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Greater understanding of the molecular intricacies of acquired and hereditary hearing loss has spurred considerable advances in inner ear gene therapy. While approaches like cochlear amplification and cochlear implantation offer varying degrees of efficacy in restoring hearing function, there is an absence of FDA-approved pharmacotherapies targeting the underlying causes of hearing loss. Recent preclinical investigations have demonstrated promising outcomes in murine and non-human primate models, demonstrating efficient transduction and hearing recovery for both acquired and hereditary forms of hearing loss. This review provides a comprehensive analysis of the latest developments in gene therapy for hearing loss. Specifically, we focus on conditions characterized by sensory epithelium and spiral ganglion neuron dysfunction, encompassing both hereditary and acquired etiologies. We discuss recent preclinical advancements in cell-type-specific transduction strategies and highlight key findings from clinical trials exploring gene therapy interventions for hearing loss. Additionally, we address current limitations and offer insights into future directions for advancing gene therapy as a viable treatment option for individuals with hearing loss.
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1 Introduction

Hearing loss is the most common sensory impairments in humans, affecting more than 1.5 billion people worldwide. Among those, more than 400 million children and adults suffer from severe to profound hearing loss (Collaborators, 2021). Children who are born deaf or have difficulty hearing who do not receive early intervention are at a higher risk for poor literacy outcomes and a lower quality of life (Hrastinski and Wilbur, 2016; Panda et al., 2019; Ronner et al., 2020). Hearing loss in adults has also been associated with higher rates of loneliness, anxiety, and dementia (Huang et al., 2023).

Congenital, or hereditary, hearing loss (HHL) is a well-studied and significant cause of hearing loss in children (Shave et al., 2022), while age-related hearing loss, noise-induced (NIHL), and chemotherapy-induced ototoxicity (CIHL) are significant causes of acquired adult sensorineural hearing loss (SNHL). The primary cause of functional impairment in most cases is the degeneration of sensory epithelium (outer and inner and inner hair cells [OHC/IHCs]), spiral ganglion neurons (SGNs), and the peripheral auditory nerve synapses between them. Despite the high prevalence of these hearing disorders, there are currently no U.S. Food and Drug Administration (FDA)-approved pharmacotherapies available to prevent or reverse SNHL. Clinically, hearing amplification and cochlear implants (CI) are the only treatment options available, however they do not target the underlying molecular driver of the disease.

Gene therapy is a promising therapeutic option for hearing loss that has recently been shown to restore hearing in pediatric patients with monogenic HHL due to OTOF pathogenic variants (Lv et al., 2024; Simons et al., 2024). The unique anatomy of the inner ear lends itself to viral-based gene therapy, is a relatively isolated fluid compartment which lends itself to limited immunogenicity and has a small number of non-dividing target cells. The success of monogenic gene therapy is based on a multitude of preclinical studies in murine and non-human primate (NHP) models, but the focus has primarily been on IHC transduction in monogenic hearing loss. There remains a lack of information regarding treatment for SGN-degenerating conditions. Moreover, only negligible SGN transduction has been accomplished in adult mammals. This deficiency in effective targeting of SGNs limits the potential success of treatment options.

In this review, we aim to explore the use of viral vectors, delivery routes, and clinical implications of gene therapy in the mammalian inner ear. Our objective is to provide a comprehensive evaluation of the available evidence regarding cochlear HC and SGN transduction and the potential benefits and challenges associated with gene therapy for hereditary and acquired hearing loss.



2 Hearing loss and potential therapeutic targets


2.1 Monogenic, non-syndromic hearing loss

Monogenic, non-syndromic hereditary hearing loss, resulting from singular genetic pathogenic variants, is a prominent pathology within the spectrum of inherited auditory impairments/HHL. Currently, pathogenic variants in approximately 120 genes have been associated with non-syndromic hearing loss in humans (Sharma et al., 2023; Walls et al., 2024). Unraveling the genetic intricacies inherent to the normal development and function of the inner ear and vestibulocochlear nerve has been accelerating at a fast pace, opening new potential therapeutic avenues for gene therapies.

Non-syndromic hearing loss exhibits varying inheritance patterns—autosomal dominant, autosomal recessive, x-linked, and mitochondrial/maternal—with autosomal recessive predominating with more than 70% of known cases (Walls et al., 2024). In addition, de novo pathogenic variants are an important cause of HHL in patients with no familial history (Klimara et al., 2022).

Autosomal dominant, non-syndromic hearing loss (DFNA) typically exhibits heterogeneity, with both males and females being affected from early childhood to adulthood, with the onset of most cases being post-lingual (Aldè et al., 2023). Approximately 80 loci on 50+ genes have been identified, with pathogenic variants in MYO6 (DFNA22), encoding for a crucial motor protein (Oka et al., 2020), and TECTA (DFNA8/12), which encodes for a tectorial membrane component named α-tectorin (Hildebrand et al., 2011), being the most identified in a European cohort (Del Castillo et al., 2022). Additionally, identified genes predominantly affect supporting cell (SC) function (GJB2 [DFNA3A]) (Denoyelle et al., 1998; Wang et al., 2017), HC function with KCNQ4 (DNFA2A) (Arnett et al., 2011) or SGN development and function, such as COCH (DFNA9) (Danial-Farran et al., 2021) and POU4F3 (DFNA15) (Vahava et al., 1998).

Autosomal recessive, non-syndromic hearing loss (DFNB), in contrast to DFNA, is associated with severe to profound hearing loss with most patients having a pre-lingual onset, however some may present with a gradual progression of hearing loss (Sharma et al., 2023). Approximately 85 causative genes have been identified and associated with DFNB, with the GJB2 (DFNB1A) pathogenic variants the most common at an estimated 60% of DFNB cases (Sloan-Heggen et al., 2016; Del Castillo et al., 2022; Walls et al., 2024). GJB2 encodes for connexin 26 (a gap junction protein) in SCs that is crucial for maintaining potassium homeostasis in the HCs. Other causative genes include OTOF (DFNB9) (the most studied gene in gene therapy clinical trials), TMC1 (DFNB7/11), GJB6 (DFNB1B), MYO7A (DFNB2), and SLC26A4 (DFNB4) (Doll et al., 2020; Del Castillo et al., 2022). Specifically, OTOF encodes for otoferlin, a synaptic protein involved in glutamate release from the HCs, thus allowing for electrical conduction of the SGN and propagation of auditory stimuli.

X-linked and mitochondrial inherited pathogenic variations make up a small proportion of non-syndromic hearing loss and have been elegantly discussed elsewhere (Vona et al., 2015; Sloan-Heggen et al., 2016; Walls et al., 2024).

Taken together, non-syndromic hearing loss is a prime candidate for gene therapy applications. By targeting and correcting the specific pathogenic variation responsible for inner ear dysfunction, there is potential to restore normal hearing function. These approaches hold potential to provide treatments tailored to individual patients, representing a significant advancement in the field of audiology and otology. Clinical trials for these applications will be discussed further below.



2.2 Syndromic hearing loss

Syndromic hearing loss is characterized as SNHL that occurs as part of a larger syndrome, often characterized by additional sensory and developmental dysfunction involving the neurological, cardiovascular, renal, and ocular systems. As with non-syndromic causes, most syndromic hearing loss causes are hereditary and can be linked to genetic pathogenic variants that are passed in an autosomal dominant, autosomal recessive, x-linked, or mitochondrial inheritance pattern. Moreover, specific genes, like SLC26A4, have been identified in both syndromic and non-syndromic hearing loss (Honda and Griffith, 2022). While there are a numerous conditions associated with syndromic hearing loss, a few have been well characterized in the literature including Usher, Pendred, and Jervell and Lange-Nielsen. Additional syndromes like neurofibromatosis type two-related schwannomatosis are also associated with syndromic hearing loss but are not primarily characterized by intrinsic inner ear dysfunction (Ren et al., 2021; Mohamed et al., 2023).

Usher syndrome is characterized by bilateral SNHL and retinitis pigmentosa with and without vestibular symptoms (Bonnet et al., 2016; Toms et al., 2020; Delmaghani and El-Amraoui, 2022). In Usher syndrome there is extensive genetic heterogeneity, with three clinically important phenotypes (Type 1, 2, and 3), with further subclassifications of the types based on the causative pathogenic variant, i.e. Usher syndrome Type 1B and MYO7A (Bonnet et al., 2016). The causative genes are broadly associated with ciliary function and are highly expressed in the inner ear and eye, which may explain the clinical phenotypes. Type 1 Usher syndrome (USH1) presents as congenital SNHL, vestibular dysfunction, and impaired visual acuity in adolescence (Blanco-Kelly et al., 2015). A genotype-phenotype relationship has been identified for USH1 with the predominate cause being a pathogenic variant in MYO7A (Le Quesne Stabej et al., 2012; Bonnet et al., 2016). MYO7A encodes for a crucial myosin motor protein that establishes the tip-link tension between the HC stereocilia, allowing for mechano-electrical transduction (Bonnet et al., 2016; Li et al., 2020). USH1C, another causative gene for USH1, encodes for the protein harmonin. It has been the focus of recent preclinical studies for gene therapy using antisense oligonucleotides (Pan et al., 2017; Wang et al., 2020). Harmonin is involved in the tip and lateral links of HC stereocilia and acts as an anchoring scaffold protein. Without tip and lateral links, the HC stereocilia cannot function properly, inhibiting mechano-electrical transduction and causing SNHL. Type 2 Usher syndrome (USH2) is clinically similar to USH1, although notably lacks vestibular findings in most patients. Similar genotype-phenotype relationships were identified and suggest WHRN and USH2A as causative genes (Le Quesne Stabej et al., 2012; Blanco-Kelly et al., 2015; He et al., 2020). WHRN and USH2A, which encode for whirlin and usherin, respectively, are components of the ankle-link protein complex which is crucial for the normal development of HCs (Wang et al., 2023a). Additionally, USH2 is the most common subtype of Usher syndrome, responsible for almost half of all confirmed cases (Bonnet et al., 2016). Type 3 (USH3) is unique in that the onset of hearing loss is post-lingual, with ophthalmologic findings presenting later in life (Delmaghani and El-Amraoui, 2022). Vestibular findings may also be found in USH3 but are clinically heterogenous (Delmaghani and El-Amraoui, 2022). This type of Usher syndrome is mainly associated with CLRN1, encoding for a protein that modulates the transduction efficiency of the excitatory ribbon synapses between HCs and SGNs.

Pendred syndrome is characterized by bilateral, congenital SNHL with an enlarged thyroid gland (goiter) often found in adolescence (Wémeau and Kopp, 2017). Histologically, inner ear malformations include an enlarged vestibular aqueduct (Honda and Griffith, 2022; Saeed et al., 2023). Genetic analysis has demonstrated that pathogenic variations in SLC26A4, FOXI1, and KCNJ10 may be causative (Wu et al., 2022). SLC26A4 encodes for pendrin, a non-specific anion and base (importantly HCO[image: image]) exchanger protein in the epithelial cells of the inner ear. Pendrin dysfunction may lead to electrolyte and osmotic disturbances, causing enlargement of the vestibular aqueduct and loss of endocochlear potential, thereby causing SNHL.

Patients with Jervell and Lange-Nielsen syndrome (JLNS) develop congenital bilateral SNHL and cardiac arrhythmias due to ion channelopathy resulting in prolonged QT syndrome (Schwartz et al., 2006). Patients with JLNS have a high mortality rate due to risk of ventricular arrythmias, specifically Torsades-de-Pointes (Goldenberg et al., 2006). Pathogenic variations in KCNQ1 and KCNE1, potassium channel-encoding genes, have been identified as causative for JLNS (Vojdani et al., 2019; Walls et al., 2024). These channels are required for potassium movement across the stria vascularis, forming the endocochlear potential.

Currently, preclinical and clinical studies have focused on the non-auditory dysfunction associated with these syndromes, for example, the majority of USH-related studies have focused on ocular gene therapy (Nuzbrokh et al., 2021). Additional studies targeting the inner ear would benefit these patients with SNHL.



2.3 Noise-induced hearing loss

NIHL has emerged as a prevalent form of auditory impairment caused by prolonged or acute exposure to acoustic stimuli. Moreover, NIHL is the primary preventable cause of hearing loss (Le et al., 2017). NIHL may be caused by both the classical high intensity exposure (i.e., gunshot, blast exposure, etc.), primarily associated with hair cell degeneration, and more moderate long-term noise exposure (i.e., occupational associated), which might be associated with cochlear synaptopathy and damage to the ribbon synapses. Exposure to high intensity exposure noise, whether singular or continuous, poses a risk for temporary or permanent hearing damage. Temporary NIHL manifests as a reversible temporary threshold shift (TTS), in the absence of neuronal cell death, whereas permanent NIHL leads to permanent threshold shift (PTS) often accompanied by sensory and neuronal cell death within the auditory system (Kujawa and Liberman, 2009; Early et al., 2022). PTS is often due to damage to the HCs, classically for high intensity exposure, and subsequent SGN degeneration (McGill and Schuknecht, 1976; Kujawa and Liberman, 2009). Additionally, exposure to high-intensity noises is thought to cause the HCs to release excess glutamate (Puel et al., 1998), which can lead to excitotoxicity of SGNs, while further impairment to hearing is due to destruction of the ribbon synapses between IHCs and SGNs (Kujawa and Liberman, 2009; Lin et al., 2011; Wagner and Shin, 2019; Hu et al., 2020). Finally, exposure to high-intensity noises can cause damage to the myelin sheath that surrounds the SGNs, also contributing to hearing loss (Brown and Hamann, 2014), particularly the processing of complex sounds in competing background noise. Therefore, in addition to HCs, therapeutic approaches aimed at treating NIHL should focus also on peripheral ribbon synapses and SGNs.



2.4 Cisplatin chemotherapy-induced hearing loss

Hearing loss as a side effect of cancer treatment can severely impact the patient's quality of life. Cisplatin is a commonly used chemotherapeutic agent and causes significant ototoxicity in up to 80% of adults and 50% of pediatric patients (Moke et al., 2021). The exact mechanism of cisplatin ototoxicity is still under active investigation, however damage to the stria vascularis and disruption of cochlear energy metabolism, which can then lead to loss of the sensory epithelium, has been implicated in cisplatin- and carboplatin-induced pathophysiology (Liu et al., 2021; Wang et al., 2023b). Additionally, cisplatin has been shown to increase the secretion of cytotoxic inflammatory molecules (So et al., 2007) and creation of reactive oxygen species (Yu et al., 2019), thereby causing DNA damage, all which lead to activation of apoptotic pathways in the cells of the stria vascularis, HCs, and SGNs (Breglio et al., 2017; He et al., 2022). Interestingly, studies have demonstrated that HC and SGN loss may occur at different time points (van Ruijven et al., 2004, 2005). The set of studies published by van Ruijven et al. demonstrated that cisplatin interferes with SGN function and causes aberrant loss of SGNs, resulting in the elevation of compound action potential and auditory brainstem response (ABR) thresholds, as well as detachment of the myelin sheath of the type-I SGNs (a sign of degeneration) within 1 week of treatment initiation (van Ruijven et al., 2004, 2005). Moreover, the early time point (< 1 week) of SGN degeneration and malfunction following cisplatin treatment indicates the importance of the timing of therapeutic intervention (van Ruijven et al., 2004, 2005; Yu et al., 2019).




3 Gene therapy for hearing loss

Human gene therapy for hearing loss involves introduction of genetic material into target cells to address diseases associated with dysfunction of HCs, SGNs or SCs caused either by pathogenic genetic variations or external factors. Gene delivery may be accomplished using viral and non-viral vectors. Among these, viral vectors, particularly adeno-associated viruses (AAVs), have emerged as the most extensively studied and efficacious vectors. AAVs show significant promise because of their higher rates of transduction efficiency than non-viral delivery, lack of pathogenicity, persistence of gene expression, availability of various serotypes (which specifies cellular tropism), and low risk of insertion mutagenesis due to lower host DNA integration (Pupo et al., 2022).

There are three main types of viral vector-based gene therapy: gene editing, gene silencing, and gene replacement (Wang et al., 2019; Petit et al., 2023). Gene replacement involves adding a functional gene into cells with defective or missing copies, aiming to restore normal cellular function (Petit et al., 2023; Lv et al., 2024). Gene editing enables precise modification of genetic material, often utilizing the CRISPR-Cas9 or base editing systems (Noh et al., 2022; Petit et al., 2023). Meanwhile, gene silencing inhibits the translation of a gene into proteins, achievable through mechanisms such as antisense oligonucleotides (Wang et al., 2020; Petit et al., 2023). Of these approaches, gene replacement of a pathogenic variant is the most widely used for treating HHL.


3.1 Gene therapy targets for hereditary hearing loss

Gene replacement is the primary therapeutic approach studied in murine models of genetic hearing loss. The genes VGLUT3 (Akil et al., 2012; Zhao et al., 2022a; Mathiesen et al., 2023), GJB2 (Yu et al., 2014; Iizuka et al., 2015; Guo et al., 2021), GJB6 (Miwa et al., 2013; Crispino et al., 2017; Zhang et al., 2022), MSRB3 (Kim et al., 2016), TMC1 (Askew et al., 2015; Gao et al., 2018; Nist-Lund et al., 2019; Wu et al., 2021a; Marcovich et al., 2022), KCNQ1 (Chang et al., 2015), USH-associated genes (USH1C (Pan et al., 2017), USH1G (Emptoz et al., 2017), WHRN (Chien et al., 2016; Isgrig et al., 2017)), OTOF (Akil et al., 2019b; Al-Moyed et al., 2019; Rankovic et al., 2020; Tang et al., 2023; Zhang et al., 2023; Qi et al., 2024a,b; Wang et al., 2024), STRC (Shubina-Oleinik et al., 2021), LHFPL5 (György et al., 2017), PJVK (Delmaghani et al., 2015; Lu et al., 2022), KCNE1 (Wu et al., 2021b), and SYNE4 (Taiber et al., 2021) have all been studied for their efficacy and safety as preclinical, viral vector-mediated, gene replacement therapeutic targets.

Viral-mediated gene suppression and editing are other approaches that have been studied as a treatment for deafness related to TMC1 (György et al., 2019b; Yoshimura et al., 2019), KCNQ4 (Noh et al., 2022), and MYO6 (Xue et al., 2022). Noh et al. utilized CRISPR/Cas9 to edit KCNQ4, while Gyorgy et al. utilized CRISPR/Cas9 to disrupt and suppress the mutant allele associated with TMC1. Liposome-mediated delivery (Tao et al., 2023) and systemic delivery of antisense oligonucleotides (Lentz et al., 2013; Wang et al., 2020) have also been studied for both syndromic and non-syndromic HHL.

These studies demonstrated excellent transduction efficiency, low toxicity, and variable recovery of auditory function in animal models. Gene replacement therapies targeting OTOF and SLC17A8-related deafness have been highly successful in a number of preclinical models, with hearing restored to wild-type (WT) ABR thresholds (Akil et al., 2012; Qi et al., 2024b). A few studies, however, did not demonstrate recovery of the ABR Wave 1, suggesting poor survival of SGNs despite general ABR threshold improvement (Akil et al., 2019b; Zhao et al., 2022a). Moreover, some studies involving AAV-mediated TMC1 and OTOF gene replacement demonstrated near complete hearing recovery to WT thresholds in neonatal mice but reported mixed success in adult mouse models (Nist-Lund et al., 2019; Zhang et al., 2023). It is important to note that these efficacy studies were primarily conducted on neonatal mice, which generally, showed better response than mature models. This raises concerns for potential applicability to adult-onset hearing losses. The murine inner ear does not fully develop until around the 2nd week of postnatal life, whereas the human cochlea develops from gestational week 4 to approximately gestational week 30 (Kamiya et al., 2001; Johnson Chacko et al., 2019). Therefore, studies on mature mice may better represent the translational capability for treating postnatal human patients. The neonatal inner ear appears far more amenable to efficient AAV-mediated gene transfer than the adult inner ear (Transduction ranged from 100% of IHCs and ~75%% of SGNs in neonatal mice to 100% of IHCs but < 20% of SGNs in adult mice) (Duarte et al., 2018; Richardson et al., 2021). Those studies that utilized mature murine models for functional gene therapy studies are summarized in Table 1.


TABLE 1 Preclinical gene therapy studies for hereditary hearing loss in mature (≥postnatal day 12) murine models.
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3.2 Gene therapy targets for acquired hearing loss
 
3.2.1. Gene therapies for NIHL

In acquired hearing loss, the focus is primarily on preventing the degeneration of sensory HCs and SGNs, or regenerating damaged inner ear cells. There are multiple potential targets, and neurotrophins (NTs), proteins that support the growth, survival, and differentiation of hair cells and neurons, are one such avenue to restore or prevent hearing loss.

NTs activate signaling pathways critical for maintaining neuronal function and plasticity (Zigmond et al., 2012) and facilitate proper development of the auditory system (Harasztosi et al., 2020). Among these, brain-derived neurotrophic factor (BDNF), and NT3 are the most well characterized due to their role in cochlea development, with a substantive number of studies also demonstrating the therapeutic potential of glial cell-derived neurotrophic factor (GDNF). A distinction must be made between the developing and mature mammalian cochlea as there are notable differences in both NT availability and receptor expression between the two ages (Johnson Chacko et al., 2017). Specifically, the high affinity receptors for BDNF and NT3, TrkB and TrkC, are strongly expressed in the cochlea from birth to adulthood, but the BDNF ligand itself notably decreases with age (Johnson Chacko et al., 2017). In contrast, GDNF is not present at birth, but appears in the first postnatal week and into adulthood along with its receptor, GFR1a (Stöver et al., 2000). In addition to temporal differences, whether there may be spatial differences in receptor availability along the tonotopic axis of the cochlea and on certain cell types, is yet to be studied. These factors, combined with the interchangeability/cross-reactivity of some NT ligands and receptors, necessitate further studies for the selection of ideal NTs.

Despite these complexities, local exogenous delivery of AAV vectors expressing NTs may provide protective and/or regenerative effects on both SGNs and HCs in the cochlea. Local delivery of the NT proteins themselves has been extensively studied through the use of osmotic minipumps for delivery into the scala tympani (Khalin et al., 2015). However, this delivery method is not likely to be an effective long-term strategy due to transient protection of SGNs due to the relatively short half-lives of the proteins. The protective effects of NTs on SGNs appears to only last for the duration of treatment. These findings have been widely confirmed by studies in other neuronal systems (Montero and Hefti, 1988; Gillespie et al., 2003). Additionally, indwelling cannulas pose significant risk for infection and is a burdensome to the patients. Because it is a one-time treatment, viral vector mediated NT delivery is therefore being intensively investigated (Ramekers et al., 2012). Moreover, Mukherjee et al. demonstrated that local delivery of AAV2 (quad Y-F capsid)-mediated BDNF can recover noise-induced BDNF gene downregulation, ABR wave I amplitude reduction, and synapse loss in a guinea pig model (Mukherjee et al., 2022). Furthermore, AAV-BDNF may be protective in murine models of GJB2-related deafness (DFNB1A) (Takada et al., 2014). Additionally, Hashimoto et al. has showed that AAV-mediated overexpression of NT-3, another NT, in the cochlea following canalostomy injection can provide protection against noise-induced synaptopathy, possibly through the enhancement of synaptic function and the preservation of ribbon synapses between IHCs and SGNs (Hashimoto et al., 2019). However, only AAV-NT3 delivered prior to noise exposure was effective at improving synapse survival. This was corroborated by Bowers et al. who found that NT-3 transduction utilizing a herpes simplex type 1 viral vector attenuated the loss of SGNs following cisplatin therapy (Bowers et al., 2002). Furthermore, Leake et al. provided evidence that AAV-mediated NT gene therapy, specifically using either AAV2-hBDNF can effectively enhance the survival of cochlear SGNs in neonatally deafened cats (Leake et al., 2019). These studies collectively indicate the potential of AAV-mediated NT delivery transduction in the inner ear. However, NT3 delivered onto the RWM without use of a viral vector has shown success in mice, demonstrated improved ABR Wave 1 thresholds and moderate regeneration of the cochlear HC-SGN interface (Suzuki et al., 2016).

Additionally, Fukui et al. demonstrated SGN peripheral fiber growth and epithelial expansion after adenovirus mediated BDNF gene therapy in mature (P28) POU4F3-/- mice, suggesting potential virus-mediated regenerative capacity (Fukui et al., 2012). These findings were corroborated in a deafened murine model that demonstrated SGN fiber regrowth into the basilar membrane following viral-mediated BDNF delivery (Shibata et al., 2010).

Studies have also demonstrated the therapeutic potential of AAV-mediated GDNF expression for mitigating and/or reversing hearing loss in various animal models with NIHL and ototoxicity-mediated hearing loss/CIHL (Shoji et al., 2000; Chen et al., 2003; Shibata et al., 2007; Liu et al., 2008). Not surprisingly, utilization of very high titers of AAV-GDNF of 1.8 × 1011 to 3.6 × 1011 vg (1–2 μL injected) has been reported to cause toxicity in neonatal animals, denoting the importance of sensible dosing strategies, particularly when considering scaling up to larger mammals (Akil et al., 2019a). The study by Leake et al. showed an interesting difference in the efficacy of AAV2-BDNF and AAV5-GDNF. While both vectors elicited a neurotrophic effect on SGN survival in neonatally deafened cats, AAV5-GDNF caused undesirable ectopic fiber sprouting whereas AAV2-BDNF was not associated with ectopic sprouting. Given the lack of an AAV5-BDNF group, it is impossible to draw a clear conclusion about the toxicity of GDNF. Both vectors utilized strong, constituently active promoters (the AAV5 vector utilized the hybrid cytomegalovirus/chicken beta-actin (CBA) promoter and AAV2 utilized the CAG promoter), however the titer differences are significant. AAV2-BDNF was injected at a titer of 3 × 1012 vg/mL (10 μL injected), while AAV5-GDNF was injected at a titer of 1.8 × 1014 vg/mL (10 μL injected). The higher dose of the AAV5-GDNF may explain the adverse events reported in this study (Leake et al., 2019). Moreover, an important factor that is often overlooked is that AAV5 has the capacity to transduce antigen presenting cells in the brain which can lead to a full immune response when a non-self-protein is expressed, whereas AAV2 only transduces neurons, which are not antigen presenting (Samaranch et al., 2017). The Akil et al. (2019a) and Leake at al. (2019) studies involved expression of a human GDNF protein in cats and mice, so it is therefore possible that serotype selection and expression of a non-self-protein could have contributed to these findings. Of note, an immune response following transduction of antigen presenting cells has also been reported with AAV9 (Ciesielska et al., 2013; Samaranch et al., 2014). The human cochlea contains various types of peripheral glial cells that envelop the cochlear nerve, the cell bodies in the spiral ganglia, and the peripheral processes in the osseous spiral lamina. Careful selection of a viral serotype with selective tropism for HCs and SGNs that does not require a high titer for efficient transduction with minimal tropism for antigen presenting cells will be important. Taken together, these results indicate that viral vector mediated NT delivery holds promise for the treatment of acquired hearing loss, but caution is warranted regarding serotype and dose selection.



3.3.2 Gene therapy strategies for CIHL

NTs are not the only potential targets, with viral-mediated delivery of apoptotic inhibitors into the cochlea of rats treated with cisplatin leading to an attenuation of HC degeneration and overall improved ABR thresholds, if administered prophylactically (Cooper et al., 2006). While this study did not perform immunohistochemistry for SGNs specifically, the ABR threshold improvements suggests at least moderate SGN survival (Cooper et al., 2006). Subsequently, the injection of this viral vector through the round window membrane (RWM) in a follow-up study by Chan et al. showed a decrease in efficacy in high-frequency, basal OHCs (Chan et al., 2007). However, administering the treatment vector 2 months prophylactically may pose challenges in clinical scenarios. Bu et al. demonstrated the success of AAV treatment at the same time as cisplatin therapy using a viral vector that expresses c-Myb, a transcription factor involved in cell survival (Bu et al., 2022). The authors found that co-treatment of cisplatin with AAV gene therapy decreased OHC loss in the basal turn of the cochlea, which is known to be commonly affected by cisplatin therapy (Bu et al., 2022). These findings underscore the potential of AAV-mediated gene therapy for preserving auditory function in patients at high risk for noise exposure or undergoing chemotherapy treatments with high ototoxicity.





4 Advantages and challenges of delivery of therapeutics into the inner ear—preclinical studies

The delivery of gene therapies into the inner ear requires careful consideration of various factors, including the delivery route, transduction efficiency, potential for immune responses and cellular tropism. Both infection, the ability of the virus to enter and survive in the cell, and transduction, the ability of the viral vector to introduce genetic material into the cell, are important components of transduction efficiency for gene therapy. The inner ear is comprised of two main fluids, perilymph and endolymph (Glueckert et al., 2018). However, these fluid compartments are not as isolated and immunologically privileged as previously thought (Keithley, 2022). First, the inner ear is highly vascularized with arterial flow from the labyrinthine artery but is sequestered by the blood-labyrinth barrier (Mei et al., 2020). Perilymph is connected to the cerebrospinal fluid (CSF)-containing space via the cochlear aqueduct, while endolymph circulates to/from the endolymphatic sac, where it is theorized to interact with the peripheral lymphatic system (Glueckert et al., 2018; Salt and Hirose, 2018). Additionally, the neural component of the inner ear provides a direct route to and from the cochlear nucleus, olivary complex and auditory cortex (Salt and Hirose, 2018).

Viral vectors have been administered via either intracochlear (RWM, cochleostomy) or intralabyrinthine (posterior semi-circular canal (PSCC), endolymphatic sac, utricle, and oval window/stapedectomy) pathways (Figure 1). Despite the success of these delivery routes in neonates, accessing the labyrinth directly is complex, and can lead to the damage and further degeneration of HCs and SGNs. Therapeutic delivery outside of the bony labyrinth, i.e., trans-tympanic and systemic injections, have had minimal success in adult models of hearing loss so far (Shibata et al., 2017). While AAV transduction of HCs has been extensively reported in neonates, most studies report low SGN transduction efficiency. The available data on SGN transduction are summarized in Table 2. The delivery routes, methods used, and other notable factors of delivering therapeutic agents to the inner ear are discussed below through the lens of AAV studies in the cochlea of healthy mice.


[image: Figure 1]
FIGURE 1
 Schematic of the various delivery routes for gene therapy to the human inner ear. At the time of this review, the round window membrane has been utilized in two published clinical trials. The ossicles have been removed from the diagram showing an empty middle ear space and free oval window membrane. CSF, cerebrospinal fluid.



TABLE 2 SGN transduction based on delivery route and viral vector in murine models with healthy cochlea.
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4.1 Round window injection
 
4.1.1 Delivery route

The most studied delivery route to the cochlea is through the RWM, which provides access to the perilymph fluid and cells of the cochlea. Due to the relatively low calcification of the temporal bone in neonatal mice vs. adults, the otic bulla may be pierced utilizing various techniques. In neonates, the bulla can be accessed with only a needle (Richardson et al., 2021), although drilling with a scalpel or a diamond drill is required for adult mice (Yoshimura et al., 2018). After gaining access to the otic bulla, the RWM can be easily penetrated using a variety of injection techniques (discussed further below). This method of accessing the RWM is similar to that used in other species like guinea pigs and even large mammals like NHPs (Wang et al., 2012; György et al., 2019a; Ivanchenko et al., 2020; Andres-Mateos et al., 2022). Micromanipulators with a micropump syringe attached to the micropipette allow for the highest level of control during the injection, although pressurizing the system with a Hamilton syringe has been done in other preclinical model studies (Richardson et al., 2021). For NHPs, a cortical mastoidectomy must be performed to expose the facial recess to allow for RWM access (György et al., 2019a,b; Ivanchenko et al., 2020; Andres-Mateos et al., 2022). György et al. (2019a) and Ivanchenko et al. (2020) have successfully used a 29-gauge needle to make the incision through the RWM. To inject the solution, a Hamilton syringe may be attached to the needle with a silicone tube. RWM delivery is associated with operative risks, most notably damage to the facial nerve, that must be considered when translating these findings into human studies. Approaches into the middle ear space where the RWM can be accessed with an intratympanic injection do not require a mastoidectomy.

While RWM delivery provides direct access to the perilymph in the scala tympani, care must be taken to avoid damaging the surrounding structures. Because the inner ear is not entirely a closed-fluid system, transient increases in pressure following injection of the viral vectors can lead to further HC and SGN degeneration. The closed bony cochlea is sensitive to pressure fluctuations and fluid shifts, which may be significant when performing a RWM injection. To combat this, multiple investigators have opted to create openings in the PSCC, to expose perilymph and allow for the dispersion of excess pressure (Suzuki et al., 2017; Yoshimura et al., 2018; Richardson et al., 2021). Regardless of technique used for fenestration of the canal, all investigators observed the efflux of perilymph fluid before injecting the viral vector through the RWM. For NHPs, fenestration of the oval window is favored over the PSCC, as it is thought to allow for fluid displacement and create a general flow of the administered vector toward the helicotrema (Andres-Mateos et al., 2022). A transcanal approach to RWM with stapes fenestration is has been demonstrated to be safe in the OTOF clinical trials (ChiCTR- 2200063181). Accessing the perilymph fluid through RWM injections, with or without further bony fenestrations, has the potential to deliver the viral vectors into the central nervous system via the cochlear aqueduct which connects the perilymph and is connected to the CSF. However, this may likely only an issue in rodents where the aqueduct remains patent, compared to in humans where the patency is theorized to decrease with age. Some investigators have minimized this risk by using HC-specific promoters (Ranum et al., 2023; Wang et al., 2024).



4.1.2 Cochlear hair cell transduction

AAV delivery with the RWM injection has been well explored, providing high transduction rates for HCs although SGN rates vary significantly based on vector serotype. Here, we briefly discuss the use of commonly studied AAVs, including Anc80L65, AAV9-PHP.B, and AAV2, in the transduction of HCs and SGNs.

Anc80L65, an ancestral capsid discovered through computational approaches, is one of the most promising serotypes in inner ear gene therapy and has been predominately studied using RWM injections. This vector was first described by Landegger et al. (2017) demonstrating robust transduction of the IHCs and OHCs when injected at P1in mice. In this study, Anc80L65 injected at a dose of 1.7 × 109 vg in 1 μL outperformed AAV1, 2, 6, and 8, at lower doses than AAV1 and AAV2 (3.5 × 1010 vg in 1 μL and 6.0 × 109 vg in 1 μL). Interestingly, the authors noted Anc80L65 transduction in the contralateral uninjected cochlea in a subset of animals and cerebellar transduction, possibly reaching these areas via the cochlear aqueduct (Landegger et al., 2017). In an additional study utilizing neonatal mice, the Anc80L65 vector successfully transduces over 90% of IHCs across all cochlear turns with a relatively low titer (1.40 × 109 vg in 1 μL) (Yoshimura et al., 2018). In non-neonatal mice (P49), the transduction rate of IHCs was near 100%. No information is available regarding Anc80L65 mediated transduction of the cochlea when administered to mice >3 months old, when they are considered mature adults equivalent to humans aged 20 years old. Similarly, in guinea pigs, OHC transduction by Anc80L65 decreased from 90% to near < 70% from base to apex at a titer of 8.5 × 109 vg in 5 μL) (Wang et al., 2022). Further studies are needed to determine whether increased titers can facilitate transduction of OHCs throughout the cochlea in older mice and guinea pigs. The apex-to-base gradient of HC transduction with Anc80L65 has also been observed in adult NHPs aged 3–4 years. Andres-Mateo et al. noted a near 100% transduction rate of IHCs at the apex with a sharp decline to around 20% transduction rate at the base. In addition, transducing NHP OHCs was much less successful (< 5 positive OHCs observed in the 3,000 Hz section) and also exhibited the apex-to-base gradient of transduction (Andres-Mateos et al., 2022). The cause of this discrepancy is unknown; however, it is hypothesized that the decrease in basal OHC transduction is due to difficulty of the vector in crossing Reissner's membrane (from the scala vestibuli), requiring the vector to travel to the scala tympani where the vector can cross the basilar membrane. Another explanation is that viral tropism changes as a result of cell surface receptor differences between the base and apex, affecting the AAV's entry into the cell. Additionally, due to the tonotopic organization of the cochlea, the intrinsic cellular differences (metabolic activity, gene expression profiles, morphology, etc) between the apex and base as well as cellular specificity (tropism) of the vector itself could lead to the transduction gradient observed.

The AAV9-PHP.B vector has a modified capsule to increase transduction and reduce immunogenicity compared to the original AAV9 (Deverman et al., 2016). It has been demonstrated to effectively infect neonatal mouse HCs, with studies reporting between 60%−80% effectiveness for IHCs and between 40–60% for OHCs (György et al., 2019a; Ivanchenko et al., 2020). Infection of AAV9-PHP.B following RWM injection in a mature cochlea has been studied in OTOF-/- mice, and this approach demonstrated an infection rate of 80 to near 100% of IHCs (Wang et al., 2024). Two studies in juvenile NHPs have demonstrated transduction of HCs between 90–100% at relatively high doses of above 3–7 × 1011 vg (10–20μL injected), but there is a steep decline in transduction efficiency of ~50% at lower titers at 1 × 1011 vg (10μL injected) (György et al., 2019a; Ivanchenko et al., 2020).

AAV serotype 2 (AAV2) is the most extensively characterized vectors clinically for central nervous system disorders due to its high efficiency transduction of neurons (Christine et al., 2009; Pearson et al., 2021). In addition, AAV2 is one of the most common serotypes used in pseudotyping to create recombinant AAVs (rAAV), including the Anc80L65 discussed previously. Yoshimura et al. found that in neonatal mice, the transduction efficiency of HCs with AAV2 is titer dependent. The authors observed near 95% IHC transduction efficiency across all turns of the cochlea with a high titer of 3.9 × 1010 vg (1μL injected), however this was reduced to < 20% at titer of 1.4 × 109 vg (1μL injected) (Yoshimura et al., 2018). Using similar rAAVs at a titer of 1.0 × 1012 vg/mL (5–10μL injected onto the gelfoam), Wang et al. reported that the rAAV2 introduced through digestion of the RWM transduces almost 100% of IHCs in a guinea pig at the apex but was not successful at transducing IHCs at the base. In addition, < 20% of the OHCs of the guinea pig were transduced at the apex and close to 0% at the base (Wang et al., 2012). In the direct comparison of AAV9 and AAV2/Anc80L65 done by Yoshimura and colleagues, the Anc80L65 vector was clearly the more effective at transducing HCs in the neonatal mice at the same titer, although this study notedly lack a reporting of SGN transduction (Yoshimura et al., 2018). Additionally, Landegger et al. demonstrated that Anc80L65 was superior to AAV2 even when injected at a significantly lower titer (Landegger et al., 2017).

A variety of naturally occurring AAVs and novel AAV capsids have been used in inner ear gene therapy, including: AAV5, AAV8, and AAV-inner ear (AAV-i.e.,). The novel capsid AAV-i.e., described by Tan et al. (2019) successfully transduces almost all IHCs and a majority of OHCs across the neonatal mouse cochlea at a titer of 1 × 1010 vg (1.5 μL injected), but not at 3.6 × 109 vg (1.5 μL injected). This novel rAAV utilizes varying peptide sequences, including a peptide from the AAV.PHP.eB vector. Notably, this study observed high rates of transduction of cochlear support cells and vestibular cells, however the authors found that Anc80L65 was more efficient at transducing both HCs and SGNs in the neonatal model (Tan et al., 2019). Despite the success of the AAV-i.e., in neonatal mice, there were no complementary studies evaluating transduction efficiency completed in adult mammals. In a study conducted by Liu et al., AAV1-5, 7, and 8, were analyzed for their success rate in transducing adult mice HCs and SGNs (Liu et al., 2005). Out of the seven vectors used, AAV3 was the best at transducing IHCs. However, SGN rates have not been addressed in most publications, despite them being one of the vitally impacted cell types.



4.1.3 Spiral ganglion neuron transduction

SGN transduction rates after RW delivery vary considerably across studies and are often not reported in other studies. Duarte et al. reported a high level of SGN transduction (74%) with Anc80L65 across the cochlea in neonatal mice (Duarte et al., 2018). Interestingly, the dose used by Duarte et al. (2018) (2.2 × 108 vg in 1μL) was significantly lower than that of Richardson et al. (2021) (9.23 × 108 vg in 1μL) who reported worse SGN transduction rates of approximately 50% with an apex-to-base decreasing gradient. The utilization of the RWM injection compared to a canalostomy injection might explain the difference in transduction rates seen in the study by Suzuki et al. (2017). It is likely that the RWM technique offers greater transduction of SGNs as compared to canalostomy. However, the studies by Richardson et al. and Duarte et al. may suggest a negative correlation with titer and SGN transduction with RWM injections.

SGN transduction is < 20% in adult mice with Anc80L65 (Richardson et al., 2021). In NHPs and guinea pigs, SGN transduction was even lower, with no transduction being detected at vector doses of 2.5 × 1011 vg (30 μL injected) and 27.69 × 108 vg (3 μL injected), respectively (Richardson et al., 2021; Andres-Mateos et al., 2022). Moderate titer levels of 2.2 × 1011-8.33 × 1012 vg/mL were utilized in these studies. It is unclear whether a higher titer could lead to higher SGN transduction in adult mammals, although in our experience higher titer Anc80L65 preparations have not been available via commercial suppliers.

Other vectors which have performed well in HC transduction, include AAV-PHP.B, which exhibits low SGN transduction rates even in neonatal mice. Moreover, the rates vary greatly in juvenile NHPs even with similar titers of 3–3.5 × 1011 vg (Ivanchenko et al. only injected 1.2μL v. Gyorgy et al. who injected 10μL) (György et al., 2019a; Ivanchenko et al., 2020). A study by Liu et al. comparing AAV1-5, AAV7, and AAV8 via RWM delivery, demonstrated that the AAV5 vector more efficiently transduced SGNs than the other serotypes (Liu et al., 2005). This finding is consistent with robust neuronal transduction observed with AAV5 with direct brain administration (Samaranch et al., 2017). Moreover, rAAV2 infused via RWM digestion in a guinea pig demonstrated >90% transduction efficiency for SGNs at the 1st turn of the cochlea and retained >80% throughout the whole cochlea (Wang et al., 2012). However, the age of the animals are unknown. Thus far it appears that Anc80L65 most potently transduces SGNs via RWM injection, although questions remain regarding the applicability to adult mammals including the effect of increasing titer.




4.2 Canalostomy
 
4.2.1 Delivery route

Canalostomy can be used to create an opening in one of the semicircular canals, most often the PSCC due to the ease of access in rodents (Suzuki et al., 2017; Zhao et al., 2022b). The rationale behind this approach is that by accessing the semicircular canals, and not the cochlea itself, there may be less iatrogenic hearing loss caused by the injection procedure. A postauricular incision and blunt dissection allow for exposure of the bone overlying the PSCC in neonatal mice. Fenestration of the PSCC and direct injection can then be accomplished. To puncture the bone overlying the PSCC, 25–29-gauge hypodermic needles and a Bonn micro probe have been described (Suzuki et al., 2017; Tao et al., 2018; Isgrig et al., 2019; Zhu et al., 2021). For vector delivery, both polyimide and polyethylene tubes connected to glass micropipettes and Nanoliter Microinjection Systems have been used. Suzuki et al. connected the polyimide and polyethylene tubes in series for injection (Suzuki et al., 2017). To minimize perilymph leakage, many preclinical studies have utilized cyanoacrylate glue to seal the injection site. However, due to the small size of the PSCC and limited viewing window, there is a possibility for the injection needle to pierce the membranous labyrinth in addition to the bony labyrinth. This would then expose the vector to the endolymph and perilymph, instead of just the perilymph. Although canalostomy has been successfully used in a number of preclinical studies, one study reported that the procedure significantly increased the ABR threshold, which was also affected by perilymph leakage and speed of injection (Zhu et al., 2021). The PSCC is not as easily accessible in NHPs and humans due to its anatomic location and requires a mastoidectomy. The lateral/horizontal semicircular canal (LSCC) would be more easily accessible following a mastoidectomy in NHPs and humans, however a canalostomy of the LSCC has not been well studied in preclinical murine models due to anatomic constraints.



4.2.2 Cochlear hair cell transduction: adeno-associated viral vectors and titers

Similar to other delivery strategies, canalostomy delivery of AAV2/Anc80L65 transduces 100% of IHCs in mature mice (aged 6 to 10 weeks) (Suzuki et al., 2017; Tao et al., 2018). Anc80L65-injected cochleae also demonstrated a 70% OHC infection rate in these mice (Suzuki et al., 2017). Moreover, Isgrig et al. found that AAV2.7m8, a novel synthetic vector, transduced over 80% of IHCs and 70% of OHCs in neonatal mice, without causing an increase in ABR thresholds compared to non-injected control mice (Isgrig et al., 2019). Both Anc80L65 and AAV2.7m8 outperformed the other studied AAV serotypes including AAV1, AAV2, AAV8BP2, AAV8, AAV9, AAV.PHP, and AAV.ie (Suzuki et al., 2017; Tao et al., 2018; Isgrig et al., 2019; Zhu et al., 2021; Zhao et al., 2022b). However, the efficiency of AAV2.7m8 following a canalostomy vector infusion compared to the other vectors could be confounded due to the differing age of the models studied.



4.2.3 Spiral ganglion neuron transduction

Suzuki et al. (2017) demonstrated < 10% SGN transduction with using AAV2/Anc80L65. Additionally, Zhao et al. (2022b) demonstrated that AAV-PHP.eB, AAV-i.e., AAV/Anc80L65, and AAV-PHP.S, but not AAV2, were able to infect SGNs at a moderate rate, despite no formal measurements. Other studies examined SCs but did not address SGNs.




4.3 Oval window

The oval window is another entry point to deliver gene therapy vectors into the inner ear. However, it is mainly accessible in humans and NHPs. In mice, the oval window is covered by the stapedial artery, limiting the oval window's use in preclinical models of gene therapy for hearing loss. Although, Wang et al. (2022) was successful in transducing the inner ear of guinea pigs (>75% of IHCs) following oval window injection. Currently, the oval window has been limited to sites of fenestration, not injection, in NHP, preclinical studies (Ivanchenko et al., 2021; Andres-Mateos et al., 2022). The clinical trial CGF166, discussed below, is the only clinical trial that utilizes this route.



4.4 Cochleostomy
 
4.4.1 Delivery route

The cochleostomy delivery route provides direct access to the endolymph fluid in the scala media. Injection of viral vectors directly into the endolymph may assist with the transduction of HCs and SCs that are bathed in it. To perform cochleostomy in adult mice, the otic bulla must be surgically exposed before drilling into the bony portion of the lateral wall (Chien et al., 2015; Shu et al., 2016). Two approaches have been described, one being a similar surgical approach to the RWM injection site with a postauricular incision (Shu et al., 2016), and the second being a more caudal incision extending from the mandible to the clavicular area (Chien et al., 2015). As described earlier, the otic bulla may be perforated using a surgical drill at the space between the basal turn of the cochlea and the RWM. Once the periosteum at the base of the cochlea is removed, the scala media may be accessed without damaging the membranous portion of the lateral wall with the drill. In neonatal mice, the otic bulla can be pierced directly without need for drilling (Shu et al., 2016). Despite the ease of access to the endolymphatic fluid in the scala media of both models, the site of the injection invariably can lead to damage to the surrounding structures, including the stria vascularis. Destruction of the delicate cochlear structures during the injection and surgical approach, paired with leakage of the endolymph following breach of the scala media, can lead to the potential loss of endolymph, reduction of the endocochlear potential, and cellular injury (Kilpatrick et al., 2011; Chien et al., 2015; Shu et al., 2016). It is important to note that the scala media is a smaller fluid compartment compared to the perilymphatic space, limiting the volume of vector that can be administered.



4.4.2 Cochlear hair cell transduction

AAV administration via cochleostomy has resulted in promising infection rates of both HCs and SCs, despite reports of moderate postoperative hearing loss due to iatrogenic trauma (Chien et al., 2015). In a direct comparison of RWM to cochleostomy delivery with AAV8 in mice aged 1–2 months, Chien et al. (2015) demonstrated modest infection rates of HCs and SCs between the two injection techniques, with IHCs vastly predominating (~30% of IHCs compared to ~12% of OHCs and SCs in cochleostomy). The infection rates were modest ~ 30% of IHC transduction at the base with a sharp reduction toward the apical turns of the cochlea at early time points following vector infusion, by 4 weeks the majority of HCs (only 32 IHCs per 400 mm-section examined were remaining) in the basal turns of the cochlea had died in the cochleostomy cohort. This loss of IHCs and OHCs was reflected hearing function of the mice, with the cochleostomy cohort demonstrating over a 20 dB increase in high-frequency ABR thresholds compared to the RWM cohort. These findings are corroborated in a study by Shu et al. (2016) that studied the infection rates of numerous AAVs via cochleostomy delivery in both neonatal and adult mice. In this study, the adult mice demonstrated extensive loss of OHCs at the basal turns of the cochlea, regardless of vector serotype. However, this did not occur in neonatal mice, who demonstrated minimal changes in ABR thresholds, suggesting the mature cochlea is more susceptible to iatrogenic injury during cochleostomy delivery. While the findings of Kilpatrick et al. may initially appear contradictory, as they indicate no significant changes in post-injection ABR of mature mice at low frequencies, a notable increase in ABR threshold (>20 dB) was observed in the high frequencies (Kilpatrick et al., 2011). This increase suggests potential damage to the basal turn HCs, aligning with the conclusions drawn by Shu et al. and Chien et al.

Both AAV8 and Anc80L65 serotypes have transduced the inner ear with high efficiency via cochleostomy delivery (Kilpatrick et al., 2011; Chien et al., 2015; Shu et al., 2016; Gu et al., 2019). Anc80L65 infected near 100% of IHCs and 90% of OHCs across all turns of the cochlea in neonate mice, however, infection of SC was < 30% at the same titer (Gu et al., 2019). AAV8 and Anc80L65 vectors have been delivered by cochleostomy in a number of notable preclinical studies in murine models of NSHL investigating deafness associated with GJB2 (Iizuka et al., 2015), MYO6 (Xue et al., 2022), KCNQ1 (Chang et al., 2015), and LHFPL5 (György et al., 2017). These studies demonstrated significant hearing recovery in neonatal mice, with the KCNQ1-/- mice demonstrating complete recovery comparable to WT mice ABR thresholds.



4.4.3 Spiral ganglion neuron transduction

Kilpatrick et al. studied the infection rates of AAV1, AAV2, AAV5, AAV6, and AAV8 on SGNs in both healthy, WT mice and ototoxic drug-exposed, deafened mice (Kilpatrick et al., 2011). AAV8 infected SGNS in 6 out of 10 (60%) healthy WT mice aged 2 to 12 months, with an approximately 35% infection rate reported across all AAV serotypes studied. Furthermore, the infection rate of SGNs using all AAVs increased in the deafened cohort, with an average of 52% of mice demonstrating SGN infection. However, this study did not quantify SGN transduction itself, but counted the number of mice that demonstrated green fluorescent protein (GFP) expression in the SGNs following transduction with the AAV-GFP vectors of varying serotypes. György et al. (2017) studied exosome mediated AAV delivery via a cochleostomy procedure and demonstrated significant transduction of SGNs as well. Similarly, these authors did not quantify the SGN transduction, although representative images suggest robust (>75%) transduction efficiency.

While the cochleostomy procedure in mice has only demonstrated moderate SGN infection rates, it has been additionally studied in adult guinea pig models following viral vector delivery to both the scala tympani (perilymph) and scala media (endolymph). Studies administering AAV2 (Budenz et al., 2015; Pfingst et al., 2017) and rAAV8 (Chen et al., 2018) expressing NT-3 demonstrated variable SGN transduction efficiency from near 0% to >75% in at least one turn of the cochlea. Moreover, Chen et al. demonstrated significant ribbon synapse survival rates following noise-induced toxicity with rAAV8-NT-3 (Chen et al., 2018).




4.5 Additional approaches to the endolymph
 
4.5.1 Delivery route

Administration of the vector through the endolymphatic sac and the utricle are two additional routes that provide access to the endolymph. However, these studies have not been as extensively studied as canalostomy delivery. The utricle, an otolith organ, is theorized to allow access to the endolymph while avoiding the iatrogenic cochlear damage associated with canalostomy. This route has only been studied in young (postnatal age ≤ 16 days) mice where the utricle could be pierced directly with the injection needle (Lee et al., 2020) so questions remain about the translatability to large mammals.

The endolymphatic sac can be accessed following drilling to expose both the dura and the sigmoid sinus. The vector can subsequently be administered directly into either the endolymphatic duct or sac (Yamasoba et al., 1999).



4.5.2 Inner ear transduction

Lee et al. (2020) demonstrated near 100% infection of IHCs and OHCs in all turns of the cochlea following utricle injection of AAV9-PHP.B in young mice, which was more efficient than their RWM injection controls at an average of 80%−90%. At P16, AAV9-PHP.B outperformed Anc80L65 in terms of IHC transduction efficiency, especially at the basal turns of the cochlea (Lee et al., 2020). Consistent with these findings, AAV9-PHP.B utricle injections by Wu et al. (2021a) in TMC1-/- mice demonstrated similar HC transduction rates.

Direct adenoviral vector injection into the endolymphatic duct/sac has proven feasible in a study by Yamasoba et al. (1999). Cochlear transduction was only noted in the mice that exhibited intraoperative swelling of the endolymphatic sac during the injection, suggesting a successful injection technique. While the HC transduction was not quantified, the authors noted infection of HCs that bordered the endolymph, in addition to infection of the vestibular end organs (Yamasoba et al., 1999). Both the utricle and endolymphatic sac injection are technically more challenging than other delivery methods, with a higher risk of iatrogenic hearing loss associated with the delivery process.




4.6 Brainstem and cerebrospinal fluid delivery

Given the challenges in effective HC and SGN transduction particularly across the tonotopic axis of the adult mammalian cochlea with cochlear delivery, and the connection between CSF and inner ear, CSF delivery has been investigated recently to deliver genes to the inner ear.

Given that it is difficult to limit CNS transduction following injection into the CSF, hair cell-specific promotors, such as MYO7 have been investigated to limit transduction to hair cells. Blanc et al. reported that injection of viral vectors (AAV2/8, AAV9, and AAV2/Anc80L65) into the cisterna magna (CM) of mature mice results moderate transduction of IHCs bilaterally, however the efficiency differs across the tonotopic axis (Blanc et al., 2020). AAV2/Anc80L65 was the most efficient serotype, transfecting nearly 90% of the IHCs at the base but close to 0% at the apex. Moreover, a significant portion of the SGNs were transduced, however the percentage transduction was not reported. Auditory and vestibular studies revealed that the CSF delivery did not affect hearing or vestibular function compared to the cochleostomy approach (Blanc et al., 2020). In another study by Mathiesen et al. (2023), AAV-PHP.B-CBA-VGLUT3-WPRE injected in the cisterna magna injected at a relatively high dose of 2.27 × 1011 vg (10 μL of a 2.27 × 1013 vg/mL solution) restored hearing in SLC17A8-/- mice, which lack vesicular glutamate transporters and are therefore unable to release the neurotransmitter, in all frequencies except 40 kHz. The authors report minimal off-target VGLUT3 transgene expression in the brain (specifically the cortex, hippocampal CA2 region and cerebellum) and no expression in the liver. These findings are contradictory to many rodent and NHP studies which have consistently demonstrated widespread brain and spinal cord transduction following CSF delivery of AAV-PHP.B (Liguore et al., 2019; Arotcarena et al., 2021; Chatterjee et al., 2022). Moreover, this study was conducted utilizing mice aged 4 to 15 weeks old (P28-P105) at the time of injection, suggesting CSF delivery as a potential route for transduction of mature cochlea (Mathiesen et al., 2023).

Notably absent from this study was an assessment of presence of viral vector genomes in the liver, assessment of spinal cord transduction and screening of dorsal root ganglia (DRG) for an immune response. A recent meta-analysis of AAV delivered by CSF for CNS indications revealed DRG pathology in 83% of NHP regardless of the AAV serotype or promoter used (a total of 213 NHP which received intracisternal AAV) (Hordeaux et al., 2020). Those findings are consistent with those by Samaranch et al. who observed widespread brain, spinal cord and DRG transduction with intra-CM delivered AAV9 and AAV7 in NHPs (Samaranch et al., 2013). Consistent with Mathiesen et al., Samaranch et al. did not report any significant peripheral organ transduction, however transduction of both astrocytes and neurons was reported.

Efficient cochlea transduction following CSF delivery has also recently been reported in NHPs by Ranum et al. (2023) who explored cochlear transduction following intracerebroventricular injection of AAV9, and novel capsid variants of AAV1, 2, and 9. The AAV1 and AAV2 capsid variants, AAV1.RPG.mNG and AAV2.HDG.mTFP, transduced nearly all IHCs. Alteration of the AAV9 capsid appeared to affect transduction efficiency along the cochlea tonotopic axis in rhesus macaques. Cochlea transduction with AAV9.eGFP was strongest at the apex, while animals injected with the AAV9 capsid variant AAV9.KGG.eGFP demonstrated strongest gene expression at the base. This finding suggests that the apex to base transduction gradient observed in many studies could be due to varied expression of receptors required for viral entry into the cell across the tonotopic axis of the cochlea. Interestingly AAV9 performed better at IHC transduction in the rhesus macaque compared to the African green monkey, further implicating cellular physiological differences in transduction efficiency (Ranum et al., 2023). No SGN transduction was reported in this study, however it is possible that use of serotypes with high neuronal tropism (e.g., AAV5 or AAV-PHP.B) could improve SGN transduction with this delivery route.

Taken together, these studies suggest CSF delivery through CM and intracerebroventricular injections is an efficient delivery method for gene therapy to the inner ear. However, caution is warranted regarding the potential for off-target delivery to other organs, particularly when considering upscale to larger mammals and humans. Additionally, significantly more vector is required for CM injections compared to intracochlear injections due to potential to dilute the vector within the CSF. A relatively high dose of 2.27 × 1011 vg and 4.7 × 1011 vg (both in 10μL) was used in the functional and GFP studies (Mathiesen et al., 2023). Development of novel AAV serotypes specifically designed to target inner ear cells and de-target peripheral organs is an essential next step to see this route of administration enter clinical applications.

In addition to CSF delivery, injection of viral vectors directly to the brainstem may represent another potential route. AAV vectors exhibit natural tropism and route of axonal transport (anterograde, retrograde, and bi-directional) to specific cell types, which can be further modified through genetic engineering to allow for transport of genetic material along axonal pathways (Gao et al., 2002; Cearley and Wolfe, 2007; Salegio et al., 2013). The use of AAV vectors for axonal transport is a robust method that can achieve transgene expression in brain regions beyond the direct site of injection in adult NHPs (Samaranch et al., 2017; Naidoo et al., 2018). Anterograde transport involves entry of the AAV vector into cell bodies at the infusion site. Intact virions are transported along axons that originate within the site of vector delivery, are released at the axon terminal, and then transduce neighboring cells that synapse onto the dendrites (Salegio et al., 2013; Green et al., 2016). In contrast, retrograde transport requires uptake of the AAV vector by axonal projections, followed by transport to the distally located soma where it transduces the host cell nucleus, allowing for identification of neurons that project to a specific brain region (Salegio et al., 2013; Green et al., 2016). Harnessing axonal transport of AAVs to transduce various regions of the brain has also been shown as effective and safe in human trials for various diseases (Pearson et al., 2021; Rocco et al., 2022). Brainstem delivery of AAV into the cochlear nucleus could therefore use both anterograde and retrograde transport to infect the cochlea using the efferent and afferent cochlear nerve fibers, respectively (Figure 2). The brainstem delivery route has yet to be studied for its efficacy for transducing the cells of the inner ear. However, given the success with axonal transport in adult mammals within the brain, it could be expected that brainstem delivery might be a prime method for improving SGN transduction. The brainstem delivery route is a more invasive delivery route, however intraparenchymal AAV delivery has a clinical track record of safety, including in the upper brainstem in regions in close proximity to the Superior Olivary Complex and Cochlear Nucleus (Pearson et al., 2021). Gadoteridol co-infusion with AAV, and intraoperative MRI allows for real-time infusion of vector, and precise cannula placement avoiding major blood vessels and nuclei responsible for vital life functions (Lonser et al., 2020). Moreover, surgical biopsies of tumors from the proposed regions of the brainstem are routinely performed in patients with low morbidity (Lonser et al., 2020). The benefits in quality of life therefore present a potential case for development of this approach for some forms of hearing loss (Lonser et al., 2020; Pearson et al., 2021).
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FIGURE 2
 Simplified schematic of proposed brainstem delivery of viral vector to the cochlea using anterograde and retrograde transport. Viral vectors may be administered using MRI-guided intraparenchymal injections to the cochlear nucleus in the brainstem. The AAVs may utilize both anterograde (red arrows) and retrograde (blue arrows) transport through the afferent (Type I and II spiral ganglion neurons) (black), interneurons to the Superior Olivary Complex, and efferent neuronal fibers (maroon) to reach both the inner and outer hair cells of the cochlea. Additional neurons communicating with and from the cochlear nucleus and superior olivary complex have been removed for simplicity.




4.7 Consideration of promoters

Promoter selection is an important consideration when designing a gene therapy as gene expression in non-target cells can cause an immune response or significantly alter cellular homeostasis and result in undesirable clinical effects. While the majority of preclinical and clinical studies have opted to use strong, constitutively active promoters such as cytomegalovirus (CMV), the chicken beta-actin (CBA), and the combination CMV-enhancer/CBA promoter (CAG) promoters (Liu et al., 2007; Gu et al., 2019; Rambeau et al., 2024), hair cell specific promoters have shown great promise to limit gene expression to HCs for diseases which only affect HCs (Lv et al., 2024). CMV, CBA, CAG, elongation factor 1α (EF-1α), and hair-cell specific promoters such as Myo15 and Myo7a have all shown durable gene expression in the inner ear. A comparison of the CAG promoter and Myo7A promoters by Liu et al. (2007), showed that the CAG promoter elicited the highest expression in IHCs, while the Myo7A promoter demonstrated the most specific expression of HCs. The constitutive CMV and the CAG promoters have both demonstrated robust gene expression in HCs and SCs in preclinical studies (Gu et al., 2019; Rambeau et al., 2024). Moreover, Myo15 was demonstrated to direct gene expression in IHCs and OHCs effectively, showing promise in the development of a treatment of HHL in OTOF-/- models (Wang et al., 2024) and is also being utilized in a clinical trial initiated by Eye and ENT Hospital of Fudan University which has demonstrated remarkable safety and efficacy in patients with OTOF pathogenic variants thus far (Lv et al., 2024). Given that AAVs induce persistent gene expression in target cells, a balance must be struck between the strength and cell specify of the promoter, AAV titer and serotype such that transgene expression levels are as close as possible to physiological levels for the disease being treated.




5 Gene therapy clinical trials for hereditary hearing loss


5.1. Non-genetic targets

Significant progress has been made over recent years in the clinical development of gene therapies for congenital hearing genetic disorders, however little progress has been made in the translation of therapies for adult-onset hearing loss or treatment for non-genetic causes of hearing loss.

A Phase 1/2 clinical trial sponsored by Novartis Pharmaceuticals for severe-to-profound unilateral or bilateral hearing loss without a known genetic cause was completed in 2021 (Clinicaltrials.gov Identifier: NCT02132130). This study included 22 patients who received CGF166, a recombinant adenovirus (rAd5) to deliver ATOH1 to the inner ear via the oval window injection. Based on preclinical studies, it was expected that forced ATOH1 expression in HL patients may transdifferentiate remaining SC to functional HC, leading to rescue of HL. At baseline, the 22 patients had a recorded average pure tone audiometric threshold of 69.3 dB (±15.4). At the culmination of the study, the 19 remaining patients (2 lost to follow-up) had an average PTA of 78.7 dB (±18.8), demonstrating hearing status that did not show significant improvement following treatment. There were no serious adverse events noted. The reasons for failure of this trial are unclear but could include inefficient gene delivery across the cochlear axis, choice of vector, titer, patient inclusion criteria and lack of reinnervation of HCs with SGNs. The gene target ATOH1 is a key regulator for HC regeneration, however, is not associated with SGN regeneration. Therefore, patients with profound hearing loss with secondary degeneration of the ribbon synapses and SGNs may not benefit.



5.2 Genetic targets

There have been exciting breakthroughs for gene therapy for genetic congenital HHL in pediatric patients. Gene therapy clinical trials for OTOF-related (DFNB9) deafness are currently enrolling by Akouos/Eli Lilly and Company, Decibel Therapeutics/Regeneron, Sensorion, Otovia Therapeutics, as well as universities and research centers. A summary of clinical trial data is shown in Table 3.


TABLE 3 Summary of available human clinical trial data regarding viral vector gene therapy for hearing loss.
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The Akouos/Eli Lilly and Company AK-OTOF-101 trial (Clinicaltrials.gov Identifier: NCT05821959) commenced enrollment of pediatric subjects aged 2 to 17 years in a Phase 1/2 trial in September 2023, subsequent to receiving Investigational New Drug (IND) approval from the FDA in 2022. This trial employs AAVAnc80-hOTOF, a dual AAVAnc80 vector approach incorporating 6 kB of human otoferlin cDNA controlled by an un-named, ubiquitous promoter, with the aim of producing functional otoferlin in the inner ear. A dual-vector system is utilized as the size of the OTOF gene surpasses the packaging capacity of most AAVs. Utilizing two AAV cassettes, each containing different segments of the OTOF coding sequence, facilitates the in vivo assembly of a full-length otoferlin protein. Because of the size of the otoferlin gene, a dual vector approach is utilized in all the clinical trials for OTOF-related deafness. The downside of this approach is that it necessitates two vectors to enter each cell in order to produce functional protein and also exposes the patients to a greater viral load than if a single AAV was used. Vector delivery is performed via RWM injection with concomitant fenestration of the stapes footplate using a patented needle device. Intracochlear administration of AK-OTOF to 3-week-old OTOF-/- mice yielded both short-term (15 days) and long-term (>6 months) hearing restoration, as evidenced by ABR threshold reductions (Hickox et al., 2021; Gao et al., 2023). Subsequent analysis revealed robust (20%−80% of IHCs) human otoferlin expression in the IHCs of injected mice. However, the efficacy of ABR restoration in OTOF-/- mice was contingent upon pre-injection distorted product otoacoustic emissions (DPOAE) levels and, therefore, the age of the model. Less than 20% of OTOF-/- mice aged 7.5 months or older exhibited recovery of OAEs, irrespective of preoperative hearing level. Additionally, among mice aged 7.5 months with no baseline OAE, representative of severe hearing loss, none achieved hearing levels comparable to control WT mice. Safety studies conducted on OTOF-/- mice and NHPs revealed no significant adverse findings associated with intracochlear injection of AK-OTOF (Hickox et al., 2022). The NHP studies revealed minimal vector persisting in the liver, spleen, and lymph nodes at 6 months post injection. However, organ weights and brain histopathology, representative of systemic pathology, were normal at this time frame (Hickox et al., 2022; Gao et al., 2023). Regarding human subjects, preliminary reports demonstrate that one patient (11 years-old) with profound hearing loss demonstrated significant hearing recovery at 30 days post injection, reaching thresholds of 35 and 60 dB on the ABR (Simons et al., 2024). Moreover, no serious adverse events or toxicity were recorded.

Decibel Therapeutics'/Regeneron's CHORD trial (Clinicaltrials.gov Identifier: NCT05788536), is a phase 1/2 trial which began in May 2023, is actively enrolling pediatric subjects (< 18 years) with biallelic OTOF pathogenic variants. This study cohort mirrors that of AK-OTOF-101, with a notable inclusion of infants aged 6 months. Employing the DB-OTO dual AAV1 vector system featuring a hair cell-specific promoter, Myo15, and the human OTOF v5 transgenes, the CHORD trial aims to address OTOF-related deafness, DFNB9. Preclinical investigations utilized murine models, including Q828x, R1934Q, and Deaf5, and utilized treatment with a dual AAV vector system, administered via PSCC injection (Chung et al., 2023; Valayannopoulos, 2023). The Q28x murine model (OTOFQ28x/Q28x) hosts an orthologous, functionally null allele that represents the pGln829* pathogenic variant found in Latin American and Spanish populations (Migliosi et al., 2002). The R1394Q and Deaf5 murine models are missense mutations, significantly decreasing gene function, in the p.Arg1934Gln and p.Ile318Asn loci, respectively (Longo-Guess et al., 2007; Kim et al., 2018). Four weeks post-injection, all Otoferlin-deficient models treated with AAV1-Myo15-myc-mOTOF demonstrated ABR levels comparable to WT mice, while vehicle-treated OTOF-/- controls exhibited no detectable ABR. Immunohistochemical analysis further revealed over 50% transduction of IHCs in all mouse cochleae. Notably, in NHPs, RWM injection of AAV1-Myo15 (DB-OTO) with LSCC fenestration, demonstrated no serious adverse events or immunological reactions when dosed based on total perilymph volume (Koehler et al., 2023; Valayannopoulos, 2023). Furthermore, NHP studies utilizing DB-OTO showcased transduction of over 75% of IHCs, with minimal vector dispersion observed in the brain and spinal cord. Results from this trial have not yet been released.

Sensorion's OTOF-GT/SENS-501 program is poised to commence enrollment of pediatric patients aged 6 to 36 months for a phase 1/2 clinical trial in the second half of 2024. OTOF-GT employs a dual vector AAV cassette system encapsulated within a recombinant AAV2 quadY-F capsid, addressing the challenge posed by the OTOF gene's size, which surpasses the packaging capacity of most single-cassette AAV therapies. Surgical intervention will involve the administration of OTOF-GT via the RWM concurrently with stapedectomy/oval window fenestration, as outlined in their NHP studies (Rambeau et al., 2024). Preclinical investigations of OTOF-GT utilized a dual AAV2 vector, recombinant AAV2 quadY-F capsid, and chimeric CAG promoter for OTOF coding sequence delivery. Notably, modifications to the AAV2 capsid, informed by previous studies on the retina, were implemented to enhance gene transfer efficiency (Petrs-Silva et al., 2011). OTOF-/- mice injected at P10 exhibited hearing recovery similar to WT mice up to 54 weeks post injection, the last measured time point. Subsequent analysis of cochleae from mice injected at P17 and P30 revealed significantly higher numbers of ribbon synapses in transduced IHCs compared to non-transduced counterparts (Akil et al., 2019b). However, the number of ribbon synapses in OTOF-/- mice remained markedly reduced compared to age-matched WT mice, regardless of transduction status (Akil et al., 2019b). WT NHP preclinical studies (N=6/dose) demonstrated IHC transduction, yet no significant changes in ABR or DPOAE were observed. Suggesting no viral-mediated ototoxicity or iatrogenic damage. Additionally, viral vector biodistribution in NHPs was predominantly confined to the injected ear structure (Rambeau et al., 2024).

A study sponsored by Otovia Therapeutics based in Jinan, Shandong, China began enrolling subjects in mid-2023, and the investigators recently published a report of two cases (Qi et al., 2024a). This study utilized a dual vector AAV system, termed OTOV101 (also termed AAV-OTOF), which used a hair cell-specific promotor. A 5-year-old participant received a unilateral injection of the AAV-OTOF, while an 8-year-old participant received bilateral injections (Qi et al., 2024a). The viral vector was administered through the RWM following a mastoidectomy (Figure 3). At around 1 month post injection, the 5-year-old participant's ABR threshold was near 30 dB HL, comparable to the hearing of a similar patient with no pathogenic OTOF variants. Further, at 3 months post injection, the patient was able to respond to voiced questions without the use of any assisted amplification devices in the injected ear. The 8-year-old patient with bilateral injections demonstrated similar improvements in ABR thresholds, reaching near 30 dB and 50 dB in the right and left ears respectively, at 3 months post injection. This 8-year-old participant is the oldest documented patient to have experienced improvement in hearing following intracochlear gene therapy, to our knowledge. No systemic toxicities or serious adverse events were noted in these two patients. The Otovia therapeutics-sponsored study (Clinicaltrials.gov Identifier: NCT05901480) is set to continue participant enrollment until the end of 2024 with an estimated enrollment of five patients. However, the Otovia Therapeutics study will not pursue the mastoidectomy approach as was used in the first two patients, but instead administer the vector through the tympanic membrane/external auditory canal approach.
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FIGURE 3
 (A) Schematic of experimental design for injecting viral vectors in human patients. (B) Representative intraoperative images during the mastoidectomy procedure and subsequent AAV injection through the round window membrane (Figure reproduced from Qi et al. (2024a,b) under the open access license agreement; https://creativecommons.org/licenses/by/4.0/).


The first in-human gene therapy clinical trial for a hearing disorder was recently completed. Results from a single-arm, single-center study based at the Eye and ENT Hospital of Fudan University, which began enrollment in December 2022, were recently published (Lv et al., 2024). This study utilized AAV1-hOTOF, a dual vector AAV system with a Myo15 promoter. Preclinical studies on AAV1-hOTOF demonstrated a dose-responsive effect on hearing preservation following RWM injection in neonatal OTOF-/- mice (Zhang et al., 2023). The high dose OTOF-/- group (6 × 1010 vg/cochlea) exhibited ABR thresholds similar to WT mice injected with vehicle controls, and otoferlin protein was detected in all turns of the cochleae of these mice. When AAV1-hOTOF was injected in adult mice, those that received doses >3 × 1010 demonstrated long-term (>6 months) partial recovery in hearing levels. Moreover, the safety of AAV1-hOTOF was examined when RWM injection in WT mice led to no difference in ABR function, behavior, or pathology (Zhang et al., 2023). In NHPs, no toxicity following a high dose of AAV1-hOTOF was noted. However, viral genomes were detected at minimal levels in the brain, spinal cord, and liver (Zhang et al., 2023). These preclinical studies supported the clinical trial data that were published in The Lancet in early 2024 (Lv et al., 2024). Six subjects (Average age: 4.1 years, Range 1.0 to 6.2 years) diagnosed with DFNB9 and complete hearing loss (no ABR at baseline, 3/6 had pure-tone audiometry recordings (all greater than 100 dB), and 4/6 had unilateral CI) were prospectively enrolled in the study. The participants were administered 9 × 1011 vg/cochlea (n = 1) or 1.5 × 1012 vg/cochlea (n = 5) of AAV1-hOTOF unilaterally via a transcanal RWM injection with stapes fenestration. Concurrent systemic corticosteroids and antibiotics were administered. There were no serious adverse events or dose-limiting toxicities noted throughout the 26-week-long study. Moreover, vestibular function (n = 4) and otoscopic examination (n = 6) were normal at the long-term follow up (>26 weeks). Five out of six participants exhibited significant long-term (>26 weeks) hearing recovery (at least 10-dB threshold reduction on the ABR) that was first detected between 4–6 weeks post injection. Additionally, speech perception in 3 of the 4 CI users was also significantly improved. Overall, this prospective study of six patients demonstrated significant hearing recovery in 5/6 participants with no serious adverse events at the long-term follow-up. This clinical trial is groundbreaking with extremely promising results. Moreover, this trial suggests that success in animal models can be translated to similar degrees of success in human models, paving the way for rapid clinical translation of other gene targets.

To our knowledge, there are no active gene therapy clinical trials involving for deafness related to other genetic pathogenic variants, such as GJB2, or gene delivery of neurotrophic factors for the treatment of NIHL and CIHL. However, Decibel Therapeutics is conducting an IND-enabling study, AAV.103, that will evaluate the safety of AAV vectors for GJB2-associated deafness in preparation for human trials.




6 Limitations and future directions


6.1 Model age on transduction efficiency

Given the fundamental differences in the timing of inner ear development and onset of hearing between rodent models and humans, there may be limited success in the translation of gene therapy treatments from mice to humans. The age of the preclinical model presents a significant limitation in inner ear transduction and the translation of gene therapy for adult humans. Neonatal mice exhibit high transduction efficiency in both HCs and SGNs, due to, in part, the regenerative capacity of the cells during early development. In mice, the HCs are mostly matured by P7, a process that starts as early as embryonic day 14 (Kolla et al., 2020). While the IHCs and OHCs may be distinct at P7, the ribbon synapses do not reach adult configuration until at least P14 when the cochlea matures (Michanski et al., 2019). In humans, IHCs begin to develop in gestational week 10 (GW10), with the fetus able to respond to low frequency tones at GW19 (Hepper and Shahidullah, 1994; Johnson Chacko et al., 2019). Fetal response to all frequencies, representing IHC maturation and mature connections between the HCs, ribbon synapses, and SGNs, was observed at GW35, demonstrating complete cochlear maturation embryonically (Hepper and Shahidullah, 1994). The later GW35 timepoint may better represent maturation of neural components, as studies have demonstrated IHCs and OHCs across all turns of the cochlea at GW24, a much earlier timepoint (Kelley, 2007; Johnson Chacko et al., 2019). In addition to cochlear maturation, the critical time period for auditory development varies between humans and mice. The murine critical period ends at approximately P28 while the human critical period extends through the first few years of life (Kral, 2013). Due to this maturation timeline, gene therapy for mature models must overcome substantial hurdles, particularly concerning SGNs, where transduction efficiency can plummet to as low as 10% in mature mice (Table 2). Additionally, variation in transduction efficiency is pronounced in both IHCs and OHCs, with notable apex-to-base gradients complicating uniform therapeutic delivery. These challenges are attributed to age-related changes in cellular physiology, expression of receptors required for AAV entry, including the transient regenerative capacity of cochlear cells, which do not become fully quiescent and developed until around the 2nd week of postnatal development. This age limitation underscores the need for innovative approaches to enhance transduction efficiency and bridge the gap between neonatal and mature models in gene therapy research.



6.2 Target patient population and appropriate animal models

An important consideration for future clinical trials is identifying the ideal patient population to study and subsequently determining the availability of suitable animal models. This currently presents a major challenge for gene therapy advancements. While rare HHL diseases like Usher syndrome and OTOF-related deafness have provided valuable proof-of-principle studies, they affect a relatively small number of patients. Moreover, the therapeutic window for intervention is narrow, as demonstrated in studies showing minimal success in mature preclinical and clinical models. Additionally, the ideal patient population requires a specific auditory profile, having absent ABR but intact DPOAE, indicating the presence of IHCs available for transduction, and preferably without CIs. However, this patient population is almost non-existent in the United States, as congenitally deaf individuals typically receive CIs early in life (most by 1 year of age), and those who do not, often opt for communication using American Sign Language (ASL). These patients within the culturally Deaf community are less likely to desire gene therapy approaches to mediate hearing loss. While genetic mouse models are valuable for testing viral transduction efficiency and hearing restoration, NHP models are better suited for assessing clinical feasibility. Unfortunately, there are almost no models of hearing loss in NHPs, leading to reliance on studies using GFP to only index infection and transduction rates instead.

To maximize the impact of gene therapy interventions, it is crucial to expand the target population to include adult patients with non-genetic forms of hearing loss, such as NIHL and age-related hearing loss (presbycusis), which account for the majority of cases of SNHL. Consequently, approaches that are gene-agnostic, such as NTs like GDNF and BDNF, and potentially even transcription factor ATOH1, are likely to be the future focus of research and development in the field of gene therapy for acquired hearing loss.



6.3 Auditory nerve damage

Auditory neuropathy may consist of damage or dysfunction of any portion of the pathway from the cochlea to the brain, with HCs, ribbon synapses, and SGNs representing the major anatomical components. As discussed previously, pathogenic variants in genes such as SLC17A8 and OTOF have implications as targets for SNHL related to auditory neuropathy, with OTOF being extensively studied. However, current studies have demonstrated inefficient infection rates of SGNs (Table 2) and have instead focused on HC transduction. This limitation severely affects the translational capacity of these studies for use in SNHL associated with degeneration of the SGNs with or without cochlear damage. NT delivery using viral vectors have established a neuroprotective role following NIHL and CIHL but have yet to demonstrate significant regenerative capacity.




7 Conclusion

Recent advancements in both preclinical studies and clinical trials have highlighted the potential of gene therapy in treating sensorineural hearing loss. Notably, HHL, particularly associated with pathogenic variants in the OTOF gene, has emerged as a focal point of clinical discoveries. The first clinical trial for HHL has demonstrated robust hearing recovery in pediatric subjects, marking a significant milestone in the field.

However, gene therapy for degenerative conditions such as NIHL and CIHL is still in its early stages. Addressing these gaps necessitates a focus on mature models, with a specific emphasis on enhancing SGN transduction. Further preclinical investigations are essential to bridge these disparities. Despite these challenges, the rapid progress in utilizing gene therapy for both acquired and HHL holds great promise for improving patient outcomes.
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RWM Anc80L65 Neonatal ~75% across all turns of the cochlea (Duarte et al., 2018)
Neonatal ~50% with apex to base gradient (Richardson et al., 2021)
AAV-S Neonatal >75% transduction across all turns of the (Ivanchenko et al,, 2021)
cochlea
AAV1-5,7,and 8 Mature AAV1 and 5 demonstrated most efficient (Liu etal,, 2005)
transduction, % NR.
AAV-PHP.B Neonatal Efficient transduction, % NR. (Gyorgy etal., 2019b)
Canalostomy AAV-PHP.eB, AAV-ie, Anc80L65, Mature Anc80L65 demonstrated most efficient (Zhao et al., 2022b)
AAV2,and PHP.s transduction, % NR.
AAV2/Anc80L65 Mature <10% across all turns of the cochlea (Suzuki etal,, 2017)
Cochleostomy Exo-AAV1 Neonatal Robust transduction, % NR (Gyérgy etal., 2017)
AAV1, AAV2, AAV5, AAV6, and Mature AAVS demonstrated transduction in 6 out of (Kilpatrick et al., 2011)
AAVS 10 mice, % NR.
CSF Delivery AAV2/8, AAVY, and Mature Anc80L65 demonstrated efficient (Blanc et al., 2020)
AAV2/Anc80L65 transduction, % NR.

AAV, adeno-associated virus; RWM, round window membrane injection; PSCC, posterior semicircular canal injection/canalostomy; RWM + CF, round window membrane injection with canal

fenestration; CSE, cerebrospinal fluid delivery; CO, cochleostomy; NR, not reported.
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AAV/Anc80

Akouos/Eli Lilly AK-OTOF-101 OTOF RWM + CE | Neonatal mice: improved Began enrollment in second half of
(NCT05821959) DPOAE threshold. Adult 2023. Preliminary: one patient
mice: no improvement exhibited significant recovery in
ABR threshold at 30 days.
Decibel CHORD OTOF AAVI + RWM + CF Three neonatal mice models: Pending. Began enrollment first
Therapeutics/ (NCT05788536) Myol5 ABR thresholds improved to half of 2023.
Regeneron WT levels.
Sensorion OTOF-GT/SENS-501 OTOF TAAV2 + RWM + Neonatal mice: Hearing Pending. Begins enrollment in
(Identifier pending) quadY-F OWE recovered to WT thresholds second half of 2024
capsid
Otovia OTOV101 OTOF NS RWM Neonatal mice: Hearing 2 patients: Improvement of hearing
Therapeutics (NCT05901480) recovered to WT thresholds. thresholds in 2/2 patients.
Additional studies enrolling now.
Eye and ENT AAVI-hOTOF OTOF AAVI RWM + Neonatal mice- full recovery 5 out of 6 subjects experienced
Hospital at Fudan (ChiCTR- OWF on ABR. Adult mice- partial significant, long-term hearing
University 2200063181%) recovery on ABR recovery
Novartis CGF166 ATOH1 rAAVS OWM NS 19 patients experienced no hearing
Pharmaceuticals (NCT02132130) recovery
Institut Pasteur TREATGENE N/A Unspecified Exvivo NS Pending. Began enrollment in the
(NCT03996824) first half of 2019

AAY, adeno-associated virus; RWM, round window membrane injection; PSCC, posterior semicircular canal injection/canalostomy; RWM + CE, round window membrane injection with canal
fenestration; CSE, cerebrospinal fluid delivery; CO, cochleostomy; NS, not stated.
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SLCI7A8/VGLUT3 AAV2/1 RWM Replacement VGLUT3 -/- Recovery to WT ABR thresholds (AKil et al., 2012)
(DENA25)
AAV-PHP.B CSF Replacement SLCI7A8 -/- Recovery to WT ABR thresholds except at high frequencies (Mathiesen et al.,
2023)
AAVS PSCC Replacement VGLUTS3 -/- Recovery to WT ABR thresholds except Wave 1 (Zhao et al,, 2022b)
GJB2 (DENBIAI) AAV/Anc80 RWM + CE Replacement Sox10iCreFRT2; Increased protein but no hearing recovery on ABR (Guo etal,, 2021)
Gjbatlox/ox
AAV1 co Replacement Cx26""PO-Cre Increased protein but no hearing recovery on ABR (lizuka et al., 2015)
TMCI (DFNB7/11 and AAV/Anc80L65 RWM Replacement Tmcl®/4;Tmc2%/4 | No hearing recovery on ABR (Nist-Lund et al.,
DENA36) 2019)
AAV-PHP.B Utricle Replacement Tmel®/A No hearing recovery on OAE or ABR (Wu etal,, 2021a)
AAVY RWM + CF Suppression-RNAi TmclBh/+ Partial recovery in young mice (p < 84). No recovery in hearing when injected p (Yoshimura et al.,,
> 84 days 2019)
USHIC AAV/Anc80L65 RWM Replacement Ushlcc216G>A No hearing recovery on OAE or ABR (Pan etal., 2017)
(Usher Type 1C)
OTOF AAV2 quad Y-F RWM Replacement OTOF -/- Recovery to WT ABR thresholds except Wave 1 (AKil et al,, 2019b)
(DENB9) capsid
AAV-PHP.B PSCC Replacement OTOF -/- Partial hearing recovery (Tang et al., 2023)
AAV-OTOF PSCC Replacement OTOF+/Q39% Recovery to WT ABR thresholds (Qietal,, 2024a)
AAVL RWM Replacement OTOF -/- Partial hearing recovery (Zhang et al,, 2023)
AAV-PHP.B RWM Replacement OTOF /- Partial to full recovery to WT threshold (Wang et al,, 2024)
AAV/Anc80L65 PSCC Replacement OTORPQ¥/Q3% Partial to full recovery to WT threshold (Qietal,, 2024b)

DEN, deafness; AV, adeno-associated virus; RWM, round window membrane injection; PSCC, posterior semicircular canal injection/canalostomy; RWM + CE, round window membrane injection with canal fenestration; CSE, cerebrospinal fluid delivery; CO,
cochleostomy; RNAi, RNA interference; A/A, homozygous mutant allele targeting exon 8 and 9 of TMCI; bth, genetic variant of TMCI that causes progressive hearing loss; W1, wild type; ABR, auditory brainstem response; OAE, otoacoustic emissions.
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