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Abstract: 

Introduction: Although sensorineural hearing loss (SNHL) is the most common 

neurodegenerative disease in humans, no approved pharmaceutical interventions are 

currently available. The progression of inherited as well as acquired forms of hearing 

loss can be altered by transferring single genes to distinct cell types of the ear inner. 

The inner ear is an attractive target for gene therapy given its small size and localized 

anatomic nature, which is accessible through routine surgical approaches.  

Areas covered: SNHL is the symptom of a diverse group of disorders with specific 

requirements regarding the timing of therapeutic intervention, the target cell population, 

the delivery system and, of course, the therapeutic active “substance”.  

Expert opinion: Despite these challenges, which will be discussed in the following paper, 

the first human gene therapy clinical trial for an inner ear disease is already initiated, 

making this the perfect time to translate a great variety of therapeutic approaches from 

the laboratory into clinical routine.  

 

Key Words: hearing loss, cochlear gene therapy, hair cell, inner ear. 

  



 3 

1. Introduction: 

Sensorineural hearing loss (SNHL) is the most common neurodegenerative disease in 

humans and is estimated to affect over 466 million adults and 34 million children 

worldwide (World Health Organization 2018). It is caused by a wide variety of factors, 

including genetic, environmental or both. Gene therapy approaches to treat inherited or 

acquired diseases by counterbalancing or replacing malfunctioning genes have been 

under development for a number of diseases for nearly three decades. Amongst these, 

SNHL represents an attractive target due to the relatively closed and immuneprivileged 

space of the inner ear as well as its size and accessibility [1–3]. Combined with an 

improved understanding of the cellular and molecular mechanisms of the physiological 

and pathophysiological processes in the inner ear, gene therapy has gained tremendous 

momentum in closing the current treatment gap. In 2014, the first and so far only human 

gene therapy trial for hair cell regeneration was initiated (NCT02133120). Despite this 

progress, significant challenges still remain due to the complexity of the inner ear, the 

diverse causes of hearing loss and current limitations in delivery tools as well as our still 

restricted knowledge about potential cell targets or pathways. As in any other disease, 

there are three key elements toward successful gene therapy for sensory restoration: 

choice of the (I) applications of inner ear gene therapy (genes and nucleic acids, ii) 

delivery tools ((II) vector systems) and (III) route of administration.  

Depending on the underlying disease, the onset of hearing loss in humans can be 

classified as either acquired or congenital and may occur in the prenatal, perinatal or 

postnatal periods. Currently, the most feasible targets for developing therapeutics for 

genetic hearing loss are genes causing late-onset progressive hearing loss. Many of the 
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genetic disorders leading to hearing loss can be modeled in mice[4] and rescue of 

genetic hearing loss in mouse models was extensively reviewed recently by Lustig et. 

al.[5]. Therefore, the current review will focus on the challenges faced when translating 

gene therapy to treat hearing loss into clinical application in humans.   

 

2. Anatomy of the inner ear pertaining to gene delivery: 

The inner ear is a vital sensory organ that has the unique ability to convert mechanical 

energy into electrical energy. The external and middle ear serve to transfer sound into 

the inner ear. These are also the sites that allow access to the inner ear for drug delivery 

via either the round window membrane (RWM) or the stapes footplate (Fig. 1). The 

cochlea is a fluid-filled organ located in a bony capsule. It is divided into two main 

compartments: the scala tympani and the scala vestibuli containing perilymph fluid, 

whose composition is similar to cerebrospinal fluid and the external cellular environment 

(Fig. 2). The second fluid compartment, the scala media, contains endolymph, 

characterized by a higher potassium concentration critical for depolarization of hair cells 

(Fig. 1,2). The lateral wall of the inner ear (stria vascularis) is responsible for maintaining 

the potassium concentration within the scala media. Metabolic dysfunction of the stria 

vascularis is an important cause of hearing loss. The organ of Corti contains the auditory 

sensory epithelium, which consists of multiple supporting cells and the main sensory 

cells for detecting sound, the hair cells. Hair cells have a unique pattern with three rows 

of outer hair cells (OHC) and one row of inner hair cells (IHC) (c.f. Fig. 2A, yellow cells). 

The apex of hair cells projects into the endolymph and contains the mechanically 

sensitive organelle, the hair cell bundle, which consists of hundreds of elongated actin 
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filament stereocilia. The structure of the basilar membrane, on which the organ of Corti 

is located, determines the tonotopy of the cochlea: The width of the membrane 

increases, and the stiffness decreases from base to apex.  

The diverse cells and genes affected in hereditary and acquired hearing loss are shown 

in Figure 2 and Tables 1-3. In addition, acquired hearing loss, e.g., caused by noise, 

ageing, chemotherapy and aminoglycoside drug treatment, can affect hair cells, spiral 

ganglion cells or the stria vascularis through direct pathologic mechanisms like oxidative 

stress and induction of apoptosis.  

 

3. Applications of inner ear gene therapy in humans: 

3.1 Hair cell replacement: Hair cells are terminally differentiated cells that do not 

regenerate. Replacement of lost hair cells may be achievable through delivery of the 

atoh1 gene, which codes for a transcription factor that is critical for the differentiation of 

hair cells[6]. In vivo delivery of atoh1 or one of its homologs effectively rescues hearing 

and balance function in hair cell ablation models by inducing the trans-differentiation of 

supporting cells into hair cells[7–14]. This does not represent real regeneration since 

there is no cell division and supporting cells that give rise to hair cells are not 

replaced[12]. In addition, the cochlear sensory epithelium and supporting cells de-

differentiate into a ‘flat epithelium’ that transitions away from its normal state after a 

prolonged period of hair cell loss[15,16]. Adenoviral vector-mediated transduction of this 

flat epithelium is possible; however, it does not result in the induction of new hair 

cells[17]. However, if atoh1 is delivered as early as two months after the insult in animal 

models, sufficient repair of cytoarchitecture and regain of hearing was possible only if 
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there were areas of residual function in the inner ear. These factors were taken into 

account in the design of the Atoh1 clinical trial in humans (NCT02132130).  

3.2) Treatment of genetic hearing loss: In humans, a variety of genetic hearing disorders 

that can be seen in postnatal mouse models are already manifested in utero and some 

cases develop complete degeneration of inner ear architecture by birth. The recessive 

genes that could be targeted by current gene replacement approaches tend to have 

congenital presentations, whereas many but not all dominant mutations present with 

late-onset progressive hearing loss[18]. As shown in several models, effective rescue 

requires delivery of the vector prior to degeneration of the inner ear and loss of mature 

hearing. Gubbels et al. were the first to introduce proof-of-concept for a successful in 

utero delivery of plasmids [19]. Subsequent studies showed the feasibility that intra-

uterine delivery of anti-sense oligonucleotides could correct a form of Usher’s 

syndrome[20] and that plasmids expressing wild type Connexin-30 (Cx-30) could be 

used to correct hearing loss induced by small hairpin RNA, which mimics the knock-out 

mouse model[21]. Even in homozygous Cx-30 deficient mice, in utero transfection with 

a plasmid expressing wild type Cx-26 into otocysts was demonstrated to restore auditory 

function[21]. Another study examined different viral vectors for in utero genetic 

transduction and discovered AAV serotypes 1 and 2 to be superior compared to lentiviral 

vectors[22]. It is without a doubt that certain forms of hereditary hearing loss will 

necessitate inner ear gene therapy to be carried out at the embryonic stage. In utero 

gene therapy is still very preliminary in its development and human translational studies 

are still distant. However, it not inconceivable, since human fetal surgery is already 

established in clinical practice[23].   
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Recovery of hearing has been demonstrated in mouse models of a range of recessive 

disorders (Reviewed in[4,5]). Unfortunately, the most promising results from animal 

models address gene mutations that rarely occur in human populations (Fig. 2, Tables 

1 and 2), making assembly of a sufficiently large clinical trial cohort difficult. Ideally, for 

treatment of genetic hearing loss, a relatively common gene that causes post-lingual 

progressive hearing loss with a gene size allowing the use of established adeno-

associated virus (AAV) vectors should be initially targeted. This would enable an easier 

regulatory pathway and identification of a population of patients for an adequately 

powered clinical trial.  

Dominant disorders can also be addressed via gene therapy with either small interfering 

RNA (siRNA) or CRISPR-Cas9 approaches. This was first successfully demonstrated 

by using siRNA specifically targeting the dominant negative form of the gap junction 

gene GJB2[24], one of the most frequent genes involved in genetic hearing loss. For 

long-term expression of siRNA, an AAV-mediated transfer can be used as was 

demonstrated in an adult mouse dominant model of TMC1-induced deafness[25]. 

Correction of dominant negative mutations (e.g., TMC1) can be achieved via liposome 

mediated delivery of CRISPR/Cas9[26]. This, of course, would result in the permanent 

repair of the gene making long-term gene delivery unnecessary.  

3.3) Delivery of exogenous genes for protection of the inner ear: Gene therapy 

approaches to prevent cochlear damage from ototoxic drugs and noise would require 

gene therapy prior to the onset of damage. While this is a lofty goal, it will not be clinically 

feasible until we have gained enough experience with inner ear gene therapy in severely 

damaged organs. A potentially translatable application of gene therapy to the inner ear 
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could be the prevention of implantation trauma and the improvement of cochlear health 

in cochlear implant treated patients. To this aim, various biologically active compounds 

can be considered, including apoptosis modulators, free radical scavengers and trophic 

factors [27–36]. Cochlear implants are electrical prosthetic devices that directly stimulate 

the spiral ganglion cells after the loss of hearing.  Hearing outcomes with the cochlear 

implant are worse in patients with poor spiral ganglion survival leading to extensive 

research on the application of trophic factors to support neuronal health[37,38]. Gene 

therapy with vectors delivery the brain derived neurotrophic factor gene have been 

shown to improve cochlear implant function in animal models [39,40]. Translation of 

neurotrophin gene therapy for human use is hindered by the variability of cochlear 

implant outcomes making measurement of a statistically significant treatment effect 

difficult[41]. 

 

4. Vectors for delivery: 

Genetic information can be delivered by non-viral or virus-based vectors. The simplest 

non-viral vector is plasmid DNA. However, as DNA does not cross the intact cell 

membrane, DNA or - to date also RNA - is coated by chemical substances to form 

lipoplexes, polymers or nanoparticles. The synthetic nanoparticles can be further 

equipped with additional molecules to target them towards pre-defined cell receptors 

and/or to improve their intracellular processing. Viral vectors, on the other hand, are 

based on naturally occurring “nanoparticles”, i.e., viruses. Viruses have evolved 

sophisticated strategies to enter cells and to hijack the cellular machinery for their own 

purpose. Viral vectors use the same strategies for cell transduction. However, viral 
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coding information has been replaced by the transgene to make space for the nucleic 

acid to be transferred. As advantageous additional effect, the virus has become de-

armed and is incapable of virus progeny production. Thus, viral vectors in contrast to the 

viruses from which they are derived, can “only” deliver nucleic acid and cannot form 

novel viral particles and spread infection. In the present review, we will cover only viral 

vectors since they have been the primary focus for delivery of gene therapy the inner 

ear.  

 

5. Lentiviral vectors: 

Lentiviral vectors are mainly derived from human immunodeficiency virus (HIV). They 

incorporate envelope glycoproteins mediating cell attachment and subsequent cell entry 

in a targeted fashion. The viral vector genome is composed of RNA that is protected by 

a proteinaceous core. Lentiviral vectors are capable of transducing proliferating and non-

proliferating cells and mediate stable cell modification by integrating the vector genome 

into the host cell genome. Targeting of specific cell types can be achieved by 

engineering lentiviral vectors with different envelope proteins. Immunohistochemical 

analyses of cochlea and vestibular organs of mice subjected to in vivo transduction with 

VSV-G-pseudotyped lentiviral particles expressing the green fluorescent protein (GFP) 

as a transgene demonstrated the safety of lentiviral vectors in the inner ear as no 

significant inflammatory responses were observed[42]. Transgene (GFP) expression 

was observed in epithelial cells surrounding the scala vestibuli and scala tympani, but 

not in the organ of Corti or the tectorial membrane[42]. The use of viral transduction 

enhancers such as polybrene to promote lentiviral transduction of ex vivo cultured 
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cochlear basilar membranes resulted in only low levels of cochlear hair cell 

transduction[43]. Lentiviral vector transduction of mouse and rat cochlea explants 

showed gene transfer rates into inner ear hair cells of 0-0.9 % and 4 %, respectively[44]. 

Of potential therapeutic interest, other cells within the cochlea, such as supporting cells, 

were transduced with efficiencies of approximately 40 %[44]. Efficacy of lentiviral vector 

transduction in organotypic explants only ranged from 1–3 %, however, spiral ganglia 

neurons and glial cells were transduced demonstrating the potential to modify sensory 

epithelium[45]. Analyses of cochlear sections from Hartley guinea pigs that were infused 

by intracochlear perfusion with approximately 1.3 x 107 lentiviral vector particles 

encoding the reporter gene GFP revealed transduction of cells that border the 

perilymphatic space (vector infusion site) and the spiral ligament. However, cells of the 

organ of Corti, spiral limbus or other tissues within the endolymphatic space were not 

transduced [45]. Nevertheless, the lack of inflammation as well as no apparent loss of 

viability in transduced cells in this animal model further supported the safety of lentiviral 

vector application as a potential gene therapy strategy to treat hearing disorders given 

that the efficiency can be further improved.  

Generation of replication-competent lentiviruses may be a safety concern for lentiviral 

gene therapy, but the split-packaging production system should minimize this (unlikely) 

risk, and in fact, a replication-competent lentivirus has so far never been observed after 

clinical-grade vector production. Another important risk of retroviral vector therapies is 

transformation of transduced cells due to insertional mutagenesis, which was observed 

in early clinical trials that used the promoters and enhancers in the viral LTR (long 

terminal repeat) to drive gene expression in hematopoietic stem cells transduced with 
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gammaretroviral vectors[46]. To mitigate the risk of insertional mutagenesis, self-

inactivating (SIN) vectors were developed, in which viral enhancers and promoters were 

deleted from the U3 region of the long-terminal repeat. In SIN vectors, therapeutic 

transgene expression is accomplished via an internal promoter that may be chosen to 

allow increased control of transgene expression, including incorporation of cell-specific 

or inducible promoters. Application of third generation lentiviral SIN vectors was shown 

to be safe in several clinical studies[47,48]. Furthermore, the target cell to be transduced 

is an important factor to consider, as cells with greater regenerative capacities (e.g., 

stem cells) may pose a higher risk than terminally differentiated, non-dividing cells (e.g., 

inner ear hair cells). Advantages for employing lentiviral vectors in gene therapeutic 

strategies include a large cargo capacity that allows transfer of genes up to 8-10 kb in 

size[49–51]. This is especially relevant for gene replacement therapies to treat hearing 

disorders, due to the large size of many genes involved in hearing loss (Tables 2, 3) and 

the limited cargo capacity of other vector systems, such as adeno-associated virus 

(AAV) vectors. The possibility for long-term therapeutic gene expression via lentiviral 

gene transfer is another important aspect, especially considering human longevity. This 

is relevant in dividing cells. 

 

6. Adenoviral vectors: 

Adenoviral (AdV) vectors have become popular as research tools in inner ear gene 

therapy. They are non-enveloped vectors with a protein capsid that mediates 

interaction with cell receptors and protects the double-stranded DNA genome. 

Naturally evolved serotypes of AdV have been vectorized to employ differences in 
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receptor usage and thus cell type preferences. Therefore, serotypes of different 

vectors may allow targeting of vectors to different cell types within the inner ear.  

The biggest advantage of AdV is the large packaging capacity (up to 8 kB insert). 

However, a limited length of expression and the potential for eliciting (strong) immune 

responses that make repeated dosing less effective restrict their applications. AdV are 

ideal for short-term gene therapy applications, such as delivery of transcription factors 

to induce hair cell regeneration. Currently, AdV serotype 5 (Ad5) is the most promising 

vector for inner ear gene therapy[52]: Because inner ear cells express Coxsackie 

adenovirus receptor, they are susceptible for AdV mediated gene therapy. Binding to 

the Coxsackie adenovirus receptor is aided by interactions with integrins and heparan 

sulfate proteoglycans[53]. In principle, a wide range of other adenoviral serotypes can 

be used to target the inner ear[12]. Potential advantages of rare serotypes include lack 

of pre-existing patient immunity to these vectors and the possibility to target selected 

sub-populations of inner ear cells due to the use of distinct receptors. For example, Ad28 

based vectors transduce cochlear supporting cells, which might allow use of these 

vectors or their binding domains for gene delivery exclusively to supporting cells [12]. In 

comparison to first generation AdV, gutless Ad vectors promise larger packaging 

capacity and lower immunogenicity, features required to address some of the larger 

genes involved in SNHL (Table 2)[54]. However, at present, the risk of helper virus 

contamination has prevented their use in human clinical trials.   

 

7. Adeno-associated vectors 
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Most studies focusing on gene replacement in the inner ear have utilized AAV vectors, 

which have an established track record in human clinical trials. AAV vectors are based 

on replication-deficient, non-pathogenic members of the parvovirus family. The 25 nm 

(diameter) sized non-enveloped particles deliver a single-stranded DNA into target cells 

via receptor-mediated endocytosis. As for AdV, a portfolio of serotypes differing in 

epitopes recognized by the adaptive immune system and in receptors used for cell 

transduction is available for AAV. This tool box has been expanded by vectors with 

engineered capsids tailored for improved efficiency and/or specificity of cell transduction 

[55]. AAV vectors have significantly higher stability compared to lenti- or retroviral 

vectors, thus allowing purification of viral vector preparations to high titers and purity. In 

addition, greater stability simplifies storage. Due to the popularity in human clinical trials, 

and particularly for in vivo gene therapy, AAV vector manufacturing has received much 

attention in the past, which has led to development of robust production protocols 

[56,57]. Furthermore, AAV vectors present an excellent safety profile with increasing 

numbers of reports of clinical benefit. Also, multiple studies confirmed minimal to no 

ototoxicity or damage to the organ of Corti following AAV vector treatment[58,59]. 

However, the limited packaging capacity of approximately 5 kb remains a challenge as 

only a limited number of genes affected in SNHL are within that size range (Table 1). To 

overcome this limitation, dual vector approaches are applied (see below). Despite this 

drawback, AAV vectors showed an impressive potential for inner ear gene therapy 

strategies. The first successful rescue of a genetic deficiency was achieved by the use 

of AAV serotype 1 (AAV1) vectors carrying vesicular glutamate transporter-3 (VGLUT3) 

as transgene into a mouse model. Functional recovery was demonstrated with 
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normalization of auditory brainstem response (ABR) within 7-14 days post application 

that persisted up to a year in some mice[60]. A similar result was reported from a recent 

study that focused on correction of clarin1, which causes a form of Ushers disease[61]. 

AAV2, which has been widely used in human clinical trials and in animal models, 

transduces inner hair cells, spiral ganglion cells, spiral limbus, spiral ligament, sensory 

and supporting cells of the cristae ampullaris and vestibular maculae[62,63]. Further 

serotypes have been explored with the conflicting results, which might be due to model-

specific differences and thus calling for a comprehensive side-by-side comparison. 

Transduction appears to be more efficient in neonatal animals and with vectors applied 

to the scala media[59,64,65]. The highest inconsistency regarding transduction is 

reported for outer hair cell (OHC), which is clearly vital for treating the range of genetic 

disorders confined to hair cells (Fig. 2B). Newer capsid-engineered or synthetic AAV 

constructs are clearly superior to AAV vectors that employ natural capsids and show 

promise for more consistent transduction of a broad range of cells within the cochlea, 

including both inner and outer hair cells[65–67]. Recently, a new “type” of AAV vector, 

the exo-AAV, was developed. Exo-AAV vectors are associated or packaged in 

extracellular vesicles and showed improved transduction efficiency for inner and outer 

hair cells compared to the conventional AAV vectors [68]. The reason for their efficacy 

is still unknown and production of pure and uniform particles is an issue that remains to 

be resolved. Currently, production of these novel vectors is accomplished by a serial 

centrifugation steps from the lysate and culture medium of vector-producing cells. 
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As already mentioned, some genes that need to be addressed to treat hearing loss are 

too large to be packaged into an AAV capsid (Table 2). Splitting the gene into 2 

components and delivery of both segments with different vectors (dual vector approach) 

using trans-splicing, highly recombinogenic sequences or inteins, respectively, for “re-

unification” would also be an attractive approach for human gene therapy. This has been 

demonstrated for otoferlin with limited but still effective gene transfer [69,70].  

 

8. Promoters and retargeting:   

Like any other medication, gene therapy needs to be specifically delivered at the correct 

dose. This can be achieved through production of concentrated active vector particles 

and modified through use of specific promoters/regulatory sequences and through 

retargeting of the vector toward distinct cell types. Most inner ear studies have relied on 

viral or hybrid promoters, such as hCMV or CAG that are ubiquitously expressed at high 

levels rather than tissue specific or gene specific promoters that are generally expressed 

at lower levels. There is clear evidence for distinct diseases that overexpression of 

delivered genes can result in cell pathology[71–73] that argues for the use of local or 

regulatable promoters. For genetic disorders, recent studies on Clarin 1 delivery 

demonstrate that endogenous regulatory sequences are required for effective hearing 

rescue[61]. Delivery of exogenous genes such as growth factor genes will likely require 

regulatable promoters to secure safety.   

Choice of promoter and miRNA target sites can aid in the control and localization of gene 

expression, but does not affect the efficiency of transfection or transduction. Modification 

of the vector capsid or envelope (retargeting/pseudotyping) allows optimization of target 
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cell transduction with regard to efficiency and/or specificity. AdV engineered to have 

enhanced binding to heparan sulfate proteoglycans or integrins through modification of 

their fiber/knob showed enhanced distribution within the inner ear and required lower 

numbers of vector particles to achieve delivery[53]. Furthermore, as already mentioned, 

synthetic AAV vectors have also been demonstrated to provide significantly improved 

transduction efficiency in the inner ear compared to natural AAV serotypes. For example, 

of the Anc80 synthetic AAV was significantly more efficient in rescue the hearing in a 

recessive TMC1 mutant mouse, demonstrating that utilization of more efficient vectors 

increases rescue of a genetic deficit[74]. In addition, more classical cell surface targeting 

strategies will likely result optimized AAV vectors for inner ear gene therapy as has been 

seen for other tissues and cell types in the past (Büning & Srivastava 2019). Similar 

targeting strategies were developed for lentiviral vectors employing targeted measles or 

nipah virus envelopes[75–77]. However, the difference in distribution of genes and 

cellular targets for vectors in humans and animal models makes clinical translation 

challenging[78,79].   

 

9. Route of delivery to the human inner ear:   

An ideal route of delivery to the inner ear needs to be convenient (simple operation or 

in-office procedure), and should be accessible with minimal harm to the vestibular or 

auditory organs. Administration of vectors into the middle ear has been tested in animal 

models but the limited diffusion across the round window membrane greatly reduced the 

efficiency of gene transfer[80]. Therefore, direct delivery of vectors into either the 

perilymph or endolymph is therefore necessary. This can be achieved in humans by 
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direct injection through the round window membrane, the stapes footplate or creation of 

a cochleostomy (Fig. 1A). Neonatal animal models have also demonstrated the ability 

to deliver vectors via the intravenous route[81] or into the scala media. For the latter, the 

analogous strategy in humans would be injection into the endolymphatic sac (Fig. 1D). 

Another key consideration is to ensure the distribution of the vector throughout the length 

of the inner ear to reach the complete range of frequencies necessary for hearing. To 

this purpose, a combined injection of AAV vectors through the round window membrane 

and the semicircular canal was demonstrated to be safe in animal models with enhanced 

transduction of all inner hair cells throughout the cochlea and, to some extent, also of 

vestibular hair [82]. However, this is not feasible in humans since without opening the 

endolymphatic space the perilymphatic space is not accessible via the semicircular 

canal. For delivery in humans, the stapes footplate was used as a portal to the inner ear, 

enabling slow infusion of vector solution using a customized pump (Fig. 1B). This 

allowed the most direct approach to the inner ear and minimized loss of vector through 

the potentially patent cochlear aqueduct (Fig. 1C)[83–85]. Based on studies of human 

cochlear volume (http://oto2.wustl.edu/cochlea/model/cochdim.htm)[86], 20-40 µL of 

vector volume were chosen for the human NCT02133120 clinical trial and shown to be 

safe (Staecker et. al, & personal communication). Thus, to prevent a possible hydraulic 

trauma, highly concentrated vectors have to be manufactured to ensure delivery to all 

target cells. Initial scale up and assessment of volume tolerance of the inner ear was 

carried out in rhesus monkeys[87]. A delivery model in the rat inner ear has also been 

developed for toxicity and distribution studies required for regulatory approval of a gene 

therapy product[88]. While rats are widely used for toxicology studies that are submitted 
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to regulatory agencies, they have a relatively small cochlea that does not reflect the 

pharmacokinetics of vector distribution in the much larger human inner ear. Potential 

available models to study vector distribution in the inner ear are primates and 

minipigs[89].  

 

10. Conclusion: 

The last several years have seen rapid advances in gene therapy research for hearing 

loss. The initiation of the first in human inner ear gene therapy trial highlights that the 

inner ear can be targeted with innovative molecular therapeutics. Current challenges 

include identification of appropriate patient populations, definition of adequate outcomes 

measures and further development of vectors suited for targeting the very diverse range 

of disorders that induce SNHL. Therefore, we will expand the repertoire of addressable 

target genes by considering large capacity vectors to treat adult onset progressive 

hearing loss.  

  

11. Expert opinion: 

Despite being the most common neurodegenerative disease in humans there are no 

approved pharmaceutical interventions for sensorineural hearing loss. The inner ear is 

an attractive target for gene therapy due to its localized anatomic nature and ability to 

access it through fairly routine surgical approaches. The last 20 years have seen an 

increased overall understanding of inner ear disease with about 500 different genes 

currently thought to be associated with sensorineural hearing loss. Combined with 

delivery of transcription factors and delivery of substances that protect against 
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degeneration of the inner ear, there is a great potential to commercialize multiple 

different gene therapy interventions for this diverse group of disorders. Two main vector 

systems, AAV and adenoviral vectors, have been developed for different applications to 

treat hearing loss. To date, lentiviral constructs and non-viral gene delivery have lacked 

in adequate transfection efficiency and, thus, remain an area where inner ear delivery 

could be improved. A significant development in vectorology for delivery of gene therapy 

to the inner ear is the development of next generation AAV constructs that enhance 

transduction of hair cells[65]. Such advances will further improve our ability to treat the 

numerous genetic disorders that affect these specialized sensory cells. Rescue of 

various recessive genetic hearing losses has been demonstrated in mouse models.One 

of the major hurdles in translating these successful observations into the clinic is the 

timing of delivery. It is clear from animal models that the therapeutic gene needs to be 

delivered to the ear prior to degeneration of the neural epithelium. The mouse auditory 

system matures around postnatal day 12, whereas hearing matures during the third 

trimester during human development. Therefore, many of the common disorders that 

present with congenital hearing loss, such as the bulk of GBJ2, would require in utero 

gene therapy. Excitingly, proof-of-concept for this approach has been demonstrated in 

animal models[90]. To date, most gene therapy studies have used non-specific 

constitutively active promoters. Recent studies show that optimal rescue effects may 

require endogenous regulatory sequences for specific genes. For now, limitations in 

AAV capacity and the necessity for potentially including regulatory sequences may limit 

the number of gene therapy interventions that can easily be translated into the clinic. An 

attempted solution for the gene size issue has been to use split AAV vectors. While this 
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strategy results in decreased delivery efficiency, initial studies on DFB9 demonstrate 

that even low-level delivery of the gene can rescue the auditory phenotype. An alternate 

approach would be to develop larger capacity vectors, such as lentiviral vectors, that 

have already been in clinical use in the eye. Combined with advanced vector design and 

pseudotyping these larger capacity vectors will be usable within the complex 

cytoarchitecture and small volume of the inner ear. A large percentage of the genetic 

hearing losses that present in a delayed fashion are dominant genes, therefore requiring 

RNA interference (RNAi) or a CRISPR-Cas9-based approach to correct the genetic 

deficit. The first studies showing that both approaches can be successfully applied have 

recently been published, thereby significantly expanding the horizon of gene 

correction[91]. Of course, CRISPR-Cas9-based approaches could also be applied for 

correcting recessive disorders, however, a straightforward gene replacement approach 

for recessive genes is likely to enter the clinic first. In addition to these exciting 

developments, gene therapy may also be applied for disorders such as spiral ganglion 

degeneration. A better understanding of regulation of neurotrophin and appropriate 

outcomes measures specific for spiral ganglion survival are still needed.  

 

Conclusion: 

The last several years have seen rapid advances in gene therapy research for hearing 

loss. At present, the first human clinical trial of gene therapy is in progress and preceded 

any other intervention (molecular or standard pharmacologic) in the inner ear of these 

hearing loss patients. The initiation of the first in human inner ear gene therapy trial 

highlights that the inner ear can be targeted with innovative molecular therapeutics. Now 
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that this threshold has been crossed, the field is expected to advance quickly. The 

completion of the inner ear gene therapy trial will yield our first clear picture of the 

practical challenges in developing targeted inner ear therapeutics, and will serve as a 

cornerstone for the design of future clinical trials. Current challenges include 

identification of appropriate patient populations, definition of adequate outcome 

measures and further development of vectors suited for targeting the very diverse range 

of disorders that induce SNHL.  
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Figures and legends: 

Figure 1: Anatomy of the human inner ear and its relationship to delivery of gene therapy 

vectors. Fig 1A: Three basic approaches modeled on existing ear surgery can be used 

to approach the fluid spaces of the inner ear. Stapedectomy (accessing scala vestibuli, 

cochleostomy/opening of the round window (accessing scala tympani) and injection into 

the endolymphatic sac (sccessingaccessing scala media). Fig 1 B: In human clinical 

trials, access to the stapes footplate (asterisk) has been used to delivery adenovector 

carrying hath1, the human atoh1 analog, to the inner ear.  Fig 1 C: Important anatomic 

considerations include patency of the cochlear aqueduct (arrow 1C), which can result in 

vector distribution to the CSF, and, thus necessitate vector delivery to the apex of the 

cochlea (H; 1C). Fig 1 D: Scala media delivery has been found to be effective in mouse 

models and could be carried out in humans by injecting into the endolymphatic sac (ELS; 

1D). Corrosion casts courtesy of Prof. Helge Rask-Andersen. Arrow in C: cochlear 

aqueduct; Arrow in D: vestibular aqueduct; Abbreviations: H, helicotrema; S, stapes; R, 

round window; VII, facial nerve; PSCC, posterior semicircular canal; ELS, endolymphatic 

sac. 
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Figure 2: Microanatomy of the human inner ear with distribution of common genes 

causing hearing loss. The inner ear has a diverse population of cells that play different 

and important roles in hearing (2A). The sensory hair cells (one row of inner and three 

rows of outer hair cells are marked in yellow). The cells need to be individually targeted 

with vectors/tissue specific promoters to achieve optimal results. Distribution of the 7 

most common causes of genetic hearing loss show that different areas of the inner ear 

are affected (2B). There are differences in the incidence of genes causing hearing loss 

in the general population (2C), and a cochlear implant population (2D). The distribution 

and incidence of the targeted gene needs to be taken into account when translating 

animal research to human studies (Illustrations shown are based on data from 

[18,92,93]).  
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Table 1: Recessive genes that can be delivered using AAV with incidence in a hearing 

loss population. Adapted from [93,94]. 
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Table 2: Recessive genes requiring larger capacity vectors with incidence in a hearing 

loss population. Adapted from [93,94] 

 

 

 

 

 

 

 

 

 

 

 

 

 



 43 

Table 3: Genes causing dominant hearing loss. Adapted from [93,94] 
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