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Sensorineural hearing loss (SNHL), a highly prevalent sensory impairment, results from a multifaceted interaction of genetic and environmental factors. As we continually gain insights into the molecular basis of auditory development and the growing compendium of deafness genes identified, research on gene therapy for SNHL has significantly deepened. Adeno-associated virus (AAV), considered a relatively secure vector for gene therapy in clinical trials, can deliver various transgenes based on gene therapy strategies such as gene replacement, gene silencing, gene editing, or gene addition to alleviate diverse types of SNHL. This review delved into the preclinical advances in AAV-based gene therapy for SNHL, spanning hereditary and acquired types. Particular focus is placed on the dual-AAV construction method and its application, the vector delivery route of mouse inner ear models (local, systemic, fetal, and cerebrospinal fluid administration), and the significant considerations in transforming from AAV-based animal model inner ear gene therapy to clinical implementation.
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Introduction

Hearing loss (HL) is a common health condition affecting over 5% of the global population, approximately 430 million. Projections estimate that by 2050, more than 700 million people, or one in every 10, will experience disabling HL (World Health Organization, 2023). HL is typically categorized into two principal categories: conductive HL, which stems from problems with the ear canal, eardrum, or middle ear and its tiny bones, and sensorineural HL (SNHL), which arises from damage to either the cells in the cochlea or the auditory nerve itself. SNHL can be congenital and present from birth due to genetic factors or infections during pregnancy, such as rubella. Alternatively, it can be acquired after birth and can develop at any stage in life due to various factors such as noise-induced injury, ototoxic drugs, aging, infections like meningitis or mumps, and conditions like Meniere’s disease. Currently, the primary management strategies for SNHL involve using hearing aids or cochlear implants. These interventions benefit many but do not cure the underlying condition causing the HL. Adeno-associated virus (AAV)-mediated gene therapy represents a novel frontier in the management of SNHL. This method diverges from the traditional use of hearing aids and cochlear implants, which amplify or directly stimulate the auditory nerve to enhance auditory perception. Instead, AAV-mediated gene therapy employs AAV vectors to introduce therapeutic agents into the inner ear, thereby addressing the genetic underpinnings of HL. At the preclinical trial stage, this innovative approach has demonstrated promising potential in treating both congenital and acquired forms of SNHL.



Anatomy and function of the inner ear

The inner ear, located within the petrous part of the temporal bone, consists of two primary sensory organs: (1) the peripheral vestibular system, which includes the semicircular canals, utricle, and saccule, relays information about linear and angular movements of the head to aid in maintaining equilibrium; (2) the cochlea, crucial for auditory transduction, converts sound waves into electrical impulses. Structurally, the cochlea contains three fluid-filled compartments: scala vestibuli, scala media (cochlear duct), and scala tympani, each isolated by Reissner’s membrane and the basilar membrane. The stria vascularis, situated along the scala media’s lateral wall, is notably vascularized and actively transports potassium ions into the endolymph, thereby playing an essential role in establishing and maintaining the endocochlear potential (EP) (Figure 1B).
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FIGURE 1
 Overview of inner ear delivery routes, structure of the organ of corti, and causal genes associated with hearing loss in preclinical studies. (A) The four local delivery routes to the inner ear include (1) RWM injection, (2) RWM injection combined with CF, (3) cochleostomy, (4) utricle injection, and (5) canalostomy. (B) Structure organ of corti. ASCC, anterior semicircular canal; PSCC, posterior semicircular canal; LSCC, lateral semicircular canal; RWM, round window membrane; CF, semicircular canal fenestration.


The organ of Corti, the auditory sensory apparatus, comprises a single row of inner hair cells (IHCs) and three rows of outer hair cells (OHCs), both accompanied by supporting cells (SCs) (Figure 1B). The apical stereocilia of these hair cells (HCs), equipped with mechanotransduction channels, are particularly susceptible to damage and are pivotal for auditory signal transduction. Hair cell depolarization prompts the release of neurotransmitters from synaptic vesicles, which subsequently activate spiral ganglion neurons (SGNs). These neurons convey electrical signals through the eighth cranial nerve to the cochlear nucleus in the brainstem, facilitating sound perception and interpretation within our environment.



Overview of AAV


General information on AAV and recombinant AAV

AAV belongs to the genus Dependoparvovirus with the Parvoviridae family. Its lifecycle is reliant on other helper viruses such as Adenovirus (Balakrishnan and Jayandharan, 2014). AAV’s structure is characterized by a 4.7 kb single-stranded DNA genome. It consists of rep and cap genes, which are flanked by inverted terminal repeats (ITRs) within a nonenveloped capsid that is icosahedral and has a diameter of 26 nm (Wang et al., 2019). ITRs are the only cis-acting elements required for genome replication and packaging (Wu et al., 2006). The rep gene encodes four proteins, namely Rep78, Rep68, Rep52, and Rep40. These proteins, required for viral replication, are named by their molecular masses (Wang et al., 2019). The cap gene encodes three structural proteins: VP1, VP2, and VP3, in a ratio of 1:1:10 and assemble to form viral capsid and are involved in cell binding and internalization (Samulski and Muzyczka, 2014). On the virion surface, each VP subunit has nine variable regions, which determine the primary tropism and intracellular trafficking of AAV vectors, and neutralizing antibodies typically recognize these domains (Xie et al., 2002; Govindasamy et al., 2006). Engineering these variable regions can increase cell transduction efficiency and escape from antibody neutralization (Kotterman and Schaffer, 2014; Büning et al., 2015).

Currently, four expression systems are used for recombinant AAV (rAAV) production: adenovirus, herpesvirus, baculovirus complementation, and yeast expression systems (Aponte-Ubillus et al., 2018). One of the most prevalent methods for rAAV production involves the transfection of HEK293 cells with triple plasmids in the adenovirus complementation system. This method necessitates the delivery of three components into the host cell line: (1) the AAV vector genome composed of the transgene of interest; (2) the rep and cap genes; (3) the helper genes from the adenovirus (Aponte-Ubillus et al., 2018; Penaud-Budloo et al., 2018; Verdera et al., 2020). The essential components, including the transgene itself and regulatory elements like the promoter, polyA, and introns, are inserted between the ITRs of the AAV vector in place of both rep and cap genes (Lu, 2004; Kotterman and Schaffer, 2014). Accordingly, the maximum packaging capacity of rAAV is approximately 4.7 kb. These modifications render rAAV replication-deficient, enabling it only to infect cells and deliver DNA to their nuclei. In the current herpesvirus-based design, AAV-rep/cap, the transgene, and HSV-helper elements are delivered to a mammalian cell line like BHK, utilizing two recombinant herpes strains (Aponte-Ubillus et al., 2018; Penaud-Budloo et al., 2018). The baculovirus expression system in insect cells shows significant potential as a platform for rAAV production, exhibiting high per-cell and volumetric productivity. In this system, the production and assembly of the rAAV vector occur in insect cells and require a recombinant baculovirus vector to express the rep and cap genes (Urabe et al., 2002; Aponte-Ubillus et al., 2018). In yeast-based systems, the expression of AAV proteins is regulated by natural yeast promoters by transforming a collection of plasmids containing six AAV expression cassettes and a transgene (Barajas et al., 2017).

The rAAV vectors are extensively utilized in gene therapy due to their non-pathogenic characteristics, minimal potential for inflammation, the availability of a variety of viral serotypes, and the infrequent integration into the host chromosome, which leads to long-lasting gene expression (Aponte-Ubillus et al., 2018; Li and Samulski, 2020). Notwithstanding these advantageous characteristics, studies have indicated that AAV vectors may initiate immune responses within the inner ear (Ishibashi et al., 2023). The immune reactions and related adverse effects directly correlate with the dosages of AAV vectors in systemic therapeutic trials. Moreover, existing research has demonstrated that higher doses of AAV vectors can enhance transduction efficiency in hair cells (Ivanchenko et al., 2021). In light of these findings, future research should be directed towards developing vectors that can transduce cells with greater efficiency, augment expression of the transgene product, or deliver transgenes of heightened activity (Ertl, 2022). Adopting these strategies could reduce the required dosage of AAV vectors.



The AAV transduction pathway

The AAV vector is internalized into the cell via endocytosis. The process initiates with the attachment of the AAV vector to receptors and co-receptors on the target cell’s surface. Once attached, the AAV vector is enclosed in endosomes through Clathrin-coated pits (Bartlett et al., 2000). After internalization, conformational changes in the viral capsid expose the N-terminal domain of the VP1 and VP2 proteins, facilitating the escape of the AAV vector from the endosomes to reach the nucleus (Bleker et al., 2005; Kronenberg et al., 2005). Upon arrival in the nucleus, the AAV vector undergoes capsid uncoating, a process during which the viral capsid is disassembled, revealing the viral genome. Consequently, the single-stranded DNA genome of the AAV is transformed into a double-stranded DNA genome, serving as the template for transgene to be transcribed and translated (Wu et al., 2006; Hastie and Samulski, 2015; Li and Samulski, 2020). In AAV-based gene therapy, the single-stranded rAAV genome that carries the transgene can express specific exogenous recombinant proteins within the host cells through the transduction pathway.



AAV serotypes used for inner ear gene therapy

In the early days of inner ear gene therapy, most AAV vectors were either natural serotypes of AAV (1–12) or their improved variants, each exhibiting different tropism and transduction potentials towards remote organs or tissues. The cochlea is a complex organ with various cell types responsible for its structure and function, including HCs, SCs, and SGNs. HCs are comprised of OHCs and IHCs, which are responsible for amplifying sound and mechanoelectrical transduction, respectively (Géléoc and Holt, 2014). Several groups have analyzed the tropism profile of frequently used AAVs for inner ear cell transduction (Askew and Chien, 2020; Bankoti et al., 2021). IHCs can usually be transduced highly efficiently by AAVs, including AAV1, 2, 5, 7, 8, 9, and rh.8. Conversely, most AAVs demonstrate low transduction efficiency towards OHCs, with AAV1, 2, and 8 reported to transduce OHCs (Shu et al., 2016). In a study in 2015, Zinn et al. (2015) deduced approximations of evolutionary capsid intermediates that yield infectious particles through ancestral sequence reconstruction. They identified Anc80 as the likely ancestor of AAV serotypes 1, 2, 8, and 9. Among these, Anc80L65 stood out as a highly potent in vivo gene therapy vector, with the ability to target the liver, muscle, and retina. Landegger et al. (2017) demonstrated that Anc80L65 could effectively transduce OHCs and IHCs (95% OHCs and 100% IHCs transduction at the base of the cochlea) via round window membrane (RWM) injection, marking a substantial improvement over conventional AAV vectors. Deverman et al. (2016) designed a unique capsid selection method named Cre recombination-based AAV targeted evolution. They developed a library for AAV variants by inserting seven randomized amino acids (7-mer) between the VP1 site of the AAV9 capsid (amino acids 588 and 589). This resulted in the generation of an AAV variant, AAV-PHP.B, which is 40-fold more efficient than the current standard AAV9 at transferring genes throughout the central nervous system (Chan et al., 2017). Lee et al. (2020) reported a higher transduction efficiency in both OHCs and IHCs through utricle injection AAV9-PHP.B into the postnatal 7 days (P7) and P1 mice, compared to mice injected with Anc80L65. Initially, gene therapy vectors for hereditary HL mouse models were mainly based on AAV1, AAV2, and their variants (Akil and Lustig, 1950; Isgrig et al., 2017; Dulon et al., 2018). However, following the discovery of the high transduction rate of Anc80L65 and AAV9-PHP.B targeting HCs, these engineering AAV vectors have been increasingly used in gene therapy research of hereditary HL (Pan et al., 2017; György et al., 2019a; Taiber et al., 2021; Wu J. et al., 2021).

Gene therapy mediated by AAV shows promise not only in treating hereditary HL but also in addressing acquired HL, by facilitating the delivery of therapeutic gene cDNA to the cochlea for the regeneration of inner ear stem cells. Lgr5, Axin2, and Frizzled9-positive cells in the inner ear auditory epithelium have been identified as inner ear stem cells (Chai et al., 2012; Jan et al., 2013; Zhang et al., 2019). Lgr5, a downstream target gene of the Wnt signaling pathway, is expressed in specific SCs of the mouse cochlea, including in the third-row Deiters’ cells, inner pillar cells, inner phalangeal cells, and lateral greater epithelial ridge cells (Chai et al., 2011, 2012). Lineage labeling has shown that Axin2-positive cells are located at tympanic border cells, and Frizzled9 is expressed in inner phalangeal cells, inner border cells, and third-row Deiters’ cells of the mouse (Jan et al., 2013; Zhang et al., 2019). In damaged neonatal mouse utricles, Lgr5-positive cells have shown capabilities for regenerating HCs through proliferation and direct transdifferentiation (Wang et al., 2015).

Given that inner ear Lgr5-positive SCs are inner ear stem cells, evaluating the transduction rate of AAVs targeting SCs is critical for gene therapy aimed at hair cell regeneration, and several research groups have undertaken this work (Shu et al., 2016; Gu et al., 2019; Hu et al., 2019; Isgrig et al., 2019). Gu et al. (2019) demonstrated that the transduction efficiency of AAV2/9 in SCs post in vivo injection is 21.9%, and AAV2/Anc80L65 exhibits a higher efficiency of nearly 30%. Hu et al. (2019) reported that the transduction efficiency of AAV-DJ in SCs is approximately 50% through RWM injection of mice. AAV2.7m8 infects Lgr5-positive SCs (inner pillar cells and inner phalangeal cells) with high efficiency, respectively, 86.1 ± 4.56% and 61.4 ± 9.30% at the middle turn of the cochlea. However, it rarely infects Deiters’ cells, which are crucial for hair cell regeneration (Cox et al., 2014; Isgrig et al., 2019). Therefore, further optimization of AAV to improve its transduction efficiency for all types of inner ear stem cells has become a critical technical challenge. Based on AAV-DJ, a more efficient and safer variant, AAV-ie, was developed to address this problem. AAV-ie, has a transduction rate exceeding 90% for both OHCs and IHCs. At an equivalent dosage, Anc80L65 and AAV-DJ achieved moderate transduction efficiencies in SCs of less than 55%, whereas AAV-ie demonstrated a markedly higher efficiency, transducing SCs at approximately 77% (Tan et al., 2019). Notably, AAV-ie’s transduction of SCs exhibited a dose-dependent relationship. At higher doses, AAV-ie efficiently targeted all subtypes of SCs, including Hensen’s cells, Deiters cells, pillar cells, inner phalangeal cells, and inner border cells, with the overall efficiency surpassing 80% (Tan et al., 2019). Moreover, the delivery of the Atoh1 gene into the mouse cochlea by AAV-ie generates numerous new HC-like cells (Tan et al., 2019). In 2022, the same research group performed mutational screening on AAV-ie capsid and reported that a particular amino acid-mutant AAV-ie capsid, AAV-ie-K558R, has higher transduction efficiency in both the OHCs located in the middle region of cochlea and the SCs located in the basal region (Tao et al., 2022). When AAV-ie-K558R was used to deliver Prestin, a motor protein of OHCs that plays a vital role in mediating their electromotility, to P1-P2 Prestin KO mice, it partially restored the auditory brainstem response (ABR) threshold with more pronounced effect in the high frequencies (Tao et al., 2022). Furthermore, AAV-ie-K558R has been shown to induce the regeneration of HC-like cells in the region of the greater epithelial ridge. Some cells develop kinocilium when Atoh1 is delivered into the mouse cochlea via RWM at P3 (Tao et al., 2022). These studies suggest that AAV is a promising vector for restoring HL caused by genetic dysfunction and rescuing HL caused by noise-induced injury, ototoxic drugs, or aging through hair cell regeneration.



Dual-AAV system and dual-AAV application in the treatment of hereditary HL

As mentioned earlier, the packaging capacity of AAV is approximately 4.7 kb. Several strategies have been explored to enhance AAV’s capacity to deliver larger genes. These include optimizing regulatory elements (such as promoters and polyA sequence), developing shortened versions of therapeutic genes that encode a truncated but functional protein, and manipulating AAV capsids. However, these efforts only marginally increase the capacity of AAV and seem insufficient for transporting larger genes. These larger genes, such as those encoding otoferlin (OTOF, 6 kb), myosin 7A (MYO7A, 6.5 kb), myosin 15A (MYO15A, 10.6 kb), otogelin (OTOG, 8.8 kb) and otogelin-like (OTOGL, 7 kb), cadherin-23 (CDH23, 10 kb), or protocadherin-15 (PCDH15, up to 5.9 kb) (Reisinger, 2020), which is responsible for potential substantial patient population. The most well-studied and validated method to overcome the limited AAV cargo capacity is the dual-AAV system, which uses two vectors to carry two parts of one gene. This system has been successfully applied in preclinical and clinical trials (Patel et al., 1950; Tornabene and Trapani, 2020). The dual-AAV system can reconstitute the large therapeutic proteins at the DNA, pre-mRNA, or protein level.

Reconstitution of DNA using dual-AAV strategies relies on different mechanisms: trans-splicing, overlapping, and hybrid AAV vectors (Figure 2A). The trans-splicing method exploits the inherent concatamerization ability of AAV’s ITRs to reassemble full-length genomes (Yan et al., 2000). The 5′-vector carries the promoter, the 5′-portion of the coding sequence (CDS), and a splicing donor (SD) signal, whereas the 3′-vector carries a splicing acceptor (SA) signal, the 3′-portion of the CDS, and the polyA signal. When ITR-mediated concatamerization links the two AAV vector genomes in a head-to-tail orientation, the complete gene expression cassette is reinstated if splicing signals are triggered to remove the intervening recombinant ITR sequence (Nakai et al., 2000; Sun et al., 2000; Yan et al., 2000; Reich et al., 2003). The overlapping method relies on the homologous recombination within the CDS in both vectors to reconstitute the intact gene expression cassette (Duan et al., 2001). The 5′-vector contains the promoter, the 5′-portion of the CDS, whereas the 3′-vector has the 3′-portion of the CDS and the polyA signal. The CDS in both vectors shares a homologous region. The hybrid AAV method leverages both trans-splicing and overlapping mechanisms (Patel et al., 1950; Ghosh et al., 2008; Tornabene and Trapani, 2020). It is anticipated to have higher recombination efficiency because it incorporates a highly recombinogenic exogenous sequence, such as a region from the alkaline phosphatase gene or the phage F1 genome, into the trans-splicing vectors. In the 5′-vector, an SD signal is engineered upstream of the recombinogenic sequence, while in the 3′-vector, an SA signal is incorporated downstream of the recombinogenic sequence. The gene cassette can be reconstituted via ITR-mediated concatamerization rejoin of the two AAVs or via recombinogenic sequence-mediated homologous recombination. Subsequently, the splicing signal removes the recombinogenic sequence and/or recombinant ITR structure to restore the gene expression (Ghosh et al., 2008). Compared to the overlapping AAV method, where efficiency relies on both the transgene and the target cell, the hybrid AAV method does not require a homologous recombination sequence in the CDS. This feature allows the hybrid AAV method to have broader applicability, but it also might induce an immunogenic response due to the introduction of foreign DNA elements. Regarding the head-to-tail orientation, which is the speed-limiting process for the trans-splicing method, the hybrid AAV method can enhance the correct direction of the two vectors to improve recombination efficiency (Ghosh and Duan, 2007).
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FIGURE 2
 Overview of dual-AAV system restoring the expression of the large therapeutic proteins. The CDS of a gene is bifurcated into two sections (5’ and 3’), each of which is encapsulated into two AAVs. When co-transduced into the same cell, various methods are be used to reestablish the expression of large therapeutic proteins. This restoration process involves the recombination of the two segments at multiple stages: the DNA level (A), the pre-mRNA level (B), or directly at the protein level (C). (A) Reconstitution full-length CDS: the trans-splicing method involves the reconstitution of the full-length CDS through the process of concatemerization of the two vectors mediated by ITRs, followed by the splicing signals which eliminate the ITR structure. In the overlapping method, both vectors contain an overlap region, which functions as a homologous sequence, enabling the two gene segments to recombine effectively. The hybrid method design of the two vectors imitates that of the trans-splicing method, but with an added HR positioned downstream of the SD in the 5’-vector and upstream of the SA in the 3’-vector. The full gene can be reassembled either through ITR-mediated concatemerization or homologous recombination, followed by splicing to remove the intermediate sequence. (B) Reconstitution of full-length mRNA: in this approach, the two mRNA pair up via their complementary HDs, followed by splicing which results in the elimination intermediate sequence. (C) Reconstitution of full-length protein: the self-recognition and self-excision of inteins facilitate pairing the two half polypeptides to form the full-length protein. 5’CDS, 5’ portion of the coding sequence; 3’CDS; 3’ portion of the coding sequence; AAV, adeno-associated virus; ITR, inverted terminal repeat; HR, highly recombinogenic exogenous sequence; SD, splicing donor; SA, splicing acceptor; HD, hybridization domain; prom, promoter; polyA, polyadenylation (figure modified from Tornabene and Trapani, 2020).


Trans-splice-mediated pre-mRNA rejoining to form complete mRNA involves a mechanism during the post-transcriptional processing of pre-mRNA in eukaryotic cells (Figure 2B). This concept is based on the “segmental trans-splicing” system developed by Pergolizzi et al. (2003). In this system, one vector contains 5’CDS, SD, and a hybridization domain (HD), while the other one contains HD, a branch point, an SA, and the 3’CDS. This arrangement gives rise to pre-mRNA containing 5′- and 3′- splice signals. Both pre-mRNAs carry complementary HDs, which allows them to interact and facilitates the trans-splicing of the two mRNA fragments, thereby reconstituting a complete mRNA (Pergolizzi et al., 2003). Through this strategy, delivering the 5′- and 3′- halves of the cystic fibrosis transmembrane conductance regulator (CFTR) cDNA by two AAV vectors could enable the splicing of two pre-mRNAs, forming a complete and functional CFTR mRNA in human cystic fibrosis airway epithelial IB3-1 cells (Song et al., 2009).

At the protein level, the dual-AAV system restores full-length protein expression by utilizing split-inteins, which are protein segments with the remarkable ability to self-splice and rejoin to form a functional protein (Figure 2C). In the dual-AAV system, split-inteins contain two separate fragments, namely the N-intein and C-intein, engineered at the end of the target protein’s 5′ and 3′ halves, respectively. When the N-intein and C-intein fragments are brought into proximity, they rapidly self-assemble, excising the intein sequence and ligating the flanking protein sequences, resulting in the formation of a full-length functional protein (Wu et al., 1998).

In ongoing preclinical and clinical trials, the dual-AAV system can be utilized to deliver large genes, CRISPR/Cas9 system, or a base editor, based on diverse gene therapy strategies (Al-Moyed et al., 2019; Akil et al., 2019b; Yeh et al., 2020; Shubina-Oleinik et al., 2021; Tang et al., 2023). The OTOF gene, expressed in the ribbon synapse vesicles of the inner ear, plays a crucial role in afferent synaptogenesis (Roux et al., 2006). In a study by Al-Moyed et al. (2019), dual-AAV2/6 vectors, each carrying half of the Otof cDNA, were coinjected into the cochlea of P6 and P7 Otof−/− mice through RWM, resulting in the successful expression of full-length OTOF in approximately 50% of IHCs and the observed complete restoration of fast exocytosis in IHCs with dual-AAV transduction. Akil et al. (2019b) used dual AAV2 quadY-F vectors containing 5′- and 3′- portions of Otof cDNA. These vectors were delivered into the cochlea of Otof−/− mice at different stages: P10 (before hearing onset), P17 (before IHCs ribbon synapses maturation), and P30 (mature cochlea) through RWM. All treated mice restore ABR within 10 dB of wild-type (WT) mice. Consequently, hearing thresholds in response to clicks remained the same until 20–30 weeks post-injection. A reversal of the deafness phenotype and the long-lasting restoration of hearing thresholds in the mature stage of Otof−/− mice provide promising prospects for treating autosomal recessive deafness (DFNB)-9 patients with OTOF deficiency (Akil et al., 2019b). More recently, Tang et al. (2023) restored complete OTOF expression using the split-inteins mechanism at the protein level, shifting from the DNA level reconstitution strategies used in the previous study. In this system, dual AAV-PHP.eB injected into the unilateral cochlea of Otof−/− mice at P0-2 reversed bilateral deafness. Specifically, the hearing of treated mice was restored to nearly WT mice level at least 6 months, and IHCs reinstated the release of synaptic vesicles (Tang et al., 2023). Qi et al. (2023) pioneered a novel dual-AAV-OTOF-hybrid approach for delivering full-length OTOF, successfully restoring stable hearing in adult Otofp.Q939*/Q939* mice suffering from profound deafness. Furthermore, they evaluated the transduction efficiency and safety of dual-AAV-OTOF in nonhuman primates (NHPs), providing crucial systematic research data to advance clinical investigations for DFNB9 patients (Qi et al., 2023). Based on these studies, clinical trials for dual-AAV-mediated gene therapy targeting OTOF have commenced. Four companies, Akouos, Decibel Therapeutics, Sensorion and RRGENER Therapeutics, are actively developing their respective OTOF gene therapeutic agents (Buck et al., 2022; Jiang et al., 2023; Shi et al., 2023). Shu et al. (2016) and Decibel Therapeutics/Regeneron have recently unveiled encouraging clinical findings, demonstrating safety and efficacy in trials involving DFNB9 patients. Significantly, Xue and colleagues surpassed the utilization of dual-AAV vectors for OTOF expression by introducing an enhanced mini-dCas13X RNA base editor using an AAV9 variant, resulting in the successful restoration of auditory function in OtofQ829X/Q829X74. Additionally, Shubina-Oleinik et al. (2021) developed the dual AAV9-PHP.B system to recover the exogenous STRC expression in OHCs of Strc−/− mice, which led to the restoration of hair bundle morphology and cochlear amplification function. Apart from reconstituting protein expression encoded by large deficient genes based on the gene replacement strategy, a dual-AAV system can also accomplish genetic therapeutic effects from the perspective of gene editing. For instance, Yeh et al. (2020) packaged a cytosine base editor (CBE) into a dual AAV using split-intein to reconstitute a functional, full-length base editor. The inner ears of Baringo mice, which mimic DFNB7/11 in humans, were injected with the dual AAV at P1. Treated mice exhibited up to a 51% reversal of the Tmc1c.A545G point mutation to the WT sequence c.A545A, restoring inner hair cell sensory transduction, hair cell morphology, and partial auditory function (Yeh et al., 2020).




Gene therapy strategies for SNHL

Implementing gene therapy strategies for different types of SNHL necessitates a personalized approach that thoroughly considers the distinct pathologies and molecular mechanisms specific to each underlying etiology.

Gene replacement is a fundamental strategy in gene therapy that addresses genetic disorders by introducing functional gene copies into cells to compensate for defective genes. While the potential of this approach is promising due to its straightforward design, several challenges remain. Achieving precise levels and timing of gene expression is crucial, as overexpression may lead to toxicity, while under-expression may diminish therapeutic efficacy. Furthermore, packaging large genes into a single AAV can be challenging.

Gene suppression selectively downregulates the expression of genes associated with disease mutations at the post-transcriptional level, often achieved through RNA interference (RNAi) and antisense oligonucleotides (ASOs) (Ghosh and Tabrizi, 2017). ASOs are short synthetic nucleic acid molecules that bind to complementary RNA sequences via Watson-Crick base pairing, leading to outcomes such as mRNA molecule degradation through the activity of cellular enzymes (RNase H), RNA splicing inhibition, or protein translation blocking (Robillard et al., 2022). Unlike gene replacement, using ASOs as a therapeutic intervention preserves the integrity of endogenous gene expression regulatory mechanisms. To date, the application of ASOs in hereditary HL mouse models has been based on a splice-switching mechanism. This approach forms a steric block at regulatory elements for cis-splicing, consequently changing how the splice site is recognized and promoting alternative splicing. This technique has successfully treated mice suffering from Ush1c c.216A point mutations that disrupt normal splicing (Lentz et al., 2013; Ponnath et al., 2018; Lentz et al., 2020). Another gene suppression approach, RNAi, uses small interfering RNAs (siRNAs), microRNAs (miRNAs), or CRISPR/Cas13 RNA editing system to bind to target mRNA, leading to its knockdown (Zheng et al., 2022). However, RNAi therapy faces many significant challenges, including potential off-target effects, immune responses leading to toxicity, the vulnerability of siRNA to rapid degradation, and the necessity of repetitive dosing (Ranasinghe et al., 2022).

Gene editing could modify or correct genetic mutations, employing tools such as the CRISPR/Cas9 system and base editors. Recently, RNA base editors, which correct RNA without cutting DNA, have been applied in inner ear gene therapy. In the CRISPR/Cas9 system, inducing double-strand breaks (DSBs) in target DNA activates the cell’s innate repair mechanisms. Two primary repair processes exist: non-homologous end joining (NHEJ) and homology-directed repair (HDR). NHEJ, although an efficient process, may lead to insertions or deletions (INDELs) at the DNA break site, potentially causing frameshift mutations and creating knock-out mutant genes. On the other hand, HDR, when a donor DNA template is available, allows for precise genetic modifications like correcting a disease-causing mutation or incorporating a therapeutic gene (Kang et al., 2019). The advantage of base editors lies in their ability to precisely modify individual nucleotides without inducing DSBs or relying on donor DNA templates, as required by CRISPR/Cas9 system. This precision makes them especially useful for correcting point mutations. The most commonly used base editor is the CBE, which facilitates the conversion of cytosine (C) bases to thymine (T). Another type is the adenine base editor (ABE), enabling the transformation of adenine (A) bases to guanine (G) by cellular machinery (Komor et al., 2016). However, it’s important to note that a more comprehensive evaluation of the impacts of gene editing is necessary, particularly concerning off-target effects, deletions, and rearrangements. The consequences of these events remain unclear (Davies, 2019).

Gene addition introduces a therapeutic gene, often playing a role in hindering the degeneration of inner ear neurons or promoting the regeneration of auditory HCs in SNHL gene therapy.



Application of AAV-mediated gene therapy in the hereditary HL

Most identified causes for hereditary HL are attributed to defects in a single gene. Determining of a specific gene therapy system demands thorough consideration of factors such as the pattern of inheritance, the cellular mechanisms of the gene within the inner ear, the route of AAV delivery, and the intervention time window. The following section will discuss the successful applications of gene therapy in the context of hereditary HL.


Inheritance pattern and pathogenic mechanism of hereditary HL

Hereditary HL falls into two categories: non-syndromic HL (NSHL) and syndromic HL (SHL). NSHL is characterized by isolated hearing impairment or total HL without additional abnormalities or syndromic features. On the other hand, SHL is HL that occurs as part of a syndrome. NSHL can be further classified according to its inheritance pattern: autosomal dominant (DFNA), DFNB, X chromosome-linked (DFNX), and mitochondrial. The most prevalent form of NSHL is the autosomal recessive pattern, accounting for 75%–80% of cases. About 20% of cases are due to autosomal dominant form. In contrast, X-linked and mitochondrial inheritance patterns are less commonly observed, accounting for less than 2 and 1% of cases, respectively (Sheffield and Smith, 2019). To date, there are 157 genetic loci with 110 identified genes (Sheffield and Smith, 2019). Almost 80% of all cases of prelingual hereditary HL are caused by DFNB forms, while post-lingual and late-onset HL is generally characteristic of DFNA forms. Autosomal dominant disorders primarily manifest through three mechanisms: haploinsufficiency, dominant negative effects, and gain-of-function (GOF) effects. In the case of haploinsufficiency, the mutant allele produces an abnormal or nonfunctional protein, and the single normal allele cannot compensate for this deficiency. Dominant negative effects occur when the mutant protein interferes with the function of the normal protein encoded by the unaffected allele. In the mechanism of GOF effects, the mutation allele leads to new or enhanced protein function. Unlike dominant disorders requiring only one mutated allele, recessive disorders occur when both alleles carry loss-of-function (LOF) variants. These variants can be missense, nonsense, splicing variations, copy number variants, and INDELs that compromise the protein’s function.

Given the variety of genetic mechanisms and inheritance patterns, the selection of gene therapy strategies is accordingly diverse. In general terms, gene replacement therapy could be advantageous for either dominant disorders that result from a haploinsufficiency mechanism or recessive disorders. Recessive disorders caused by splicing variations and dominant disorders with haploinsufficiency might benefit from ASOs, which correct abnormal pre-mRNA splicing to restore adequate levels of functional protein. RNAi can be used in dominant disorders characterized by dominant negative effects or GOF, disrupting the target mRNA encoded by the mutated allele. The CRISPR/Cas9 system, which disrupts DNA through the NHEJ mechanism, can also be employed to manage dominant negative effects or GOF mutations. Moreover, given the CRISPR/Cas9 system’s ability to induce INDELs through NHEJ, this strategy can be utilized to address frameshift mutations (Liu et al., 2022). The CRISPR/Cas9 system-mediated HDR, base editors, and RNA base editors are particularly suited for addressing point mutations, regardless of the inheritance pattern. Currently, gene addition therapy is primarily applied in cases of acquired HL, with limited research involving its application in hereditary HL mouse models.



Target genes in gene therapy for hereditary HL

Understanding the cellular mechanisms of HL genes is crucial for the success of gene therapy. We summarize the HL genes successfully treated using AAV-mediated gene therapy in mouse models (Table 1).



TABLE 1 Display of cochlear genes successfully targeted by AAV-based inner ear gene therapy.
[image: Table1]



Genes primarily impacting the hair cells

Given that over 50% of gene mutations responsible for hereditary HL affect HCs, gene therapy studies have primarily focused on these sensory cells (Ahmed et al., 2017). Numerous mouse models bearing mutations in genes associated with HCs’ stereocilia, including Myo6, Tmc1, Ush1c, Ush1g, Whrn, Lhfpl5, Pcdh15, Clrn1, Klhl18, and Strc, have shown promising results with the application of AAV-mediated gene therapies (Askew et al., 2015; Chien et al., 2016; Shibata et al., 2016; Emptoz et al., 2017; Geng et al., 2017; György et al., 2017; Pan et al., 2017; Dulon et al., 2018; Nist-Lund et al., 2019; Yoshimura et al., 2019; György et al., 2019a,b; Yeh et al., 2020; Shubina-Oleinik et al., 2021; Wu J. et al., 2021; Gu et al., 2022; Isgrig et al., 2022; Liu et al., 2022; Xiao et al., 2022; Xue et al., 2022; Zheng et al., 2022). OTOF and VGLUT3 are mainly localized in IHCs and play a significant role in synaptic transmission. Gene therapy has been shown to partially restore auditory function in mouse models harboring mutations in these genes (Akil et al., 2012; Al-Moyed et al., 2019; Akil et al., 2019b; Zhao et al., 2022; Tang et al., 2023). In HCs, some specific genes, such as SYNE4, CLDN14, TJP2, MYH14, function in hair cell adhesion and maintenance (Delmaghani and El-Amraoui, 2020). Taiber et al. (2021) achieved rescue of hair cell morphology and nearly complete recovery of auditory function in Syne4 gene knockout mice cochlea by delivering normal copies of the Syne4 gene into the inner ear using AAV9-PHP.B.



Genes primarily impacting the stria vascularis

Defects in ion channel proteins within the stria vascularis can disrupt the EP, resulting in HL. For instance, mutations in genes like KCNQ1 and KCNE1 can cause a hereditary disorder named Jervell and Lange-Nielsen syndrome (JLNS). Both congenital deafness and an increased risk of life-threatening heart arrhythmias characterize this syndrome. Studies have shown that cochleostomy injection of AAV1 containing Kcnq1 into Kcnq1 knockout mice resulted in significant hearing restoration, ranging from a 20 dB improvement to a complete correction of the deafness phenotype (Chang et al., 2015). Furthermore, the application of exogenous expression of KCNE1 in JLNS mouse models has been studied, revealing its potential to prevent the degeneration of inner ear cells and enhance auditory function in a dose-dependent manner (Wu X. et al., 2021).



Genes primarily impacting the SCs

Surrounding and interacting with the HCs are SCs, which serve a diverse set of functions, including maintaining the structural integrity of HCs, regulating ions and small molecules homeostasis, and modulating the extracellular matrices, all of which are integral for the optimal functioning of the hair cells (Wan et al., 2013). Gap junctions constitute intercellular channels formed by connexin proteins that enable the direct communication and exchange of ions and small molecules between supporting cells. Consequently, it is not unexpected that mutations in connexin genes, like GJB2 and GJB6, can lead to HL. The SLC26A4 gene is mainly expressed in spiral prominence and external sulcus cells, affecting cochlea’s ion homeostasis (Everett et al., 1999). According to some estimates, over 60% of genetic HL cases are attributed to mutations in the GJB2 and SLC26A4 genes (Zhang et al., 2018). Gene therapy targeting these genes could potentially benefit a significant number of patients. However, findings from mouse models indicate that the intervention window is limited. For instance, administering AAV1 vectors containing the Gjb2 cDNA via the RWM in P0 Gjb2 cKO mice significantly enhanced their hearing function and the morphology of the cochlea. In contrast, mice treated at P42 showed no improvement, suggesting that early intervention is crucial for achieving positive outcomes in gene therapy for hearing-related conditions associated with these genes (Iizuka et al., 2015). Gene therapy aimed at targeting the Slc26a4 null mutation in fetal mice has been observed to partially reversed hearing phenotypes and prevent enlargement of the vestibular system (Kim et al., 2019).




Delivery route for mouse models

Mouse models mimicking human HL are commonly used to evaluate gene and pharmacological therapies. The delivery of AAV to the inner ear of mouse models for gene therapies typically encompasses local, systemic, and fetal administration methods. Furthermore, researchers have investigated the potential of AAV delivery via the cerebrospinal fluid to target the inner ear.


Local administration

The established local delivery routes to the inner ear include: (1) RWM injection; (2) RWM injection combined with semicircular canal fenestration (CF); (3) cochleostomy; (4) utricle injection; (5) canalostomy (Figure 1A). The RWM approach is frequently used in clinical settings for cochlear implantation and remains the dominant approach for introducing gene therapy agents into the inner ear in mouse models. Furthermore, efficient transduction of HCs in NHPs was achieved through the RWM injection delivery of AAV9-PHP.B (György et al., 2019a). However, a drawback of the RWM approach is the uneven distribution of the viral vector throughout the cochlear duct, leading to base-to-apex gradient transduction in adult mice (Yoshimura et al., 2018). To overcome this, Yoshimura et al. (2018) combined RWM with CF, where the fenestration acts as a vent, facilitating longitudinal flow throughout the cochlea and ensuring a more uniform distribution of the injected vector. All treated mice displayed transient vestibular dysfunction, which resolved the following day (Yoshimura et al., 2018). In NHPs, this procedure can be replicated through RWM injection by creating an oval window fenestra, resulting in significantly increased transduction rates for inner ear HCs (Andres-Mateos et al., 2022). In future translation studies, it is crucial to assess whether this double opening of the cochlea affects the vestibular and auditory function of NHPs, as this information is vital for the success of clinical therapies. Cochleostomy is performed by creating a hole in the bony labyrinth, typically between the round window and basal turn of the cochlea, to enable the delivery of therapeutic vectors directly into the scala media. This approach is more invasive than RWM injection, resulting in comparable viral infection efficiencies for hair cells but causing permanent HL in adult mice, particularly at high frequencies (Chien et al., 2015). This method may be advantageous for achieving a higher transduction rate when the therapy target cell is located in the endolymph, such as stria vascularis cells. Lee et al. (2020) reported the utricle injection method in neonatal mice, resulting in a nearly 100% transduction rate in hair cells without causing any damage to auditory or vestibular functions. This approach is more suitable for delivering vectors into the inner ear of mice with hearing and balance defects. However, the facial nerve covering the utricle region makes this method challenging in clinical practice. The canalostomy approach involves performing a fenestration in the semicircular canal, usually the posterior canal, through which the vector is injected. Although this approach successfully delivers the vector in preclinical trials, inducing efficient transduction of hair cells without causing auditory damage, one of the disadvantages is that accurate injection is challenging, resulting in the vector being delivered into the endolymph and/or perilymph, depending on the orientation of the cannula (Suzuki et al., 2017).



Systemic administration

The AAV vector is introduced into the bloodstream through intravenous injection in systemic administration. The study on WT neonatal mice using intravenous injection of rAAV2/9 has shown successful transduction on both sides of IHCs (with a transduction rate of 96% in the apical turn), SGNs, and vestibular hair cells. Importantly, hearing acuity remains unaffected in treated mice when assessed at P30 (Shibata et al., 2017). Notably, the blood-labyrinth barrier in rodents, fully established by P14, acts as a protective barrier, restricting the entry of therapeutic molecules from the vasculature into the inner ear fluids (Nyberg et al., 2019). This characteristic offers a broader therapeutic window for the systemic administration of treatments in mouse models. However, it is important to note that systemic administration requires a high dose, which could potentially increase the risk of off-target effects and toxicity.



Fetal administration

Fetal administration primarily involves delivering bioactive agents into the fetal mouse otic vesicle and amniotic cavity. Otic vesicle delivery offers the potential for sustained bioactive agents near otic progenitor cells. In contrast, amniotic cavity delivery allows the treatment of the entire embryo with a bioactive agent (Hastings and Brigande, 2020). Multiple studies have suggested that AAV-mediated gene transfer to the fetal mouse otic vesicle can restore hearing in congenitally deaf mouse models lacking SLC26A4 or MSRB3 (Dulon et al., 2018; Kim et al., 2019).



Cerebrospinal fluid administration

Blanc et al. (2021) administered various AAV serotypes (AAV2/8, AAV2/9, AAV2/Anc80L65) through cisterna magna injection, resulting in high-efficiency binaural transduction affecting nearly all IHCs in a basal-to-apical pattern, as well as a substantial population of SGNs in the cochlea’s basal region. Remarkably, this intervention had no adverse effects on auditory function or cochlear structures (Blanc et al., 2021). Further, Mathiesen et al. (2023) investigated the potential of delivering gene therapy via the cerebrospinal fluid to restore hearing in adult deaf mice. Through intracisternal injection of AAV carrying Slc17A8, they successfully rescued hearing in adult deaf Slc17A8−/− mice (Mathiesen et al., 2023).




Application of AAV-mediated gene therapy in acquired HL

Gene therapy for acquired HL utilizes a gene addition strategy involving the delivery of neurotrophic factors or other protective factors (like anti-apoptosis agents) to prevent the loss of cochlear sensory cells. Additionally, gene therapy may involve providing transcription factors (like Atoh1) to manipulate the cell cycle pathway and induce hair cell regeneration. This approach is not necessarily gene-specific and instead relies on our understanding of the interplay of crucial biological pathways essential for normal cochlear functions.


Hair cell regeneration

Unlike certain non-mammalian species, such as birds, mammals lack the spontaneous capacity for hair cell regeneration after damage (Stone and Cotanche, 2007). In recent years, researchers have strived to understand the underlying mechanisms of hair cell regeneration and explore potential therapeutic strategies for promoting regeneration in mammals. Central to these efforts is the focus on manipulating two pathways leading to hair cell regeneration—the Wnt/β-catenin and Notch pathways. Specifically, by inhibiting the Wnt/β-catenin pathway, there is a potential to induce the mitotic generation of new HCs. Despite these efforts, utilizing this pathway for hair cell regeneration has yielded limited success thus far. On the other hand, suppressing Notch or overexpressing atonal-1 (Atoh1) can trigger existing SCs to transdifferentiate into new HCs. However, it is essential to note that this approach relies on the presence of SCs for successful regeneration. Past studies have indicated that mouse atonal-1 (Math1) overexpression results in varying degrees of hair cell regeneration and hearing improvement in multiple animal models of HL (Lustig and Akil, 2019; Tan et al., 2019; Tao et al., 2022). Building upon these encouraging results, the CGF166 clinical trial employed an adenovirus to deliver the human atonal-1 (Hath1) gene into the cochlea of patients with HL. The trial aimed to assess the safety, tolerability, and potential efficacy of CGF166 as a treatment for HL. Partial data from the phase I/II clinical trial was available online on October 8, 2021. One critical consideration is that hair cell regeneration may not be suitable for hereditary HL, as the newly regenerated HCs may still carry the defective gene.



Preservation of hair cells and SGNs

By introducing exogenous expression of biological factors that preserve neurons, we might theoretically hold the potential to improve the prognosis of acquired HL.

Noise-induced HL (NIHL) is a type of acquired HL caused by exposure to loud sounds, either from a solitary intense sound exposure (blast) or repeated exposure to loud noises over a prolonged period. Early noise exposure can induce reversible HL, where hearing thresholds may revert to normal levels over time. Yet, the synaptic connections between HCs and the auditory nerve fibers can suffer permanent damage, leading to a condition colloquially known as synaptopathy or hidden HL. This significant loss of synaptic contacts can precipitate ongoing and progressive degeneration of the nerve fibers, culminating in the death of the SGNs (Ma et al., 2019). Evidence indicates that neurotrophin-3 (NT-3) regulates ribbon synapse density in the cochlea (Wan et al., 2014). Remarkably, by introducing AAV-NT3 into the cochlea, Chen and colleagues managed to partially reverse the synaptic loss of guinea pigs after acoustic overexposure (Chen et al., 2018). However, Hashimoto et al. (2019) demonstrated that while AAV-mediated overexpression of NT-3 can mitigate noise-induced synaptic damage, forced overexpression may also inflict detrimental effects on HCs during cochlear overstimulation. In a recent development, Mukherjee et al. (2022) proposed an innovative approach using local magnetic targeting of AAV2 (quad Y-F)-BDNF, which successfully reversed the reduction in ABR wave I amplitude and cochlear synaptopathy following NIHL.

Ototoxic drugs potentially threaten the delicate structures of the inner ear, such as the HCs and auditory nerve fibers, which are integral for hearing. Some common examples of ototoxic drugs include specific antibiotics (like aminoglycosides), chemotherapy agents (like cisplatin and carboplatin), loop diuretics (like furosemide and bumetanide), and non-steroidal anti-inflammatory drugs (NSAIDs). AAV-mediated gene overexpression of NT-3, glial cell line-derived neurotrophic factor (GDNF), and activity-dependent neurotrophic factor 9 (ADNF-9) in animal cochlea has shown a protective effect against aminoglycoside-induced HL, mitigating cell damage (Yao et al., 2007; Liu et al., 2008; Zheng et al., 2013). Nevertheless, there are reports of overexpression of GDNF in newborn mice leading to HL, likely due to cochlear nucleus pathology (Akil et al., 2019a). High-temperature requirement protein A2 (HTRA2) functions as a pro-apoptotic factor by binding to the X-linked inhibitor of apoptosis protein (XIAP), thereby inducing apoptosis. Interestingly, Gu et al. (2021) employed AAV delivery of the CRISPR/Cas9 system to target and disrupt Htra2 expression, which resulted in the amelioration of apoptosis, promotion of hair cell survival, and restoration of hearing function in neomycin-induced HL mice. This groundbreaking study signifies the first successful use of CRISPR/Cas9 gene editing to prevent and treat acquired HL. Moreover, the delivery of XIAP via AAV to the cochlea has been demonstrated to protect against audiometric changes and hair-cell loss caused by cisplatin ototoxicity (Cooper et al., 2006; Jie et al., 2015). Looking ahead, future research should concentrate on carefully optimizing the timing and dosage of neurotrophic factor administration to achieve the desired therapeutic effect. It is paramount to balance providing sufficient support for cell survival and preventing excessive growth that could lead to tumor formation.




Prospective considerations for the clinical translation process

AAV-mediated gene therapy is a rapidly advancing field with substantial potential for treating HL. This approach has shown considerable promise in preclinical animal models. Yet, translating these findings into human clinical applications presents numerous complexities that require careful consideration.


Importance of NHPs trials for validating gene therapy

The safety and effectiveness of gene therapy in mouse models must be validated in larger animal trials, such as those involving NHPs. Before considering their application in humans, exploring the cell tropism of AAV within the cochlea of NHPs at various developmental stages is crucial (Petit et al., 2023). It is also recognized that the AAV displays distinct variations in gene expression across multiple species. An essential facet of preclinical research is the rigorous validation of the vector’s design, ensuring it precisely targets pathological cells, thereby promoting effective expression of the introduced transgene. Furthermore, NHPs yield pivotal data regarding the appropriate dosages for gene therapy. This information is essential for evaluating gene therapies’ immunogenicity and overall safety. Given the complexity of the inner ear’s structure, gene delivery methods proven effective in small rodents may not be directly applicable to human anatomy. Trials with NHPs are thus instrumental in refining the delivery routes for human application. Notably, there are no standardized surgical procedures for inner ear drug delivery in clinical practices before clinical trials focusing on the OTOF gene.



Distinguishing interventions: severe congenital vs. delayed onset progressive HL

Severe Congenital HL is attributed to specific genetic mutations impacting the development or functionality of auditory structures within the inner ear. For such cases, early intervention, ideally before extensive deterioration in the organ of Corti, is considered crucial. However, a majority of proof-of-concept studies have demonstrated beneficial auditory outcomes primarily through neonatal gene replacement procedures conducted no later than P7 in mouse models that mimic human HL (Petit et al., 2023). Hearing is initially detected in mouse around P12.In contrast, human hearing is detected at 19 weeks gestational age (WGA), and the therapeutic window may close as early as 18 WGA (Hastings and Brigande, 2020). Additionally, the otic vesicle, a feasible intrauterine target in embryonic mice, forms at approximately 6 WGA in humans and has a length of just a few hundred microns, making it challenging to intervene (Hastings and Brigande, 2020).

This leads to formidable technical obstacles in fetal intervention and raises profound ethical considerations regarding the administration of high-risk gene agents to human fetuses. With HL being a non-life-threatening condition, the ethical implications of undertaking fetal interventions that pose substantial risks to both the pregnant individual and the fetus must be carefully evaluated. The central ethical question is whether the anticipated benefits of such interventions are sufficient to outweigh the potential risks involved. Cochlear implantation is likely to remain the predominant treatment modality for this type of HL. Looking ahead, a synergistic approach that integrates cochlear implants with gene therapy presents a promising avenue for enhancing therapeutic efficacy. This strategy could potentially leverage both technologies’ strengths: the immediate auditory benefit provided by cochlear implants and the long-term biological improvements offered by gene therapy. Such an integrated treatment paradigm may offer a comprehensive solution for addressing complex auditory impairments.

Gene therapy exhibits considerable promise for treating delayed onset progressive HL. Such conditions, often attributable to genetic factors emerging later in life, may benefit from an extended therapeutic window, allowing timely intervention before a significant auditory decline occurs. This extended window could also mitigate the risk of gene therapy agents dispersing into the brain parenchyma, a concern alleviated by the progressive occlusion of communication between the cochlear perilymph and cerebrospinal fluid in humans.

Preclinical research utilizing animal models has yielded encouraging outcomes in the application of gene therapy for delayed onset progressive HL. Furthermore, in cases of HL caused by ototoxic drugs or noise exposure, gene therapy has the potential to either induce regeneration of damaged auditory cells or provide protection against further degeneration. This multifaceted potential of gene therapy, combined with understanding the mechanisms of the delayed onset HL, positions it as a significant area of interest for future therapeutic development and clinical trials.



Enhancing the production of AAV vectors

Despite the successful clinical implementation of AAV-based gene therapies, such as Luxturna for inherited retinal disease and Zolgensma for spinal muscular atrophy, the production of AAV vectors for clinical use still requires optimization, including scaling up production, ensuring high purity and rigorous quality control, maintaining consistent potency for effective cell transduction and gene expression, ensuring stability for storage and transport, and reducing costs. AAV-mediated inner ear gene therapy is a promising field with the potential to transform the treatment landscape of inner ear disorders. While significant challenges remain, ongoing research continues to push the boundaries of what is possible, bringing us closer to a future where HL can be effectively treated or even cured at the gene level.




Author contributions

LL: Writing – original draft, Writing – review & editing. TS: Writing – original draft, Writing – review & editing. SL: Writing – review & editing. JQ: Writing – review & editing. YZ: Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

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



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Ahmed, H., Shubina-Oleinik, O., and Holt, J. R. (2017). Emerging gene therapies for genetic hearing loss. J. Assoc. Res. Otolaryngol. 18, 649–670. doi: 10.1007/s10162-017-0634-8 

 Akil, O., Blits, B., Lustig, L. R., and Leake, P. A. (2019a). Virally mediated overexpression of glial-derived neurotrophic factor elicits age-and dose-dependent neuronal toxicity and hearing loss. Hum. Gene Ther. 30, 88–105. doi: 10.1089/hum.2018.028 

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

 Akil, O., and Lustig, L. (1950). AAV-mediated gene delivery to the inner ear. Methods Mol. Biol. 2019, 271–282. doi: 10.1007/978-1-4939-9139-6_16


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

 Al-Moyed, H., Cepeda, A. P., Jung, S., Moser, T., Kügler, S., and Reisinger, E. (2019). A dual-AAV approach restores fast exocytosis and partially rescues auditory function in deaf otoferlin knock-out mice. EMBO Mol. Med. 11:e9396. doi: 10.15252/emmm.201809396 

 Andres-Mateos, E., Landegger, L. D., Unzu, C., Phillips, J., Lin, B. M., Dewyer, N. A., et al. (2022). Choice of vector and surgical approach enables efficient cochlear gene transfer in nonhuman primate. Nat. Commun. 13:1359. doi: 10.1038/s41467-022-28969-3


 Aponte-Ubillus, J. J., Barajas, D., Peltier, J., Bardliving, C., Shamlou, P., and Gold, D. (2018). Molecular design for recombinant adeno-associated virus (rAAV) vector production. Appl. Microbiol. Biotechnol. 102, 1045–1054. doi: 10.1007/s00253-017-8670-1 

 Askew, C., and Chien, W. W. (2020). Adeno-associated virus gene replacement for recessive inner ear dysfunction: Progress and challenges. Hear. Res. 394:107947. doi: 10.1016/j.heares.2020.107947 

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

 Balakrishnan, B., and Jayandharan, G. R. (2014). Basic biology of adeno-associated virus (AAV) vectors used in gene therapy. Curr. Gene Ther. 14, 86–100. doi: 10.2174/1566523214666140302193709 

 Bankoti, K., Generotti, C., Hwa, T., Wang, L., O’Malley, B. W. Jr., and Li, D. (2021). Advances and challenges in adeno-associated viral inner-ear gene therapy for sensorineural hearing loss. Mol. Ther. Methods Clin. Dev. 21, 209–236. doi: 10.1016/j.omtm.2021.03.005 

 Barajas, D., Aponte-Ubillus, J. J., Akeefe, H., Cinek, T., Peltier, J., and Gold, D. (2017). Generation of infectious recombinant adeno-associated virus in Saccharomyces cerevisiae. PLoS One 12:e0173010. doi: 10.1371/journal.pone.0173010 

 Bartlett, J. S., Wilcher, R., and Samulski, R. J. (2000). Infectious entry pathway of adeno-associated virus and adeno-associated virus vectors. J. Virol. 74, 2777–2785. doi: 10.1128/JVI.74.6.2777-2785.2000 

 Blanc, F., Bemelmans, A. P., Affortit, C., Joséphine, C., Puel, J. L., Mondain, M., et al. (2021). A single cisterna magna injection of AAV leads to binaural transduction in mice. Front. Cell Dev. Biol. 9:783504. doi: 10.3389/fcell.2021.783504 

 Bleker, S., Sonntag, F., and Kleinschmidt, J. A. (2005). Mutational analysis of narrow pores at the fivefold symmetry axes of adeno-associated virus type 2 capsids reveals a dual role in genome packaging and activation of phospholipase A2 activity. J. Virol. 79, 2528–2540. doi: 10.1128/JVI.79.4.2528-2540.2005 

 Buck, T. K., Enriquez, A. S., Schendel, S. L., Zandonatti, M. A., Harkins, S. S., Li, H., et al. (2022). Neutralizing antibodies against Lassa virus lineage I. mBio 13:e0127822. doi: 10.1128/mbio.01278-22


 Büning, H., Huber, A., Zhang, L., Meumann, N., and Hacker, U. (2015). Engineering the AAV capsid to optimize vector-host-interactions. Curr. Opin. Pharmacol. 24, 94–104. doi: 10.1016/j.coph.2015.08.002 

 Chai, R., Kuo, B., Wang, T., Liaw, E. J., Xia, A., Jan, T. A., et al. (2012). Wnt signaling induces proliferation of sensory precursors in the postnatal mouse cochlea. Proc. Natl. Acad. Sci. U. S. A. 109, 8167–8172. doi: 10.1073/pnas.1202774109 

 Chai, R., Xia, A., Wang, T., Jan, T. A., Hayashi, T., Bermingham-McDonogh, O., et al. (2011). Dynamic expression of Lgr5, a Wnt target gene, in the developing and mature mouse cochlea. J. Assoc. Res. Otolaryngol. 12, 455–469. doi: 10.1007/s10162-011-0267-2 

 Chan, K. Y., Jang, M. J., Yoo, B. B., Greenbaum, A., Ravi, N., Wu, W. L., et al. (2017). Engineered AAVs for efficient noninvasive gene delivery to the central and peripheral nervous systems. Nat. Neurosci. 20, 1172–1179. doi: 10.1038/nn.4593 

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

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

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

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

 Cooper, L. B., Chan, D. K., Roediger, F. C., Shaffer, B. R., Fraser, J. F., Musatov, S., et al. (2006). AAV-mediated delivery of the caspase inhibitor XIAP protects against cisplatin ototoxicity. Otol. Neurotol. 27, 484–490. doi: 10.1097/00129492-200606000-00009 

 Cox, B. C., Chai, R., Lenoir, A., Liu, Z., Zhang, L., Nguyen, D. H., et al. (2014). Spontaneous hair cell regeneration in the neonatal mouse cochlea in vivo. Development 141, 816–829. doi: 10.1242/dev.103036 

 Cui, C., Wang, D., Huang, B., Wang, F., Chen, Y., Lv, J., et al. (2022). Precise detection of CRISPR-Cas9 editing in hair cells in the treatment of autosomal dominant hearing loss. Mol. Ther. Nucleic Acids 29, 400–412. doi: 10.1016/j.omtn.2022.07.016 

 Davies, B. (2019). The technical risks of human gene editing. Hum. Reprod. 34, 2104–2111. doi: 10.1093/humrep/dez162 

 Delmaghani, S., Defourny, J., Aghaie, A., Beurg, M., Dulon, D., Thelen, N., et al. (2015). Hypervulnerability to sound exposure through impaired adaptive proliferation of peroxisomes. Cell 163, 894–906. doi: 10.1016/j.cell.2015.10.023


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

 Deverman, B. E., Pravdo, P. L., Simpson, B. P., Kumar, S. R., Chan, K. Y., Banerjee, A., et al. (2016). Cre-dependent selection yields AAV variants for widespread gene transfer to the adult brain. Nat. Biotechnol. 34, 204–209. doi: 10.1038/nbt.3440 

 Du, W., Ergin, V., Loeb, C., Huang, M., Silver, S., Armstrong, A. M., et al. (2023). Rescue of auditory function by a single administration of AAV-TMPRSS3 gene therapy in aged mice of human recessive deafness DFNB8. Mol. Ther. 31, 2796–2810. doi: 10.1016/j.ymthe.2023.05.005


 Duan, D., Yue, Y., and Engelhardt, J. F. (2001). Expanding AAV packaging capacity with trans-splicing or overlapping vectors: a quantitative comparison. Mol. Ther. 4, 383–391. doi: 10.1006/mthe.2001.0456 

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

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

 Ertl, H. C. J. (2022). Immunogenicity and toxicity of AAV gene therapy. Front. Immunol. 13:975803. doi: 10.3389/fimmu.2022.975803 

 Everett, L. A., Morsli, H., Wu, D. K., and Green, E. D. (1999). Expression pattern of the mouse ortholog of the Pendred’s syndrome gene (Pds) suggests a key role for pendrin in the inner ear. Proc. Natl. Acad. Sci. U. S. A. 96, 9727–9732. doi: 10.1073/pnas.96.17.9727 

 Géléoc, G. S., and Holt, J. R. (2014). Sound strategies for hearing restoration. Science 344:1241062. doi: 10.1126/science.1241062


 Geng, R., Omar, A., Gopal, S. R., Chen, D. H., Stepanyan, R., Basch, M. L., et al. (2017). Modeling and preventing progressive hearing loss in Usher syndrome III. Sci. Rep. 7:13480. doi: 10.1038/s41598-017-13620-9


 Ghosh, A., and Duan, D. (2007). Expanding adeno-associated viral vector capacity: a tale of two vectors. Biotechnol. Genet. Eng. Rev. 24, 165–177. doi: 10.1080/02648725.2007.10648098 

 Ghosh, R., and Tabrizi, S. J. (2017). Gene suppression approaches to neurodegeneration. Alzheimers Res. Ther. 9:82. doi: 10.1186/s13195-017-0307-1


 Ghosh, A., Yue, Y., Lai, Y., and Duan, D. (2008). A hybrid vector system expands adeno-associated viral vector packaging capacity in a transgene-independent manner. Mol. Ther. 16, 124–130. doi: 10.1038/sj.mt.6300322 

 Govindasamy, L., Padron, E., McKenna, R., Muzyczka, N., Kaludov, N., Chiorini, J. A., et al. (2006). Structurally mapping the diverse phenotype of adeno-associated virus serotype 4. J. Virol. 80, 11556–11570. doi: 10.1128/JVI.01536-06 

 Gu, X., Chai, R., Guo, L., Dong, B., Li, W., Shu, Y., et al. (2019). Transduction of adeno-associated virus vectors targeting hair cells and supporting cells in the neonatal mouse cochlea. Front. Cell. Neurosci. 13:8. doi: 10.3389/fncel.2019.00008


 Gu, X., Hu, X., Wang, D., Xu, Z., Wang, F., Li, D., et al. (2022). Treatment of autosomal recessive hearing loss via in vivo CRISPR/Cas9-mediated optimized homology-directed repair in mice. Cell Res. 32, 699–702. doi: 10.1038/s41422-022-00624-y 

 Gu, X., Wang, D., Xu, Z., Wang, J., Guo, L., Chai, R., et al. (2021). Prevention of acquired sensorineural hearing loss in mice by in vivo Htra2 gene editing. Genome Biol. 22:86. doi: 10.1186/s13059-021-02311-4


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

 György, B., Nist-Lund, C., Pan, B., Asai, Y., Karavitaki, K. D., Kleinstiver, B. P., et al. (2019b). Allele-specific gene editing prevents deafness in a model of dominant progressive hearing loss. Nat. Med. 25, 1123–1130. doi: 10.1038/s41591-019-0500-9 

 György, B., Sage, C., Indzhykulian, A. A., Scheffer, D. I., Brisson, A. R., Tan, S., et al. (2017). Rescue of Hearing by gene delivery to inner-ear hair cells using exosome-associated AAV. Mol. Ther. 25, 379–391. doi: 10.1016/j.ymthe.2016.12.010 

 Hashimoto, K., Hickman, T. T., Suzuki, J., Ji, L., Kohrman, D. C., Corfas, G., et al. (2019). Protection from noise-induced cochlear synaptopathy by virally mediated overexpression of NT3. Sci. Rep. 9:15362. doi: 10.1038/s41598-019-51724-6


 Hastie, E., and Samulski, R. J. (2015). Adeno-associated virus at 50: a golden anniversary of discovery, research, and gene therapy success—a personal perspective. Hum. Gene Ther. 26, 257–265. doi: 10.1089/hum.2015.025 

 Hastings, M. L., and Brigande, J. V. (2020). Fetal gene therapy and pharmacotherapy to treat congenital hearing loss and vestibular dysfunction. Hear. Res. 394:107931. doi: 10.1016/j.heares.2020.107931 

 Hu, X., Wang, J., Yao, X., Xiao, Q., Xue, Y., Wang, S., et al. (2019). Screened AAV variants permit efficient transduction access to supporting cells and hair cells. Cell Discov. 5:49. doi: 10.1038/s41421-019-0115-9


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

 Isgrig, K., McDougald, D. S., Zhu, J., Wang, H. J., Bennett, J., and Chien, W. W. (2019). AAV2.7m8 is a powerful viral vector for inner ear gene therapy. Nat. Commun. 10:427. doi: 10.1038/s41467-018-08243-1


 Isgrig, K., Shteamer, J. W., Belyantseva, I. A., Drummond, M. C., Fitzgerald, T. S., Vijayakumar, S., et al. (2017). Gene therapy restores balance and auditory functions in a mouse model of Usher syndrome. Mol. Ther. 25, 780–791. doi: 10.1016/j.ymthe.2017.01.007 

 Isgrig, K., Shteamer, J. W., Belyantseva, I. A., Drummond, M. C., Fitzgerald, T. S., Vijayakumar, S., et al. (2022). Gene therapy restores balance and auditory functions in a mouse model of Usher syndrome. Mol. Ther. 30:975. doi: 10.1016/j.ymthe.2022.01.026 

 Ishibashi, Y., Sung, C. Y. W., Grati, M., and Chien, W. (2023). Immune responses in the mammalian inner ear and their implications for AAV-mediated inner ear gene therapy. Hear. Res. 432:108735. doi: 10.1016/j.heares.2023.108735 

 Ivanchenko, M. V., Hanlon, K. S., Hathaway, D. M., Klein, A. J., Peters, C. W., Li, Y., et al. (2021). AAV-S: a versatile capsid variant for transduction of mouse and primate inner ear. Mol. Ther. Methods Clin. Dev. 21, 382–398. doi: 10.1016/j.omtm.2021.03.019 

 Jan, T. A., Chai, R., Sayyid, Z. N., van Amerongen, R., Xia, A., Wang, T., et al. (2013). Tympanic border cells are Wnt-responsive and can act as progenitors for postnatal mouse cochlear cells. Development 140, 1196–1206. doi: 10.1242/dev.087528 

 Jiang, L., Wang, D., He, Y., and Shu, Y. (2023). Advances in gene therapy hold promise for treating hereditary hearing loss. Mol. Ther. 31, 934–950. doi: 10.1016/j.ymthe.2023.02.001 

 Jie, H., Tao, S., Liu, L., Xia, L., Charko, A., Yu, Z., et al. (2015). Cochlear protection against cisplatin by viral transfection of X-linked inhibitor of apoptosis protein across round window membrane. Gene Ther. 22, 546–552. doi: 10.1038/gt.2015.22 

 Kang, W., Sun, Z., Zhao, X., Wang, X., Tao, Y., and Wu, H. (2019). Gene editing based hearing impairment research and therapeutics. Neurosci. Lett. 709:134326. doi: 10.1016/j.neulet.2019.134326 

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

 Kim, M. A., Kim, S. H., Ryu, N., Ma, J. H., Kim, Y. R., Jung, J., et al. (2019). Gene therapy for hereditary hearing loss by SLC26A4 mutations in mice reveals distinct functional roles of pendrin in normal hearing. Theranostics 9, 7184–7199. doi: 10.7150/thno.38032 

 Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D. R. (2016). Programmable editing of a target base in genomic DNA without double-stranded DNA cleavage. Nature 533, 420–424. doi: 10.1038/nature17946 

 Kotterman, M. A., and Schaffer, D. V. (2014). Engineering adeno-associated viruses for clinical gene therapy. Nat. Rev. Genet. 15, 445–451. doi: 10.1038/nrg3742 

 Kronenberg, S., Böttcher, B., von der Lieth, C. W., Bleker, S., and Kleinschmidt, J. A. (2005). A conformational change in the adeno-associated virus type 2 capsid leads to the exposure of hidden VP1 N termini. J. Virol. 79, 5296–5303. doi: 10.1128/JVI.79.9.5296-5303.2005 

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

 Lee, J., Nist-Lund, C., Solanes, P., Goldberg, H., Wu, J., Pan, B., et al. (2020). Efficient viral transduction in mouse inner ear hair cells with utricle injection and AAV9-PHP.B. Hear. Res. 394:107882. doi: 10.1016/j.heares.2020.107882


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

 Lentz, J. J., Pan, B., Ponnath, A., Tran, C. M., Nist-Lund, C., Galvin, A., et al. (2020). Direct delivery of antisense oligonucleotides to the middle and inner ear improves hearing and balance in Usher mice. Mol. Ther. 28, 2662–2676. doi: 10.1016/j.ymthe.2020.08.002 

 Li, C., and Samulski, R. J. (2020). Engineering adeno-associated virus vectors for gene therapy. Nat. Rev. Genet. 21, 255–272. doi: 10.1038/s41576-019-0205-4 

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

 Liu, L., Zou, L., Li, K., Hou, H., Hu, Q., Liu, S., et al. (2022). Template-independent genome editing in the Pcdh15av-3j mouse, a model of human DFNB23 nonsyndromic deafness. Cell Rep. 40:111061. doi: 10.1016/j.celrep.2022.111061 

 Lu, Y. (2004). Recombinant adeno-associated virus as delivery vector for gene therapy—a review. Stem Cells Dev. 13, 133–145. doi: 10.1089/154732804773099335 

 Lu, Y. C., Tsai, Y. H., Chan, Y. H., Hu, C. J., Huang, C. Y., Xiao, R., et al. (2022). Gene therapy with a synthetic adeno-associated viral vector improves audiovestibular phenotypes in Pjvk-mutant mice. JCI Insight 7:e152941. doi: 10.1172/jci.insight.152941 

 Lustig, L., and Akil, O. (2019). Cochlear gene therapy. Cold Spring Harb. Perspect. Med. 9:a033191. doi: 10.1101/cshperspect.a033191 

 Ma, Y., Wise, A. K., Shepherd, R. K., and Richardson, R. T. (2019). New molecular therapies for the treatment of hearing loss. Pharmacol. Ther. 200, 190–209. doi: 10.1016/j.pharmthera.2019.05.003 

 Mathiesen, B. K., Miyakoshi, L. M., Cederroth, C. R., Tserga, E., Versteegh, C., Bork, P. A. R., et al. (2023). Delivery of gene therapy through a cerebrospinal fluid conduit to rescue hearing in adult mice. Sci. Transl. Med. 15:eabq3916. doi: 10.1126/scitranslmed.abq3916


 Mukherjee, S., Kuroiwa, M., Oakden, W., Paul, B. T., Noman, A., Chen, J., et al. (2022). Local magnetic delivery of adeno-associated virus AAV2(quad Y-F)-mediated BDNF gene therapy restores hearing after noise injury. Mol. Ther. 30, 519–533. doi: 10.1016/j.ymthe.2021.07.013 

 Nakai, H., Storm, T. A., and Kay, M. A. (2000). Increasing the size of rAAV-mediated expression cassettes in vivo by intermolecular joining of two complementary vectors. Nat. Biotechnol. 18, 527–532. doi: 10.1038/75390 

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


 Noh, B., Rim, J. H., Gopalappa, R., Lin, H., Kim, K. M., Kang, M. J., et al. (2022). In vivo outer hair cell gene editing ameliorates progressive hearing loss in dominant-negative Kcnq4 murine model. Theranostics 12, 2465–2482. doi: 10.7150/thno.67781 

 Nyberg, S., Abbott, N. J., Shi, X., Steyger, P. S., and Dabdoub, A. (2019). Delivery of therapeutics to the inner ear: the challenge of the blood-labyrinth barrier. Sci. Transl. Med. 11:eaao0935. doi: 10.1126/scitranslmed.aao0935 

 Oestreicher, D., Picher, M. M., Rankovic, V., Moser, T., and Pangrsic, T. (2021). Cabp2-gene therapy restores inner hair cell calcium currents and improves hearing in a DFNB93 mouse model. Front. Mol. Neurosci. 14:689415. doi: 10.3389/fnmol.2021.689415 

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

 Patel, A., Zhao, J., Duan, D., and Lai, Y. (1950). Design of AAV vectors for delivery of large or multiple transgenes. Methods Mol. Biol. 19-33:2019. doi: 10.1007/978-1-4939-9139-6_2


 Pauzuolyte, V., Patel, A., Wawrzynski, J. R., Ingham, N. J., Leong, Y. C., Karda, R., et al. (2023). Systemic gene therapy rescues retinal dysfunction and hearing loss in a model of Norrie disease. EMBO Mol. Med. 15:e17393. doi: 10.15252/emmm.202317393 

 Penaud-Budloo, M., François, A., Clément, N., and Ayuso, E. (2018). Pharmacology of recombinant adeno-associated virus production. Mol. Ther. Methods Clin. Dev. 8, 166–180. doi: 10.1016/j.omtm.2018.01.002 

 Pergolizzi, R. G., Ropper, A. E., Dragos, R., Reid, A. C., Nakayama, K., Tan, Y., et al. (2003). In vivo trans-splicing of 5′ and 3′ segments of pre-mRNA directed by corresponding DNA sequences delivered by gene transfer. Mol. Ther. 8, 999–1008. doi: 10.1016/j.ymthe.2003.08.022 

 Petit, C., Bonnet, C., and Safieddine, S. (2023). Deafness: from genetic architecture to gene therapy. Nat. Rev. Genet. 24, 665–686. doi: 10.1038/s41576-023-00597-7 

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

 Qi, J., Zhang, L., Tan, F., Zhang, Y., Zhou, Y., Zhang, Z., et al. (2023). Preclinical efficacy and safety evaluation of AAV-OTOF in DFNB9 mouse model and nonhuman primate. Adv. Sci. :e2306201. doi: 10.1002/advs.202306201


 Ranasinghe, P., Addison, M. L., Dear, J. W., and Webb, D. J. (2022). Small interfering RNA: discovery, pharmacology and clinical development-an introductory review. Br. J. Pharmacol. 180, 2697–2720. doi: 10.1111/bph.15972


 Rankovic, V., Vogl, C., Dörje, N. M., Bahader, I., Duque-Afonso, C. J., Thirumalai, A., et al. (2020). Overloaded adeno-associated virus as a novel gene therapeutic tool for Otoferlin-related deafness. Front. Mol. Neurosci. 13:600051. doi: 10.3389/fnmol.2020.600051 

 Reich, S. J., Auricchio, A., Hildinger, M., Glover, E., Maguire, A. M., Wilson, J. M., et al. (2003). Efficient trans-splicing in the retina expands the utility of adeno-associated virus as a vector for gene therapy. Hum. Gene Ther. 14, 37–44. doi: 10.1089/10430340360464697 

 Reisinger, E. (2020). Dual-AAV delivery of large gene sequences to the inner ear. Hear. Res. 394:107857. doi: 10.1016/j.heares.2019.107857 

 Robillard, K. N., de Vrieze, E., van Wijk, E., and Lentz, J. J. (2022). Altering gene expression using antisense oligonucleotide therapy for hearing loss. Hear. Res. 426:108523. doi: 10.1016/j.heares.2022.108523 

 Roux, I., Safieddine, S., Nouvian, R., Grati, M., Simmler, M. C., Bahloul, A., et al. (2006). Otoferlin, defective in a human deafness form, is essential for exocytosis at the auditory ribbon synapse. Cell 127, 277–289. doi: 10.1016/j.cell.2006.08.040 

 Samulski, R. J., and Muzyczka, N. (2014). AAV-mediated gene therapy for research and therapeutic purposes. Annu. Rev. Virol. 1, 427–451. doi: 10.1146/annurev-virology-031413-085355 

 Sheffield, A. M., and Smith, R. J. H. (2019). The epidemiology of deafness. Cold Spring Harb. Perspect. Med. 9:a033258. doi: 10.1101/cshperspect.a033258 

 Shi, J., Li, M., Zhao, Y., and Xiao, S. (2023). A focusing X-ray spectrometer based on continuously conical crystal. J. Xray Sci. Technol. 31, 277–284. doi: 10.3233/XST-221259 

 Shibata, S. B., Ranum, P. T., Moteki, H., Pan, B., Goodwin, A. T., Goodman, S. S., et al. (2016). RNA interference prevents autosomal-dominant hearing loss. Am. J. Hum. Genet. 98, 1101–1113. doi: 10.1016/j.ajhg.2016.03.028 

 Shibata, S. B., Yoshimura, H., Ranum, P. T., Goodwin, A. T., and Smith, R. J. H. (2017). Intravenous rAAV2/9 injection for murine cochlear gene delivery. Sci. Rep. 7:9609. doi: 10.1038/s41598-017-09805-x


 Shu, Y., Tao, Y., Wang, Z., Tang, Y., Li, H., Dai, P., et al. (2016). Identification of adeno-associated viral vectors that target neonatal and adult mammalian inner ear cell subtypes. Hum. Gene Ther. 27, 687–699. doi: 10.1089/hum.2016.053 

 Shubina-Oleinik, O., Nist-Lund, C., French, C., Rockowitz, S., Shearer, A. E., and Holt, J. R. (2021). Dual-vector gene therapy restores cochlear amplification and auditory sensitivity in a mouse model of DFNB16 hearing loss. Sci. Adv. 7:eabi7629. doi: 10.1126/sciadv.abi7629


 Song, Y., Lou, H. H., Boyer, J. L., Limberis, M. P., Vandenberghe, L. H., Hackett, N. R., et al. (2009). Functional cystic fibrosis transmembrane conductance regulator expression in cystic fibrosis airway epithelial cells by AAV6.2-mediated segmental trans-splicing. Hum. Gene Ther. 20, 267–281. doi: 10.1089/hum.2008.173 

 Stone, J. S., and Cotanche, D. A. (2007). Hair cell regeneration in the avian auditory epithelium. Int. J. Dev. Biol. 51, 633–647. doi: 10.1387/ijdb.072408js 

 Sun, L., Li, J., and Xiao, X. (2000). Overcoming adeno-associated virus vector size limitation through viral DNA heterodimerization. Nat. Med. 6, 599–602. doi: 10.1038/75087 

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


 Taiber, S., Cohen, R., Yizhar-Barnea, O., Sprinzak, D., Holt, J. R., and Avraham, K. B. (2021). Neonatal AAV gene therapy rescues hearing in a mouse model of SYNE4 deafness. EMBO Mol. Med. 13:e13259. doi: 10.15252/emmm.202013259 

 Tan, F., Chu, C., Qi, J., Li, W., You, D., Li, K., et al. (2019). AAV-ie enables safe and efficient gene transfer to inner ear cells. Nat. Commun. 10:3733. doi: 10.1038/s41467-019-11687-8


 Tang, H., Wang, H., Wang, S., Hu, S. W., Lv, J., Xun, M., et al. (2023). Hearing of Otof-deficient mice restored by trans-splicing of N-and C-terminal otoferlin. Hum. Genet. 142, 289–304. doi: 10.1007/s00439-022-02504-2 

 Tao, Y., Liu, X., Yang, L., Chu, C., Tan, F., Yu, Z., et al. (2022). AAV-ie-K558R mediated cochlear gene therapy and hair cell regeneration. Signal Transduct. Target. Ther. 7:109. doi: 10.1038/s41392-022-00938-8


 Tornabene, P., and Trapani, I. (2020). Can adeno-associated viral vectors deliver effectively large genes? Hum. Gene Ther. 31, 47–56. doi: 10.1089/hum.2019.220 

 Urabe, M., Ding, C., and Kotin, R. M. (2002). Insect cells as a factory to produce adeno-associated virus type 2 vectors. Hum. Gene Ther. 13, 1935–1943. doi: 10.1089/10430340260355347 

 Verdera, H. C., Kuranda, K., and Mingozzi, F. (2020). AAV vector immunogenicity in humans: a long journey to successful gene transfer. Mol. Ther. 28, 723–746. doi: 10.1016/j.ymthe.2019.12.010 

 Wan, G., Corfas, G., and Stone, J. S. (2013). Inner ear supporting cells: rethinking the silent majority. Semin. Cell Dev. Biol. 24, 448–459. doi: 10.1016/j.semcdb.2013.03.009 

 Wan, G., Gómez-Casati, M. E., Gigliello, A. R., Liberman, M. C., and Corfas, G. (2014). Neurotrophin-3 regulates ribbon synapse density in the cochlea and induces synapse regeneration after acoustic trauma. eLife 3:e03564. doi: 10.7554/eLife.03564 

 Wang, T., Chai, R., Kim, G. S., Pham, N., Jansson, L., Nguyen, D. H., et al. (2015). Lgr5+ cells regenerate hair cells via proliferation and direct transdifferentiation in damaged neonatal mouse utricle. Nat. Commun. 6:6613. doi: 10.1038/ncomms7613


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

 World Health Organization. Deafness and hearing loss (2023). Available at: https://www.who.int/news-room/fact-sheets/detail/deafness-and-hearing-loss


 Wu, Z., Asokan, A., and Samulski, R. J. (2006). Adeno-associated virus serotypes: vector toolkit for human gene therapy. Mol. Ther. 14, 316–327. doi: 10.1016/j.ymthe.2006.05.009 

 Wu, H., Hu, Z., and Liu, X. Q. (1998). Protein trans-splicing by a split intein encoded in a split DnaE gene of Synechocystis sp. PCC6803. Proc. Natl. Acad. Sci. U. S. A. 95, 9226–9231. doi: 10.1073/pnas.95.16.9226 

 Wu, J., Solanes, P., Nist-Lund, C., Spataro, S., Shubina-Oleinik, O., Marcovich, I., et al. (2021). Single and dual vector gene therapy with AAV9-PHP.B rescues hearing in Tmc1 mutant mice. Mol. Ther. 29, 973–988. doi: 10.1016/j.ymthe.2020.11.016


 Wu, X., Zhang, L., Li, Y., Zhang, W., Wang, J., Cai, C., et al. (2021). Gene therapy via canalostomy approach preserves auditory and vestibular functions in a mouse model of Jervell and Lange-Nielsen syndrome type 2. Nat. Commun. 12:697. doi: 10.1038/s41467-020-20808-7


 Xiao, Q., Xu, Z., Xue, Y., Xu, C., Han, L., Liu, Y., et al. (2022). Rescue of autosomal dominant hearing loss by in vivo delivery of mini dCas13X-derived RNA base editor. Sci. Transl. Med. 14:eabn0449. doi: 10.1126/scitranslmed.abn0449


 Xie, Q., Bu, W., Bhatia, S., Hare, J., Somasundaram, T., Azzi, A., et al. (2002). The atomic structure of adeno-associated virus (AAV-2), a vector for human gene therapy. Proc. Natl. Acad. Sci. U. S. A. 99, 10405–10410. doi: 10.1073/pnas.162250899 

 Xue, Y., Hu, X., Wang, D., Li, D., Li, Y., Wang, F., et al. (2022). Gene editing in a Myo6 semi-dominant mouse model rescues auditory function. Mol. Ther. 30, 105–118. doi: 10.1016/j.ymthe.2021.06.015 

 Xue, Y., Tao, Y., Wang, X., Wang, X., Shu, Y., Liu, Y., et al. (2023). RNA base editing therapy cures hearing loss induced by OTOF gene mutation. Mol. Ther. 31, 3520–3530. doi: 10.1016/j.ymthe.2023.10.019 

 Yan, Z., Zhang, Y., Duan, D., and Engelhardt, J. F. (2000). Trans-splicing vectors expand the utility of adeno-associated virus for gene therapy. Proc. Natl. Acad. Sci. U. S. A. 97, 6716–6721. doi: 10.1073/pnas.97.12.6716 

 Yao, X. B., Li, S. L., Zhu, H. L., Wang, X. X., Liu, H., and Yan, L. Y. (2007). Protective effect of adeno-associated virus-mediated neurotrophin-3 on the cochlea of guinea pigs with gentamicin-induced hearing loss. Nan Fang Yi Ke Da Xue Xue Bao 27, 1642–1645.

 Yeh, W. H., Shubina-Oleinik, O., Levy, J. M., Pan, B., Newby, G. A., Wornow, M., et al. (2020). In vivo base editing restores sensory transduction and transiently improves auditory function in a mouse model of recessive deafness. Sci. Transl. Med. 12:eaay9101. doi: 10.1126/scitranslmed.aay9101 

 Yoshimura, H., Shibata, S. B., Ranum, P. T., Moteki, H., and Smith, R. J. H. (2019). Targeted allele suppression prevents progressive hearing loss in the mature murine model of human TMC1 deafness. Mol. Ther. 27, 681–690. doi: 10.1016/j.ymthe.2018.12.014 

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


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

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


 Zhang, S., Liu, D., Dong, Y., Zhang, Z., Zhang, Y., Zhou, H., et al. (2019). Frizzled-9+ supporting cells are progenitors for the generation of hair cells in the postnatal mouse cochlea. Front. Mol. Neurosci. 12:184. doi: 10.3389/fnmol.2019.00184


 Zhao, X., Liu, H., Liu, H., Cai, R., and Wu, H. (2022). Gene therapy restores auditory functions in an adult Vglut3 knockout mouse model. Hum. Gene Ther. 33, 729–739. doi: 10.1089/hum.2022.062 

 Zheng, Z., Li, G., Cui, C., Wang, F., Wang, X., Xu, Z., et al. (2022). Preventing autosomal-dominant hearing loss in Bth mice with CRISPR/CasRx-based RNA editing. Signal Transduct. Target. Ther. 7:79. doi: 10.1038/s41392-022-00893-4


 Zheng, G., Zhu, Z., Zhu, K., Wei, J., Jing, Y., and Duan, M. (2013). Therapeutic effect of adeno-associated virus (AAV)-mediated ADNF-9 expression on cochlea of kanamycin-deafened guinea pigs. Acta Otolaryngol. 133, 1022–1029. doi: 10.3109/00016489.2013.799777 

 Zinn, E., Pacouret, S., Khaychuk, V., Turunen, H. T., Carvalho, L. S., Andres-Mateos, E., et al. (2015). In silico reconstruction of the viral evolutionary lineage yields a potent gene therapy vector. Cell Rep. 12, 1056–1068. doi: 10.1016/j.celrep.2015.07.019 


Copyright
 © 2024 Li, Shen, Liu, Qi and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnins-18-1272786-t001.jpg
Gene

o5

e

v

MsRBs

ustic

sHiG

WHRY

LS

petis

ThpRSSS

o

v

veLors

Kuis

aane

stre

SYNEd

ste6as

am

sLca6ad

AN, adeo-assoctated virus: HC, e cll;  ostnatal RWAY ound window membeane; DPOAE, distortion product foscoustc emisson:E, embryonal ABR, audiory braistemresporse

Target cell & function  Mouse model

HOSIMYOS anchors he sercolia
tothe uticular pltc

HOS/TC afcts the permestion
propesticsofsnsory
channelsin HCs

HOSPIVK i inslved n the
oxidative stes-induced
prlifration of perosisomes

HSIMSIBS playsan important
ole i HC homeostass

HOSUSHIC i3 scaffld prot

thatanchorsth upper tp-ink.

HesUSHI
proper HC function

important or

HOSWHRN i scaffld prot
hatisimportant for sercocilia
congation

HS/LHEPLS plays an important
ole i HC meshanotansduction
by regulating p ik sy nd
channe conductance

HCSPCDHIS strngthens the
impartance of protocadherin.15
the morphogenessand cohesion f
stecocia bundies

HOS/TMPRSSS s permissive
fsctor fo cochlear HC activation
andsuesival upon the et of
hesing loss

HCSIND i important for the
devclopment or maintenance of
microvasculature and HCs

HSICLRN iscriical for HC

Sercoilia bundle morphogencsis

HCVGLUTS encodes
tamate transporter necessaryfor
HC synapic ransisson

HCotfetnis expresed

primarily n theinner HCs,and it

isinvolved withsymaptic vsicle
eformation and exocytonis

IHCUKLHLIS i sxpresed inthe
sercociiof HCs

HCICABP2 encodes cleum.
inding protein 2. a potent
modultorof vlage-gted CaVL3
channelsin THCs

oHe

RCisimportant forhair
bundles cohesion

OHCYSYNEA s il for mulear
positoning

OHCYSLC26A3 medises OHCs
dectromariiy

OHCHKCNQH s sigificant to K
homeostsis

s
Juncions between adacent cls

3182 s responsible o g

SVIKCNQ playsa pivoal ol
the transportaton o K- nto
endolymph and maintsining he
.

SVIKCNEI plays a pivosl ol in

hetransporaton o K nto

endolymph and malntaining the
W
Outersuleus'SLC26A s CY-

HCO3 anion exchanger tht s
crticl for flid hormeostsis i the

Strategy
Gene g
NHE kockou)
Mo
RNA b dion
et Gene eacement

Tl Becthoven pMAIZK | Gene rplacement

Tt Gene replcement

Tt Gene replcement

Tl Boingo pY152C Gene replcement

Gene diing (C

Tnct Becthoven pAMIZK
NHE knockout)

Tnct Beethoven pAMIZK | RNAL(miRNA)

Tncl Becthoven pAMIZK | RNAL(miRNA)

Tl Becthoven pMI12K

Geneedting(C
e Becthoven pAHIZK (e

NHE] knockou)
Tint Baringo pY 1826

Pk

Gene replacement

Pra— Gene replcement

Mt

Gene replcement

Udce216G5 A Gene replcement

v Gene replacement
Winies Gene replacement
Winies Gene replacement
s Gene replacement

Gene diing (C
Pedis= ing (€

NHE] disuption)
Tuprasgerases Gene replcement

Gene replcement

i

Gene replacement

i, k0 Gene replcement

G Gene replcement
i Gene replcement
Veluts- Gene replcement
Veluts - Gene replcement
Vetuss Gene replacement
o Gene replacement

Ot Gene replacement

o Gene replcement

P— Gene replacement

o Gene replcement
o Gene replacement
Kbtz

HOR)
catpr- Gene replcement
s Gene replacement
Syt Gene replcement
Presi knockout Gene replacement
Kengiwore Gene ditig (€

NHE knockout)
Kenggorv

NHE] knockout)
Gh2eKo. Gene replcement
G2eKo. Gene replcement
Kengr- Gene replacement
Kener Gene replacement

St Sdtagoees

Gene replcement

ISPRICas st medited

ISPRICa system mediaed

RNA (CRISPIUCas13 RNA editng ytem)

ISPRICa9 systm medited

Gene diting (eytosine base editor)

ISPRICa9 systm medited

Gene diting (CRISPR/Cas9 sysem- mediated

ISPRICas system medited

Gene diting (CRISPR/Cas9 system- medisted

Age of intervention  AAV

or: ANV-BiRED
o-p2 ANVBiRCD
Por2 Anvan
[ Aavan
=3 AAV2ANCHOLSS
L ANV2SBIED
L Ry
n Dust AAVOPHES.
Por2 vz
PIS-PIG PS6-P PRA-PO0 | AAVEID
ner ANV-PiRED
= ANV2ANSOLSS
n Dust AAV2/AnchOL6S
» Anvas
b Ancaolss
B2s e
PO-PLPO-PI2 ANV ARCSOLSS
s Aav
" Aav
pers Aav
er Exo-AAVI
pop2 Anvas
185 months Aavz
e Aav
pers ANV ANVE
Pps Aavas
n Aavs
n AavpHeD.
P PlO-PI2 Anvan
dwecks ANVO-pHED
Swecks,Bwecks, and 20wecks | AAVS

Dust AAV2I6
Pep7
pt Aav

Piop17, P30 Dual AAV2 quadY-F

n Dusl AnchoLes
b7 AAV-PHES.

-2 Dusl AAV-PhReh
n AAVS, ANV-PHPSE.
vsp7 Aavan

P Dusl AAVO.PHED
s AAVo-piER

» AAVieKSSSR
P AAV2AnchoL,
] AAV-PHPES
P2 Aavi

n-p Aavan

-2 At

-2 At

s A

cmicirclar canls THC/OHC, ieoute e cll KO, conditionl Knockout; WT, wid types SN, il ganglion neurons S, spportingcells SV, st vascularis.

Route

Sala mdia

Saala mdia

R
RN

R

Uisice

Uieice

Uinice

R

R

R

e car

nercar

R

R

Otoeyss

R

Ry

psce

Ry

RMW, cochleostomy

Saala media

RN

Systemic
administrtion
Gntsvenous
njection)

R

R

RN

R

RMW, cochleostomy

Corebrospinal luid
sdministration

R

R

RN

R

R

R

e car

R

Uinice

pow

RN

Ui PScc.,

RWM, scal media

Sala mdia

R

Saala mdia

Cochleastomy

psce

.

CF semicieulr cana enestration: S

Outcome (auditory or morphology analy:

Rescus of auditoryfuncion wasabservcfor up o Smonths. More egulr hai bundie
morphology, and rcovery ofimvard calcium levels

Rescue of audioryfoncion upto months. Th ncreased survialrte o HCs nd.
decreasd degeneration of he bundle morphology

ABR showed partialrecoveey ofthe haring theshold: DPOAE

s o rcovery
“Thedeivery of AAV1-CBA-Tine2 improsed inner HC sursival
Partis ecovery of ABR thresholds, especly at the o frequencies

Deliveredat P can prevent HC lossand recove hering wheress 7 iections may

be nsuficien fo ful hearingrecoery.

Delivered at P rsuled i stroger recovery ofboth ABR and DPOAE threshokds
comparedto Tinet -

Selctvly disrupted a domminant Tl slele andpresrved hesing

Signifcant resrvaton of earing at 8 nd 6Ktz 32Kz, no rescue

Pustial ecoveryof hearingfuction at P1
hesring function s PRA-P0

P16 and P56-P, wheress norestoation of

Ameliorsted the sudiory impsiment with improved HC survival rte andlss bt
bundlc degencration

Bresented deainss up o 1y postinecion

Restored nner HC sensory transduction nd HC morphology and transinty rescued
ow-freguency hesring fweeks after injection

Parti estoration of ABR thresholds,normal ABR waveforms and wave amplitudes

Substantil preention o HI up to ks with dcrease t 1 month; prevention ofblance
detectsup o mont

Preserved HCs,rescue morphology of streoclsy bundle,and orimal ABR thresholds
atboth lowand high frequencie t P25

Rescue of auditorythesholds o within 208 of WT for low1o mid-freguency hesring at
PO-PI, whercas o rscue of any sudiory functon at P10-P12

Rescue sercocilis bundle morphology: artisl hsringimprovement ppeared tobeshort.
v, with progessive hearing os by pprosimatly 12vecks postnatlly

Purtisl estortion of hering for st st 4month, Norms tercoclabundles morphalogy
‘Normalserccii kngth and bundlc achitecture wre restored. Whiln gene therapy

sl incressedinner HC survival inthe ested cors

Both ROV and cochlcostomy inection transduced with high ficiency both IHCs nd
OHCs. Cochloostomy s transduced SGNs nd supporting cls.Hearin thresholds are

improved at frquencisfrom 4 to 2Kk

Halfof themice gained improvementsin auditory responses, and bance unction was
restored n the majoiy ofnjcted mutant mice

Rescue ofthe audtory nction to el similar to WT mice and rescu o the Hs and.
thesGNs

P2 tcstment preented the desthofthe HCs

Delivery of AAV-smCBA-Clrn1-UTR did el inthe delay of the progresion of heing
Joss,with th averagehesing improvement o 353 SPL up o 150days poststaly

10-20B theshold improvement in KO mouse, 30-40d improvement n KO mouse,

Heringlossprogressed overtime:

Complet prev

tion of H forlow.rang and mid-range frequencies

20 threshold improvement st ow frequencie.Best performers had 5048
improvement

RWM at PL-P3, 100% of monse ecovered ormal ABR hreshds

Restoringhesring,and the synapses btween the HCs and the neurons e restored at the
baseofthe ochlea base

Auditory functon was estored,and the hearing threshold remalned stablefor at st

12wecks e rescue. The number of synaptic ribbons,as well s their morphology, was

sgnificanty recoersd sfe gene therspy

Purtisly rescued adory function. Dusl-AAY transdaction of Otof~ IHCs fully restored
st exocytoss, whileotoferlindependent esicerelenishment reched 35%-50% of WT

Audiory functon resching simia el s in W mice

Alrested mice esored ABR i

0 o the WT mowse, and hearingthesholds in
response o clcks remained unchanged

10-30wecks post

ection
Restoringstabl harin, it the longest dration beng t et 150dlys
Purtil prevention up 05 S weeks

ouseevel at east S mnths,

The hesrng of th trted mice was estordt mesly W
and HCs renstated the eesse of synsptc vesicles

Amelorsted the sudiory functon of the mouse model with omorygous ecesive

Partisl prevention of i forup to 2months

Restorstion of hai bundie morphalogy and cochlear amplifction functon
Rescu of G morphology and surival, nearly complet ecovery ofaditory function,
and restorstion of auditory-ssocsted behaviors

Modestprevention of Hl upto dwecks

e signfcantly improved suditory theeshods i auditorybrsnsem rsponse and

disortion:product o otoscoustic emission. I evated KCNQ# hanne ey

Miceshowedsgnificanty lower ABR and DPOA thresholds, shortr ABR wave
Hatence,higher ABR wave | amplitudes,increasd mumiberof surviving OHCs, and
yperpolarizd rsing mermbrane potentials of OHCs.

Delivering he Gjb2 €DNA by AAVI sectors through the RWA i PO, G2 KO mice
succesflly improved thee hesing function and cochlese morphalogy, hthough mice
rested at P42 had noimprovement

Partisl morphalogy recovery: ABR o recovery

‘Morphology showed thtth collpseof Ressers membrane and degenerstion of HCs.
and clls i the spirlganglis were corrcted. Audiory bransin rsponses shoved
Sgniicant hesing presevaton in the njctedears, rangin from 20 improvennent 0
Compet correctionofthe deafness phenotype

“Thecarly trestmentpreented Refsnee's menmbrane snd vestbular vl collps,etined
themormal iz of the sevicrculr canas, and prevented the degeneration of e car
el Could improvesudioryfuncioninadose-dependent mannce

Localgene deivery resulied i spatily and emporaly iited pendeinexpreson,
preventd enlrgement, and fuled o restor vestbular fanction bt succeeded n the
restoration o hearing. Restored hearing phenotypes included normal haring s well s
sudden, Muctating,and progressie haring loss

posterior

Xisoetal, 2022)

Asker tal (2015)

Askewetal. (2015)

NitLund tal. 2019)

W eal 2

Walea (021)

Waleal

Shibaaetal. (2016)

Yoshimuractal (2019)

heng etal. 2022)

Gyorgy <t L. (2019)

Yehetal, C020)

Delmaghani etal. 2015)

Luetal (022

Kimetal Qo16)

Panctal Q017)

Emplozetal. (2017)

Isgig el (2022)

Chienetal. (2016)

Gyorgyetal 2017)

Duetal, (023)

Puuzuolye etal. (2023)

Dulon et sl (2018)

nanchenko et al. 2021)

Gyorgy tal. (2019)

Al tal. 012)

Mathesen etal. (2025)

Zhaoctal 2

Al Moyed el (2019)

Nueetal. (202

)

Akl et sl (2019)

Quetal (023)
Rankovic tal. (2020)

Tangetal. (2023)

Guetal 022)

Ocsricher el (2021)

Shubing-Olink et L.

om)

Taiber tal (2021)

Taoetal (2022)

Nohtal, (2022)

Cuietal 2022)

tiuka el 2015)

Yoera (o14)

Changetal. (2015)

Wa X etal. @o2n)

Kimetal C019)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advancements and future prospects of adeno-associated virus-mediated gene therapy for sensorineural hearing loss



		Introduction



		Anatomy and function of the inner ear



		Overview of AAV



		General information on AAV and recombinant AAV



		The AAV transduction pathway



		AAV serotypes used for inner ear gene therapy



		Dual-AAV system and dual-AAV application in the treatment of hereditary HL









		Gene therapy strategies for SNHL



		Application of AAV-mediated gene therapy in the hereditary HL



		Inheritance pattern and pathogenic mechanism of hereditary HL



		Target genes in gene therapy for hereditary HL



		Genes primarily impacting the hair cells



		Genes primarily impacting the stria vascularis



		Genes primarily impacting the SCs









		Delivery route for mouse models



		Local administration



		Systemic administration



		Fetal administration



		Cerebrospinal fluid administration









		Application of AAV-mediated gene therapy in acquired HL



		Hair cell regeneration



		Preservation of hair cells and SGNs









		Prospective considerations for the clinical translation process



		Importance of NHPs trials for validating gene therapy



		Distinguishing interventions: severe congenital vs. delayed onset progressive HL



		Enhancing the production of AAV vectors









		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnins-18-1272786-g001.jpg
A Spiral prominence
SLC26A4

External sulcus cell
SLC26A4

Stereocilia

MYO6, TMC1, USH1C,
USH1G, WHRN, LHFPL5,
PCDH15, CLRN1, KLHL18
Outer hair cell
STRC

Ribbon synapse
OTOF, VGLUT3
Stria vascularis
KCNQ1, KCNET
Support cell
GJB2

Canalostomy
Utricle injection

Scala tympani






OPS/images/fnins-18-1272786-g002.jpg
5CDS

0S50 4 -

IR D-TR IR

| swieing

length CDS

TR 3CDS IR

Full-length CDS ITR

IR
L Transcription

" QAN am

\
5 5CDS
(1 [prom) . [SONHBIpolyA- |
IR IR
l Transcription
5cDS % 1 M\Mﬁm//\//\m
(o o A Y (e )
R Tansion R MR qrangaion | i
o AN
Precursor mRNA e

N T

Precursor protein mRNA trans-splicing

i Protein trans-splicing

% *+ Otysed ntein

\
i

'

'

i

'

|

|

Nintein . Cintein |
\& N-polypeptide C-polypeptide w’ {
|

|

|

'

i

i

'

'

'

|

/






OPS/images/cover.jpg
& frontiers | Frontiers in Neuroscience

Advancements and future
prospects of adeno-associated
virus-mediated gene therapy for
sensorineural hearing loss












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Neuroscience






