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Background: Hearing impairment is the most frequent sensory deficit, affecting 466 million people worldwide and has been listed by the World Health Organization (WHO) as one of the priority diseases for research into therapeutic interventions to address public health needs. Inner ear gene therapy is a promising approach to restore sensorineural hearing loss, for which several gene therapy applications have been studied and reported in preclinical animal studies.

Objective: To perform a systematic review on preclinical studies reporting cochlear gene therapy, with a specific focus on transduction efficiency.

Methods: An initial PubMed search was performed on April 1st 2021 using the PRISMA methodology. Preclinical in vivo studies reporting primary data regarding transduction efficiency of gene therapy targeting the inner ear were included in this report.

Results: Thirty-six studies were included in this review. Transduction of various cell types in the inner ear can be achieved, according to the viral vector used. However, there is significant variability in the applied vector delivery systems, including promoter, viral vector titer, etc.

Conclusion: Although gene therapy presents a promising approach to treat sensorineural hearing loss in preclinical studies, the heterogeneity of methodologies impedes the identification of the most promising tools for future use in inner ear therapies.
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INTRODUCTION

Hearing loss and balance loss have a significant impact on quality of life and society in general. Hearing impairment is among the most frequent sensory deficits in human populations, affecting 440 million people worldwide and has been listed by the World Health Organization (WHO) as one of the priority diseases for research into therapeutic interventions to address public health needs (WHO, 2013; Davis and Hoffman, 2019). Currently, no disease-modifying therapies are available to slow down or prevent progressive sensorineural hearing loss from happening in humans (Yoshimura et al., 2019). Instead, treatment is currently focused of hearing rehabilitation, which means fitting hearing aids that amplify sounds in case of moderate-to-severe sensorineural hearing loss (Hoppe and Hesse, 2017; Suen et al., 2019). In case of severe-to-profound sensorineural hearing loss, cochlear implantation provides a solution by electrically stimulating spiral ganglion neurons (Bond et al., 2009, 2010; Landsberger et al., 2016; Vickers et al., 2016). However, emerging alternatives that could prevent hearing loss or restore hearing permanently are based on gene therapy and are considered to become part of successful future therapeutic interventions.

The first-in-human phase 1/2 clinical gene therapy trial (NCT02132130, conducted in the US) has been aiming to upregulate the atonal gene (ATOH1/MATH1) in supporting cells of the inner ear and to trigger their trans-differentiation into functional hair cells (Praetorius et al., 2009; Omichi et al., 2019; Ren et al., 2019). Recently reported rodent studies on gene replacement and gene editing therapy have generally been aiming to restore hearing in case of congenital sensorineural hearing loss by recovery of gene and protein expression, and subsequent restoration of sensory cell function (Iizuka et al., 2015; Emptoz et al., 2017; Pan et al., 2017; Akil et al., 2019b; Taiber et al., 2021). Gene editing strategies have also been explored in autosomal dominant disorders (which mainly involve single nucleotide substitutions) to disrupt dominant mutations selectively without affecting wild-type alleles (Gao et al., 2018; Gyorgy et al., 2019).

However, preclinical studies reporting outcome can be quite different in their study design when looking at the species and strains that were studied, the number of animals (including gender), the applied vector type as well as its titer and route of administration, the reporter and promoter genes used, histological assessment of transduction efficiency, etc. In contrast to the clinical field, systematic reviews are rare within preclinical animal research in general, and non-existent in the field of cochlear gene therapy more specifically. Nonetheless, preclinical animal research is the foundation for (future) clinical trials and their study design (Mignini and Khan, 2006; Peters et al., 2006; Leenaars et al., 2012). Therefore, a key aspect to translate preclinical research to human trials is safety of the intervention. In the context of inner ear gene therapy, the question arises to what extent this methodological intervention is able to transduce a sufficiently high number of target cells, displays immunogenicity and/or has itself an effect on hearing thresholds. In this context, it is of utmost importance that administration of the vector does not have any detrimental side effects, e.g., aggravation of hearing or balance impairment. Although several studies have reported that gene delivery using adeno-associated viral vectors (AAV) caused minimal changes in the threshold of auditory brain stem recordings (ABR), some studies have observed significant threshold shifts, often the result of the delivery method (Chien et al., 2015; Yoshimura et al., 2018). However, there are only few studies that perform in-depth immunogenicity and/or functional studies using the targeting vector itself.

The objective of this study is to provide a systematic literature overview to summarize minimal criteria to determine preclinical safety and immunogenicity of viral vector administration in animal models of hearing loss.



METHODOLOGY AND RESULTS

This systematic review was based on the methodology of PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis) (Hooijmans et al., 2014). The search was performed April 1st 2021 in PubMed using the search term (“cochlea”[MeSH Terms] OR “cochlea”[All Fields]) AND {“viral vector”[All Fields] OR AAV[All Fields] OR (“genetic vectors”[MeSH Terms] OR (“genetic”[All Fields] AND “vectors”[All Fields]) OR “genetic vectors”[All Fields] OR “vector”[All Fields] OR “disease vectors”[MeSH Terms] OR (“disease”[All Fields] AND “vectors”[All Fields]) OR “disease vectors”[All Fields])}. Retrieved studies dated from the late 1980s until the search date.

A first inclusion selection was based on the title and abstract of the retrieved records, while the second inclusion selection was based on the actual data provided within the full-text manuscript. All relevant data, as indicated below, were extracted independently by two investigators (NP and DV), after which discrepancies were discussed until consensus was reached. All steps of the screening procedure are presented in Figure 1.


[image: Figure 1]
FIGURE 1. Flow chart of systematic review of gene therapy in the inner ear.


Inclusion criteria included: (1) preclinical animal studies, (2) involving gene therapy, (3) introduced into the inner ear, (4) by means of a viral vector. Exclusion criteria included: (1) if written in a language other than English, (2) studies not reporting on primary data such as reviews, perspective papers, letters to the editor, etc., (3) incorrect study design/intervention, (4) no reporting on in vivo transduction efficiency or (5) no in vivo experiments performed. The initial search resulted in 387 papers. After screening by title and abstract, 285 papers were excluded. The remaining 102 studies were screened in full-text. Finally, 36 articles were included in this systematic review.

The following data were extracted from each record: title, authors, journal of publication, species and strain, number of animals, vector type, reporter, promoter, vector titer, volume and route of administration, transduction efficiency, effect on hearing level and a potential inflammatory response. The extracted data are summarized in Tables 1–3.


Table 1. Summary of extracted data from gene therapy studies performed in mice.
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Table 2. Summary of extracted data from gene therapy studies performed in guinea pigs.
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Table 3. Summary of extracted data from gene therapy studies performed in other species.
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The risk of bias was assessed by using the SYRCLE's risk of bias tool for animal studies (Hooijmans et al., 2014) (Figure 2).


[image: Figure 2]
FIGURE 2. Risk of bias performed by using the SYRCLE's risk of bias tool for animal studies. Red = high risk of bias; Yellow = unknown risk of bias; Green = low risk of bias.




DISCUSSION

Several literature reviews have been published focusing on gene therapy in the inner ear. However, there are no systematic reviews on the use of gene therapy targeted at the inner ear in preclinical studies, with a specific focus on actual transduction efficiency. This systematic review identified a significant heterogeneity in preclinical studies when looking at all study characteristics, including the species and strains that were studied, the number of animals (inclusive gender) included, which vector type was used to introduce gene therapy, its titer and route of administration, the reporter and promoter genes used, as well as the actual transduction efficiency. This significant heterogeneity in study designs prevents researchers from performing a meta-analysis of previously performed experiments, and subsequently it is currently not possible to define the most optimal vector system for inner ear gene therapy. Nevertheless, several interesting concepts and/or critical reflections can be drawn from the provided tables and are briefly summarized and discussed below. These should allow to develop better experimental designs aiming to propose gene therapy methodological approaches that allow for reproducible in vivo transduction efficiency without adverse effects.


Species

Several animal strains were used in the included studies, with mice being the most widely used species (n = 24), followed by guinea pigs (n = 7). Studies on rats (n = 1), miniature pigs (n = 2), cats (n = 1) and non-human primates (n = 1) were reported less commonly.

Currently, mice are the most widely used animal model in hearing research. Mice display a high level of similarity in genetics of human and mouse hearing (Ohlemiller, 2019). About 99% of mouse genes have a human ortholog and mutations in these genes often display similar deafness phenotypes compared to those associated with ortholog human mutations (Bowl and Dawson, 2015; Ohlemiller et al., 2016). However, an important difference to consider is the fact that the inner ear of mice needs to further develop postnatally and hearing onset usually occurs around P9-14 (Muller et al., 2019). This is important to keep in mind when choosing the age of mice in gene therapy research, as gene therapy in human will need to be performed in the developed hearing system. From the reported mice studies, experiments were performed, post-natal (P0-3, 52%), in infants (P3 up to 3 weeks, 24%), in juveniles (3–8 weeks, 12%), in adults (2–6 months, 8%) and in middle aged mice (6–12 months, 4%). Especially for gene replacement studies, early intervention is crucial in order to prevent developmental consequences (Ahmed et al., 2017) and this seems to be well-covered by preclinical mouse studies. However, in human clinical situation it may not be practical to perform gene therapy studies at the corresponding age as the injections have to be performed in utero. Therefore, future studies may need to additionally focus on similar therapeutic strategies in adult and middle-aged mice.

Another widely used animal model are guinea pigs. Guinea pigs display a great overlap with the audible frequency range in humans and their cochlea contains three and a half turns. This extra turn in guinea pigs can be useful in research using drugs that influence the cochlea (Reis et al., 2017; Naert et al., 2019). Other species that are frequently used for hearing research are rats, miniature pigs and non-human primates (NHPs). The cochlea of rats measures two and a half turn and they often suffer from otitis media as their tympanic membrane does not completely seal the external auditory canal and their Eustachian tube is horizontally orientated (Reis et al., 2017). Miniature pigs are also an important animal model when considering ontological research. They display numerous similarities with humans in both physiological functions and temporal bone structures. Furthermore, pig deafness models have more similarities with humans in both genetics and disease phenotypes compared to rodents (Ji et al., 2019). Finally, NHPs could also prove to be useful in hearing research as there are many similarities with humans, not only anatomical but also in terms of progressive hearing damage and many physiological processes and phenotypes associated with human disorders display high similarity to NHP models (Reis et al., 2017; Burton et al., 2019).



Route of Administration

A challenge for gene therapy targeting the inner ear is the accessibility of the cochlea. Many studies have shown safe introduction of AAV into perilymphatic spaces without disruption of the barrier between endolymph and perilymph (Akil et al., 2015; Ji et al., 2019). The choice of delivery method used also depends on the target cell type (Ahmed et al., 2017). The round window membrane (RWM) approach is most frequently used as reported in 18 of the included studies. The RWM is the only soft-tissue access to the inner ear and is already widely used in cochlear implantation (Landegger et al., 2017). Many studies have shown safe introduction of AAV into perilymphatic spaces without disruption of the barrier between endolymph and perilymph (Akil et al., 2015; Ji et al., 2019). Other commonly used methods were cochleostomy and injection in the posterior semicircular canal (PSC).

As can be seen in Figure 3, the RWM approach demonstrated a high transduction efficiency in various cell types (HC, SC and SGN), however, an apical to basal gradient can often be observed in gene expression in HC (Yu et al., 2014). Several studies altered the RWM approach to enhance transduction. Three studies combined RWM inoculation with canal fenestration (RWM + CF) (Yoshimura et al., 2018, 2019; Omichi et al., 2020) which resulted in a widespread transduction of IHCs which was remarkably higher as compared to the RWM method in these studies (75 ± 33% compared to around 30%) (Yoshimura et al., 2018, 2019). CF consists of a small fenestration in the posterior semicircular canal to allow a better spread of the injected vector by creating an exit path for perilymph and thereby increasing transduction efficiency (Yoshimura et al., 2018, 2019). Partial digestion of the RWM using collagenase to increase permeability of the RWM was applied in two studies (Wang et al., 2012; Xia et al., 2012). However, transduction efficiency was moderately lower as compared to normal RWM or cochleostomy in these studies (53 ± 33% vs. 68 ± 16%) (Wang et al., 2012; Xia et al., 2012). Notably from these comparisons is also the high variability of the RWM method over different studies.


[image: Figure 3]
FIGURE 3. Transduction efficiency of IHC, OHC, SGN and SC according to viral vector dose using the round membrane window approach. Only data from studies that performed inner ear application of AAV in mice were used to plot these graphs. IHC, inner hair cell; OHC, outer hair cell; SGN, spiral ganglion neuron; SC, supporting cell in organ of Corti; AAV, adeno-associated vector; gc, genome copies; vg, viral genomes.


Cochleostomy is the second most used delivery method in the included studies. Cochleostomy can be used for both delivery in endolymph or perilymph and shows transduction patterns similar to the RWM. However, several studies have indicated that the risk of surgical trauma is slightly increased in cochleostomy compared to RWM (Chien et al., 2015; Jiam and Limb, 2016). Cochleostomy resulted in successful transgene expression in HCs, SCs and SGNs. As most included studies used Ad vectors for cochleostomies, comparison of transduction efficiency with other studies using AAVs is difficult (Figure 4) (Konishi et al., 2008; Wise et al., 2011; Atkinson et al., 2012; Wang et al., 2012; Gyorgy et al., 2017; Chen et al., 2018).


[image: Figure 4]
FIGURE 4. Transduction efficiency of IHC and OHC according to viral vector dose using cochleostomy. Only data from studies that performed inner ear application of AAV in mice were used to plot these graphs. IHC, inner hair cell; OHC, outer hair cell; AAV, adeno-associated vector; gc, genome copies; vg, viral genomes.


The posterior semicircular approach (PSC) is used to access the vestibular organs, but is also capable of accessing the cochlea. A significant limitation of the PSC approach is the difficulty to determine whether the vector is injected into the endolymph or perilymph (Talaei et al., 2019). However, because of its relatively easy accessibility, the risk of surgical trauma and thus inner ear damage is decreased, which makes PSC an interesting delivery method (Isgrig and Chien, 2018; Ji et al., 2019). PSC showed to be very efficient at transducing IHC as it resulted in a transduction efficiency of 100% in several studies. Transduction in OHC was moderate with some studies reporting high transduction, whereas other studies demonstrated very low or even no transduction. Furthermore, PSC was also capable in transducing SCs and SGNs, however transduction efficiency was very low (Suzuki et al., 2017; Gyorgy et al., 2018; Tao et al., 2018; Al-Moyed et al., 2019; Ji et al., 2019). These data are represented in Figure 5.


[image: Figure 5]
FIGURE 5. Transduction efficiency of IHC, OHC, SGN and SC according to viral vector dose using the posterior semicircular canal injection. Only data from studies that performed inner ear application of AAV in mice were used to plot these graphs. IHC, inner hair cell; OHC, outer hair cell; SGN, spiral ganglion neuron; SC, supporting cell in organ of Corti; AAV, adeno-associated vector; gc, genome copies; vg, viral genomes.


Cochleostomy with injection into the scala media in CBA/CaJ mice demonstrated high transduction efficiency in IHC (50–94%) and mild-to-high transduction efficiency in SGN (22–60%), depending on the AAV serotype (Kilpatrick et al., 2011) (Figure 6). Another study with microinjection into the scala media showed a more abundant gene expression compared to injection to the scala tympani (Gu et al., 2019). However, injection into scala media is surgically more challenging and can cause high-frequency hearing loss (Yoshimura et al., 2018). Injection into the superior temporal vein resulted in high transduction in both HC and SGN in neonatal mice (Shibata et al., 2017) (Figure 7). Transuterine microinjection with adenoviral vector resulted in a widespread transduction in several cell types in the cochlea, however, this expression was weak (Sheffield et al., 2011). However, as these two latter methods were only reported in a single study, and validation of these approaches needs to be confirmed by other studies. Other studies applied inner gene therapy in utero with AAV which resulted in high transduction efficiency of IHC, OHC and SGN (Kim et al., 2016; Hu et al., 2020).


[image: Figure 6]
FIGURE 6. Transduction efficiency of IHC, OHC, SGN and SC according to viral vector dose using microinjection in the scala media. Only data from studies that performed inner ear application of AAV in mice were used to plot these graphs. IHC, inner hair cell; OHC, outer hair cell; SGN, spiral ganglion neuron; SC, supporting cell in organ of Corti; AAV, adeno-associated vector; gc, genome copies; vg, viral genomes.



[image: Figure 7]
FIGURE 7. Transduction efficiency of IHC and SGN according to viral vector dose using superior temporal vein injection. Only data from studies that performed inner ear application of AAV in mice were used to plot these graphs. IHC, inner hair cell; SGN, spiral ganglion neuron; AAV, adeno-associated vector; gc, genome copies; vg, viral genomes.




Reporter Gene and Vector Type

Three main types of vectors were used in the included studies: AAV (n = 31), Ad (n = 7) and lentiviral vectors (LV) (n = 2). For AAV vectors, the most commonly used serotype was AAV1 (n = 8), followed by AAV2 (n = 7) and AAV8 (n = 6) and all recombinant vectors used contained AAV2 for the structural replication proteins most often combined with AAV9 (n = 5) or Anc80L65 (n = 5). Green fluorescent protein (GFP) was used in nearly all studies (n = 33) to determine transduction efficiency. AAV2/Anc80L65, AAV2.7m8, AAV2 and AAV8 are the viral vectors to transduce both IHC (43–100%) and OHC (39–83%) most efficiently when injection is performed using the PSC approach (Figure 5). Also, transduction efficiency of SC, using a AAV2.7m8 vector, is reported in only one study where a transduction efficiency of 77% was obtained in SC (Isgrig et al., 2019). Figure 3 shows that AAV1, exo-AAV1, AAV2, AAV2/Anc80L65 and Anc80L65 were able to efficiently transduce IHC (72–100%) when RMW injection was performed. AAV2/1 and AAV-ie are the best viral vectors to transduce SC while Anc80L65 was able to efficiently transduce OHC (90%). Similar to the PSC approach, SGN appear to be the most difficult cell type to transduce (Suzuki et al., 2017). Microinjection in the Scala Media resulted in high transduction efficiency of IHC for all viral vector used, but OHC, SGN and SC were difficult to transduce using this approach (Kilpatrick et al., 2011; Gu et al., 2019). However, the variability among obtained transduction efficiencies using different vector systems applied is extremely high. Consequently, it will be difficult—if not impossible—to select from existing literature the most appropriate vector system without further study.

Adeno-associated viruses (AAVs) are at current the best studied viral vectors in the context of inner ear gene therapy. AAVs are parvoviruses which are non-pathogenic in humans and depend on adenovirus or herpesvirus co-infection for efficient replication. Their genome consists of 4.8 kb single-stranded DNA flanked by two inverted terminal repeats (ITRs) and packaged in a capsid. The capsid, which is comprised of 60 protein subunits organized into an icosahedral structure, is necessary for protection and delivery of the genome (Hastie and Samulski, 2015; Naso et al., 2017). There have been multiple serotypes reported which differ in tropism and cell-binding mechanism (Lee et al., 2018). The use of AAVs has many advantages such as relatively high transduction efficiency, stable gene expression, low immunogenicity and broad tropism (Landegger et al., 2017; Askew and Chien, 2020).

Conventional AAVs have been identified to predominantly transduce IHC, while transduction efficiency is markedly lower in OHC and supporting cells, which is confirmed by our literature survey (63 ± 24% vs. 15 ± 21%). In this context, some AAVs have also been modified to increase transduction efficiency, such as recombinant AAV (rAAV), exosome-associated AAV (exo-AAV), AAV-PHP.B or AAVs with a mutation in surface-exposed capsid tyrosine residues to prevent proteasome-mediated degradation (Xia et al., 2012; Gyorgy et al., 2017; Ivanchenko et al., 2020). Anc80L65 is an AAV designed in silico based on a common ancestral sequence of several conventional serotypes, including AAV1, AAV2, AAV8, and AAV9 (Zinn et al., 2015; Hudry et al., 2018). rAAVs combine structural replication proteins of one serotype with capsid proteins of another serotype and can thereby alter vector tropism and efficiency. As rAAVs lack viral DNA, they cannot integrate in the genome and thus after replication loss of transgene expression may occur (Naso et al., 2017). However, rAAV genomes are known to form episomes that are stably expressed in non-dividing cells, which is the case in the inner ear. Nevertheless, even with these new and improved capsid types arising, the general reproducibility of high transduction efficiency still needs to be confirmed by more studies.

Longevity of transgene expression is also important for restoring of hearing function, an issue that may arise when using non-integrating vector delivery systems such rAAV. Longevity of transgene expression also depends on the type of cells targeted. Hair cells and spiral ganglion neurons, two major targets, are post-mitotic and show no regeneration. Therefore, transduction is permanent with no need of re-administration (Askew and Chien, 2020; Maguire and Corey, 2020). Fibrocytes, on the other hand, possess endogenous regenerative capabilities and may thus only require a shorter transduction period (Mizutari, 2014). From the gene therapeutic viewpoint, the main disadvantage of AAVs is the limited packaging capacity of ~4.8 kb. Dual delivery of two transgenes into a single cell may be required to overcome this limitation (Akil et al., 2019b; Al-Moyed et al., 2019; Omichi et al., 2020). As an alternative, LVs and Ads have been used in inner ear gene therapy (Luebke et al., 2009). However, they have been proven not to be effective in preventing sensorineural hearing loss as they are not able to provide efficient transduction of hair cells and demonstrate low expression levels (Gu et al., 2019). Therefore, despite some limitations, currently AAVs are the delivery method of choice.



Vector Dose

The dose identifies the amount of vector administered. The most common unit of measurement for the viral preparation is genome copies per milliliter (gc/ml) (n = 17) or viral genomes per milliliter (vg/ml) (n = 10) which are equivalent to each other. Other units of measurement used were: plaque-forming units (pfu) per ml (n = 3), focal forming units (ffu) per ml (n = 1), Dnase resistant particles (DRP) per ml (n = 1), infectious units (IFU) per ml (n = 1), total particles per ml (n = 1) and optical particle units (OPU) per ml (n = 2). Two studies did not provide a unit of measurement and one study made no mention of the dose applied (Yang et al., 2012; Chen et al., 2018). As shown in Figures 3–7, the highest viral vector dose used at each injection route leads to the best transduction efficiency in IHC (1010 gc or vg for PSC, 1011 gc or vg for RWM, 109 gc or vg for MS and 1012 gc or vg for STVI). Transduction of OHC, SGN and SC is not dependent on the viral vector dose as transduction efficiency of these cell types is highly variable among the different injection routes at all viral vector concentrations.



Promoter

For the studies included in this literature review, the CMV promoter was the most commonly used promoter (n = 17), followed by the CBA promoter (n = 12) and the CAG promoter (n = 4) which is composed of the CMV enhancer and the CBA promoter. Other promoters include CB7 (similar to CAG), hBA, ubiquitin and CMV-β-globin, although each was only used in a single study. Furthermore, some of the included studies made no explicit mention of the used promoter (n = 3). As shown in Figure 8, the use of the CMV and CBA promoters to drive transgene expression result in the highest transduction efficiency in IHC (resp. 66 ± 33% and 67 ± 22%), but are also capable of transducing other cell types albeit at lower efficiency. Nevertheless, as depicted from the averages given above, variability remains extremely high over different studies, thereby warranting the need for standardized transduction efficiency studies.


[image: Figure 8]
FIGURE 8. Transduction efficiency of IHC, OHC, SGN and SC according to promoter type in mice. Only data from studies that performed inner ear application of AAV in mice were used to plot this graph. IHC, inner hair cell; OHC, outer hair cell; SGN, spiral ganglion neuron; SC, supporting cell in organ of Corti; CMV, cytomegalovirus; CAG, hybrid promoter; CB7, hybrid promoter; CBA, chicken β-actin; hbA, human β-actin.


CMV and CBA promoters are ubiquitous promoters that can be applied to drive transgene expression in a wide-range of cell types and are therefore most commonly used in gene therapy studies (Gu et al., 2019). The CAG promoter showed the highest transduction efficiency in SC, while also capable of efficiently transducing hair cells, and thus may represent a promoter system to obtain wide spread transgene expression in the inner ear. These promoters and there specifications are represented in Table 4. Other promoters (CB7, hBA, CMV-β-globin) showed intermediate levels of transgene expression, but because of the smaller amount of studies, these results need to be further validated. To further enhance the level of transgene expression, the woodchuck hepatitis virus post-transcriptional (WPRE) regulatory element is often incorporated in the vector cassette (Nist-Lund et al., 2019). WPRE increases the level of transgenic mRNA, resulting in higher expression of the transgene product. It must however be noted that from existing literature, it is highly complicated to correlate transduction efficiency with the actual level of transgene expression, as both are influenced by various parameters, including cell type, vector capsid and promoter/regulatory elements. Like discussed above, more comparative studies will be needed in future research.


Table 4. Different promoters used in viral gene therapy.
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Immunogenicity and Effect on Hearing

Finally, one of the main issues in gene therapy is the safe delivery of a sufficient amount of vector. To assess the safety of viral gene therapy administered in the inner ear, the effect on hearing thresholds and infiltration of inflammatory cells should be investigated. Table 5 gives an overview of the evaluation of hearing function and immunogenicity in the studies included in this systematic review.


Table 5. Evaluation of hearing function and immunogenicity.

[image: Table 5]

In Table 5, it is observed that the effect on hearing thresholds was evaluated consistently in 28 out of 36 studies, with nine studies reporting a significant negative effect on hearing function. Only two studies investigated inner ear inflammation after reporting a negative influence on hearing thresholds where one study concluded an infiltration of inflammatory cells in the inner ear caused the observed hearing loss (Isgrig et al., 2019). Only nine out of 36 studies looked at inner ear inflammation where two studies reported an infiltration of inflammatory cells in the cochlea (Isgrig et al., 2019; Ivanchenko et al., 2020). Due to the existence of tight junctions, it has long be thought that the inner ear was an immune-privileged organ similar to the eyes and brain (Fujioka et al., 2014). However, this hypothesis has been challenged arguing that the cochlea is capable of rapidly recruiting immune cells and therefore inducing an immune response (Peeleman et al., 2020). As the cochlea contains resident macrophages in the spiral ligament, spiral ganglion, basilar membrane, and stria vascularis, the immunogenicity and safety of viral gene therapy in the inner ear needs to be more evaluated comprehensively. AAVs have been demonstrated to be less immunogenic when compared to other viral vectors, however, there is a significant pre-existing immunity against AAV. Many people have already been exposed to AAV earlier in life and have generated specific antibodies. Therefore, in clinical trials using AAV, patients are often excluded when they display AAV-specific antibodies (Kotterman and Schaffer, 2014; Naso et al., 2017). This challenge needs to be resolved in order to use gene therapy as an alternative to existing treatments, and we urge this as a highly important topic to include in current pre-clinical gene therapy studies.




CONCLUSION

A systematic review was performed to identify preclinical studies reporting viral vector transduction efficiencies in the cochlea, with the purpose of identifying important knowledge gaps. Here we have described several potential issues related to gene therapy in the cochlea including: the use of different animal species and strains which may have a different effect on therapeutic outcome or toxicity, variations in dosage, study design (including randomization, investigators evaluating outcome blinded for treatment), reporting serious adverse events in animals after administration, choice of control group (no treatment, treatment with vehicle without gene therapy), translatability of disorders in animals to human research, etc. These primary outcome measures and end points (including follow-up) should be clearly established before study start and should reflect the human disease state. By comprehensively reporting all these variables, the initial findings can be corroborated by other labs in future research and—most importantly—will avoid or minimize unnecessary adverse effects by gene therapy on possible translation into clinical trials. Nevertheless, cochlear gene therapy is a promising approach to treat and/or prevent sensorineural hearing loss, despite current lack of essential and detailed safety and immunogenicity studies.
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reported.
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Albino

Albino

Albino

Albino

PDH

PDH

Age

Adult

Adult

Adult

Adult

Vector

rAAV8-mut733

Ad5

TAAV2/2

TAAV2/2
TAAV-MUL733
rAAV-mut733
AAV2/2

AAV2/1

Ad5

Ad5-NT3

Ad5-BDNF
Ad5.

Ad5-NT3

Ad5-BDNF

Reporter

Myc tag

GFP

GFP

GFP
GFP
GFP
GFP

GFP

GFP

GFP

GFP
GFP

GFP

aFP

Promoter

CBA

cMv

cmv
cmv
cmv
cmv

CAG

cmv

cmv

cmv
cmv

cmv

cmv

LN N

/

Route

cs

RWM

RWM-coll

cs
RWM-coll
cs
cs

RWM

cs

cs

cs
cs

cs

cs

Dose/Volume

692x 10"
5x107
1.5x10% vg

15%10° vg
1.13x 10" vg
113x 10" vg
1x 10" gc

22x 108 OPU
6x 107 OPU

86x 107 OPU
22x10° OPU

6x 107 OPU

8.6x 107 OPU

IHC

80%

33.27%

63.3%
78.80%
84.97%

97.2%

66.42%

%

Transduction efficiency*

OHC SGN sc

2.33%  84.52%

7.3% 86.01%

27.61%
43.43%
47.9% HeC
IPC, OPC,
DC, HeC, ISC
IPC, OPC,
DC, HeC, ISC
x IPC, OPC,
HeC, DC
X IPC, OPC,
HeC, DC

Other

Hearing

Immune

Ref

Chen etal.
(2018)
Yang et al.
(2012)
Wang et al
(2012)

Konishi et al.
(2008)

Leake et al
(2019)
Atkinson et al.
(2012)

Wise et al.
(2011)

Age: m, months. Vector: AAV, adeno-associated virus; Ad, adenovirus; rAAV, recombinant adeno-associated virus. Reporter: GFF, green fluorescent protein. Promoter: CMV, cytomegalovirus; CAG, hybrid promoter; CBA, chicken

practin. n-value: /

unknown. Dose/Volume: vg, viral genomes; ge, genome copies; OPU, optical particle units; mi, milliter. Route: RWM, round window membrane; coll collagenase; CS, cochleostomy. Transduction efficiency:

IHC, inner hair cell; OHC, outer hair cell; SGN, spiral ganglion neuron; SC, supporting cellin organ of Corti; IPC, inner pillar cell; OPC, outer pillar cel; HeC, hensen’s cell; ID, interdental cell: DC, deiters cell; ISC, inner sulcus cell. In case
multiple slides were analyzed from basal to apical regions or multiple values were provided, mean values were calculated. Hearing/Immune: + indicates whether the study tested the effect on hearing/immune response compared to
non-injected controls, - indicates this topic was not investigated or reported. **Indicates a negative effect was reported.
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Strain  Age Vector Reporter  Promoter ~ n  Route Injected dose Transduction efficiency* Hearing Immune Ref
IHC OHC  SGN sc Other
BALBC 5w Ad5 GFP oMV 4 TUMI 5x10° fiu x x x  SVSlb, +  Sheffieldetal.
RM (011)
Adf.11D GFP 9 TUMI 5,35 x 10° ffu x
BovineAAY GFP oMV 8 TuMI 2,6 107 DRP x x 511%  PC,ISC,
0sC
C3Hle  P15-16  AAV2/9 GFP oMy 4 RWM+CF 330x100vg  99.42% + +  Yoshimura
etal. (2019)
C3Hfe  P15-16  AAV2/AncBOL65 GFP oMy / RWM+CF 14x10°vg  89.07% + - Yoshimura
etal. (2018)
AAV2/9 GFP oMy / RWM 39x10°vg  30.27%
AAV2/9 GFP oMV / RWM+CF 39x10°0vg  9427%  Limited
AAV2/9 GFP oMy / RWM+CF 14x10°vg  17.37%
C3Hfe  Neonatal rAAV2/9 GFP oMy 6 sV 164x10%vg  96% 79.33% + - Shibataetal
(2017)
rARV2/9 GFP oMV 8 sV 328x10"vg  30%
Cs7BL/6J P1 AAV2/1-WPRE GFP oMV 5 RWM 1x10' go Moderate ~ <6% + - Landegger
to high etal (2017)
AAV2/2-WPRE GFP oMV 4 RWM 1x10% go Low <6%
AAV2/6-WPRE GFP oMy 1 RWM 1x10%° go Low <5%
AAV2/8-WPRE GFP oMV 2 RWM 1x10% go Low <6%
AAV2/AncBOL6S-WPRE ~ GFP oMy 3 RWM 1x10% go 100%  90%
C57BL/6J PO-P30  AAV-ie-WPRE mNeon  CAG / RWM 36x10°gc  Amost  Most 76.17% + - Tanetal
Green all (2019)
AAVI-WPRE mNeon  CAG / RWM 36x10°ge <20%
Green
AAVE-WPRE mNeon  CAG 7/ RWM 36x10°ge <20%
Green
AAVE-WPRE mNeon  CAG / RWM 36x10°go <20%
Green
AAVO-WPRE mNeon  CAG 7/ RWM 36x10° ge <20%
Green
AAV-PHPeB-WPRE mNeon  CAG 7/ RWM 36x10°ge <20%
Green
AncBOLE5-WPRE mNeon  CAG / RWM 36x10°ge <55%
Green
AAV-DJ-WPRE mNeon  CAG / RWM 36x10°ge <55%
Green
aw AAV-ie-WPRE mNeon  CAG / RWM 1x10 go 57.33%
Green
C57BL/6J PO-14  AAVZ/1-WPRE Tmet cMv 7/ RWM 8.1x10" g + - Nist-Lund
etal. (2019)
AAV2/ANCBO-WPRE  GFP oMV / RWM 1.4x10° go
AAV2/ANGBOWPRE  Tmolext  CMV 4 RWM 1.4x10" go 91% 50%
AAV2/ANCBO-WPRE  Tme2 oMV / RWM 16x10' go
C578U6J P7 TAAVE-mut733 GFP CBA 8  RWM+col 45x10°gc  48.35%  15% Low + - Xaetal
(2012)
TAAV8-mut733 GFP CBA 6 RWM 45x10°gc  5450% 18.50%  Low X Slb,MT
C57BU/GJ PO~ AAV/1 Gjb2 cB7 / RWM 5265x10° go + - Yuetal
(2014)
AAV2/1 GFP [e=74 8 RWM 42x108gc  29.67% HeG:  MGC:3267%
10%  SSC:
CC:  4467%
2867%
osc:
98.33%
C57BL/6J 10w AAVI GFP oMy >3 PSC 27x10°gc  757% 0 x + - Taoetal
(2018)
AAV2 GFP CBA >3 PSC 15x100gc  8554%  8.7% x
AAVB.2 GFP CBA >3 PSC 1.2x 10 go 5.56% o X
AAVE GFP cBA >3 PSC 136x100gc  723%  55% x
AAV GFP CBA >3 PSC 16x10°gc  62.71% o x
AAVh.39 GFP CBA >3 PSC 15x100gc  63.24% 0
AAVIh.43 GFP CBA >3 PSC 9x10° go 94.8% 0 HeC
AAV2/AncBOL6S GFP oMV >3 PSC 84x109gc  922%  39.09%
AdS GFP omv 4 PsC 6x10° pfu Some  Nearly
loss  complete
loss
C57BL/6J Neonatal AAVO-PHPB -WPRE ~ GFP cBA 15 RWM 5x10°vg 70% 45% - - Gyorgyetal
aw AAVO-PHPB-WPRE ~ GFP CBA /  PSC 2x10% vg Amost  None oo
all
cD1 Neonatal  AAVS-PHP.B-WPRE GFP CBA 5 RWM 5x 10" vg 70% 55%
C57B/6J PO-30  AAV/1 GFP oMV 5 RWM 394x10°ge  102%  32% HeC:12.2% MGC: + +  Wangetal.
[ 59.2% (2013)
78.9% ic:
osC:  613%
57.8%
AAV2/1 GFP oB7 4 RWM 3.34x10° ge 483% HeC:92.1% ID:
o e27%
and0SC  MCand
ic
AAV2IT GFP oMy 5 RWM 214x10°gc  821% 57.2% MC:
62.4%
D:
64.5%
[\ GFP oMV 4 RWM 4x10° go HeC  MCand
ic
v GFP Ubiqitin 4 RWM 4x10°go HeC  MCand
c
FVB 1-3m  AAV2-OtofNT GFP CBA 8 RWM 126x100vg  77% + - Adletal
(2019b)
AAV2-OtofCT GFP CBA 8  RWM 9% 10°vg
CBACaj 2-12m  AAV1 GFP oMV 4 sMm 216x10°gc  63.6% 42.9% RC + - Kipatrick
etal. (2011)
AAV2 GFP oMy 4 sm 103x10°gc  90.6% 41.9% RC, SL
AAVS GFP oMy 4 M 1.71x10° go 50% 22.2% RC
AAVE GFP oMV 4 sm 2.42%10° go 82% 37.5% RC
A8 GFP oMV 4 M 322x10°gc  943% 60% RC, SL
CBA/CaJ 6w AAV2/AncBOL6S GFP oMV 5 PSC 96x10° ge 100% x 10% RM, ID, + - Suzukietal.
SL,RC (2017)
CBAWJ P05 AAV27m8 GFP cAG 8 PSC 975x10°gc  84.13%  83.08% IPC: 86.1% +" lsgrigetal.
IphC: (2019)
61.4%
AAVEBP2 GFP CAG 13 PSC 110x10°gc  857%  44.1%
AAV2 GFP CAG 3 PsC 569x10°gc  43.6%  54.5%
AAVS GFP CAG 4 PSC 1166x100gc  860%  51.7%
Anc80L65 GFP CAG 7 PSC 189x100gc  940%  67.0%
oDt Neonatal AAV2/2-WPRE GFP CBA 3 sMm 2x10°vg Few Few + - Cuetal
(2019)
AAV2/9-WPRE GFP CBA 3 sm 2x10°vg 56.87%  14.9% 17.87%
AAV2/AnCBOL6S-WPRE ~ GFP CMV-g- 3 M 416%vg 100%  90.23% 24.33%
globin
cot PO-1  AAVE GFP cBA 23 RWM 5x10°go 65% 14% - - Gyorgyetal
©017)
AAVI GFP CBA 38> Cs 5x10° ge 36% 17% x cc,
HeC, ISC
exo-AAV1 GFP CBA 23 RWM 5x10°ge 88% 25%
ex0-AAV1 GFP CBA 38 Cs 5x10° go 63% 28% x co,
HeC, ISC
C57BL6 P12 exo-AAV1 GFP cBA 4 RWM 2x10" go 72% 30%
(LHFPLS
KO)
CD1B6F1 P6-7  AAV2/6-eGFP GFP hbA 7 RWM 144 x10°vg  77% x x x + - A-Moyed
etal. (2019)
Otoferlin dual GFP hbA 10 RWM 12 x 10 vg 30%
AAV2/6-TS-WPRE
Otoferiin dual GFP hbA 9 RWM 1.38 x 10" vg 19%
AAV2/6-Hyb-WPRE
FVB P13 AAVS GFP CBA /. RWM 1.4x10" go 80% <1%  60% x + - Adletal
(2019a)
AAVS hGDNF CBA RWM 18x10" go
whirler  P1-6 AAV2/8 GFP MV 8 RWM 5x10%ge 14.43% +" - Chien et al.
(2016)
C57/FVB P1-3  AAVI-VGLUT3 GFPGFP  CBA /11 RWM 138x10°gc23  100% + - Adletal
P10-12  AAV1-VGLUT3 GFP CBA RWM %100 gc 1.38 x 100% (2012)
AAVI-VGLUTS cBA RWM 10" go 40%
C57BU6 P02 AAV2/1 GFPGFP  CBA RWM 6x10°%c44x  59% 4% + - Askewetal
AAV2/A GFPGFP  OMV RWM 109 g 2.4x 9% (2015)
AAV2/1-Trme1 CBA RWM 100gc18x  645%
AAV2/1-Tme2 cBA RWM 10" go
C3H/Fe 4w AVt GFP oMV 6 RWM+CF 375x10°gc  82% <6% + - Omichietal
A2 GFP omv 4 RWM+CF 368x10°ge  967%  83.9% (2020
AAVE GFp omv 4 RWM+CF 494x10°ge  851%  <5%
AAVY GFP oMV 6 RWM+CF 1.20x10°ge  85.1%  <56%
Anc80 GFp oMy 5  RWM+CF 65x10°gc  995%  43%
AAV2-mCherry GFP omv 4 RWM+CF 107x10°gc  969%  65.6%
AAV9-mCherry and GFP omv 3 RWM+CF 1.24x10° go 28%  <5%
AAVO

Age: P, days post-natal; w, weeks. Vector: MV, adeno-associated virus; Ad, adenovius; LV, lentivius. Reporter: GFR, green fluorescent protein. Promoter: MY, cytomegalovirus; CAG, hybrid promoter; CB7, hybrid promoter; CBA,
chicken p-actin; hbA, human p-actin. n-value: / = unknown, 23 animals were used in total for the RWM approach, 38 animals were sed in total for the cochleostomy. Route: TUMI, transuterine microinjection; RWM, round window
membrane; CF, canal fenestration; STVI, superior temporal vein injection; coll, collagenase; PSC, posterior semicircular canal; SM, microinjection in scala media; CS, cochleostomy. Dose/Volume: pfu, plaque-forming unit; fu, focal
forming unit; DRP, Dnase resistant partcles; vg, virel genomes; gc, genome copies; mi, milliter; ul, microlier. Transduction efficiency: IHC, inner hair cell; OHC, outer hair cel; SGN, spiral ganglion neuron; SC, supporting cellin organ
of Corti; IPC, inner pillar cell: OPC, outer pillar celf; PC, pilar cell; HeC, hensen's cell; ID, interdental cell; ISC, inner sulcus cell; OCS, outer sulcus cel; CC, claudius celf; MC, marginal celf; IPhC, inner phalengea cell; IC, intemedate
cell; SSC, spindlie-shaped cel; SV, stria vasculeris; SLb, spiral imbus; SL, spiral igament; A, reissner's membrane; MT, membrana tectoria; RC, rosenthals canel. *In case multiple slides were analyzed from basal to apical regions or
multiple values were provided, mean values were calculated. Hearing/immune: + indicates whether the study tested the effect on hearing/immune response compared to non-injected controls, - indicates this topic was not investigated
or reported. **Indicates a negative effect was reported.
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