinea pig fibroblasts trans-
fected by an adenoviral vector carrying a BDNF-encoding
gene (Rejali et al., 2007). A surgical approach for vector inoc-
ulation was developed in a guinea pig model by injecting
Ad.RSVntlacz into the guinea pig endolymphatic sac (Yama-
soba et al., 1999). The experiment indicated that inoculation of
viral vector into the endolymphatic sac could provide efficient
gene transfer that is not possible via scala tympani inoculation.

A study of RWM permeability to macromolecules with
tritiated normal human serum albumin was carried out in a
cat model of otitis media (Goycoolea ef al., 1980).

A Mongolian gerbil model was used for inner ear gene
therapy with GDNF after ischemia—reperfusion injury, and
the study has demonstrated the effect of GDNF in protecting
the cochlea from injury (Hakuba et al., 2003).

Prospects for Inner Ear Gene Therapy

Tremendous advances and progress have been made in
gene therapy for the inner ear, especially for the develop-
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ment of gene vector systems. As more attention has been
paid to nonviral vectors, great achievements and progress
related to nonviral gene delivery systems have been made.
The organic/inorganic nanoparticle gene vectors, which are
relatively easy to prepare and store, have developed rapidly
(Sun et al., 2006, 2008; Son et al., 2007; Vagle et al., 2008). A
novel nonviral vector was invented by genetic engineering
techniques (Zaki et al., 2007). The vector consists of geneti-
cally engineered polymer transcribed from a single gene
with nucleic acid-binding protein and is called a nucleic
acid-binding protein-based polymer (NABP) or amino acid-
based polymer. It can be enhanced by linking it to specific
elements such as a target ligand, an endosome-disrupting
moiety, or a nuclear localization sequence. A novel tech-
nique has been developed to deliver cargo-carrying nano-
particles into target cells by intracellular bacteria (Akin et al.,
2007). The process of transferring plasmid DNA into target
cells, using bacteria as a nonviral carrier, is called “bacto-
fection.” Nanoparticles containing plasmid DNA (carrying
the GFP gene) were linked to the surface of Listeria mono-
cytogenes through the specific combination of biotin and
avidin, which can penetrate mammalian cells via a non-
phagocytic process. The cargo-carrying bacteria, which the
inventors named “microbots,” had been successfully trans-
fected and expressed the reporter gene in various cultured
cell lines and in mice in vivo (Akin et al., 2007). The microbots
may become a new promising approach to deliver different
types of cargo (genes, drugs, and other biological active
molecules) into a variety of cultured cells and live animals.

Three kinds of vector may have great prospects: (1) The
first is the bacterial vector, which mediates bactofection. The
vector exerts no carcinogenesis because the bacterial genome
will not integrate into the host’s genome; (2) the second is the
multiplex gene vector, which has the advantages of both
viral and nonviral gene delivery systems and is constructed
by biochemical and genetic engineering techniques. The
capabilities of the so-called multiplex gene vector could be
tremendously increased compared with those of a purely
nonviral vector. The major advantage of the multiplex gene
vector is its almost infinite capacity for structural variation,
which may affect the physicochemical and biological prop-
erties of the vector. Such vectors may become an ideal tool
for gene therapy in the future; and (3) the third is the labeled
gene vector, with its obvious commercial value. It could be
used as an ex vivo and in vivo gene vector with the capacity
for real-time monitoring (Mori et al., 2006; Sen and Gambhir,
2007). On the basis of the progress in gene vector develop-
ment, it is estimated that breakthrough for transfection effi-
ciency of nonviral vectors or multiplex gene vectors could
take place within 5 years. It will take about 15 years for
multiplex gene vectors to become routinely used by physi-
cians carrying out gene therapy in patients.

Considering the safety, effectiveness, and easy operation
in clinical practice, the intact RWM is the most promising
route for inner ear gene delivery. The transfection efficiency
with this approach could be further increased after more
effective facilitating agents are developed. It is reasonable to
believe that the intact RWM approach may finally and per-
manently replace the commonly used transfection route of
labyrinth drilling or RWM injection for inner ear gene de-
livery. Some portion of inner ear gene therapy may need to
be carried out at the embryonic stage for the treatment of
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hereditary or congenital deafness in the future. In these cir-
cumstances, the intrauterine approach may be the best
choice, especially when the endoscopic technique and related
instruments become more precise and accurate. Considering
the large number of hereditary and congenital deafness de-
fects, the in utero approach for inner ear gene delivery is
worthy of further study. However, this strategically impor-
tant project has not been paid enough attention so far.

Neurotrophic factors, especially NT-3 and BDNF, are well-
known comprehensive protectors of inner ear hair cells and
neurons. In addition to the known major protective factors,
otospiralin and XIAP have been shown to be possible pro-
tectors for the inner ear cells. The dream of regeneration of
functional hair cells in the mammalian cochlea may some
day become true via cochlear cell transdifferentiation. Neu-
rotrophic factors, inhibitors of apoptosis, antioxidants, otos-
piralin, and the atonal-related factors may become the
mainstream therapeutic molecules for inner ear gene ther-
apy. As science and technology advance and progress, new
therapeutic targets (such as connexins) and novel therapeutic
molecules will be rapidly discovered and developed. On the
basis of our knowledge of the current status of inner ear gene
therapy, we predict that the first successful case of inner ear
gene therapy may be reported within 5-8 years. Inner
ear gene therapy may become a common treatment of inner
ear diseases in about 15 to 20 years.
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