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Treating Hearing Loss: From Cochlear Implantation to Gene
Therapy

Fan-Gang Zeng,* Jieyu Qi,* Chen-Chi Wu,* Yilai Shu,* and Renjie Chai*

Gene therapy has recently restored natural audibility in humans with
OTOF-gene mutations. This biological restoration of hearing is different from
cochlear implantation (CI) that produces artificial hearing via electric
stimulation of the auditory nerve. In three published trials, 21 DFNB9 patients
show 244 grade I/II adverse events (AEs), 2 grade III AEs and no serious AEs.
The average gene therapy effect is substantial (52.4-dB improvement from
baseline complete deafness), rapid (0.74-month time constant), and stable
over the initial six months. However, individual outcomes vary from restored
normal audibility (≤20 dB HL) to severe hearing loss (≥80 dB HL). Here
critical knowledge gaps in gene therapy are identified such as understanding
the individual variability, assessing temporal processing, and comparing
efficacy with cochlear implantation. It is predicted that gene therapy will
include patients with less than complete hearing loss and target other
monogenic forms of congenital deafness. Advanced technologies in minimally
invasive drug delivery and gene editing will further increase the safety, efficacy
and applicability of gene therapy for hearing loss. Cochlear implantation likely
remains the standard intervention for severe-to-profound hearing loss, but
gene therapy will emerge as a viable alternative in treating monogenic forms
of deafness.
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1. Introduction

Hearing loss affects 1.5 billion people
worldwide, including 403 million with
moderate-to-complete loss in their better
ear that poses significant communication,
developmental, and social challenges.[1] To
address severe-to-complete hearing loss,
cochlear implantation (CI) has been the
gold standard and the only intervention,
restoring partial hearing to over one mil-
lion individuals since 1980s.[2] Cochlear
implants bypass damaged hair cells to
directly stimulate the auditory nerve,
producing good performance in speech
perception, primarily in quiet listening
environments.[3] The cochlear implant is
particularly effective in treating auditory
nephropathy, which typically has preserved
cochlear hair cells, but damaged synaptic or
neural transmission.[4,5] However, electric
stimulation spreads broadly in the cochlea,
which, coupled with the small number of
electrodes, severely limits cochlear implant
performance and utility, including poor
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Table 1. Detailed information regarding the five ongoing clinical trials (the leftmost column). The number of planned patients is from the Clinical Trial
Registration Site (the rightmost column), while that of treated patients is from either the published papers or the news releases (on or before September
19, 2025).

Sponsor or Institution Treated/Planned
(# of patients)

AAV Serotype Registration URL

Otovia Therapeutics Inc. 10/25 Anc80L65 https://clinicaltrials.gov/study/NCT05901480?cond = NCT05901480&rank = 1

Eye & ENT Hospital of Fudan University 12/70 AAV1 https://www.chictr.org.cn/showproj.html?proj = 194989

Akouos (Eli Lilly and Company) 8/14 AAV80L65 https://clinicaltrials.gov/study/NCT05821959?cond = NCT05821959&rank = 1

Regeneron Pharmaceuticals 16/30 AAV1 https://clinicaltrials.gov/study/NCT05788536?term = NCT05788536&rank = 1#locations

Sensorion 6/12 AAV8 https://clinicaltrials.gov/study/NCT06370351?cond = NCT06370351&rank = 1

pitch discrimination, abnormal sound quality, listening difficulty
in complex environments, and the need for batteries, electronics,
and other cumbersome hardware.[6–8] While attempts are being
made to improve signal processing,[9] cochlear implants remain
unsatisfactory in nearly 20% of patients.[10] Reasons for poor per-
formance in these individuals remain unclear.
These cochlear implant limitations have led to the quest for

alternatives that may produce more naturalistic hearing restora-
tion. Initially, hair cell regeneration showed promise but has
proven to be challenging in mammalian ears,[11] something also
evidenced in a recent phase I/IIa clinical trial failure.[12] Instead,
research focused on repairing synaptic transduction in existing
hair cells, like auditory neuropathy, is more feasible and pro-
ductive, at least in the near term.[13–15] Indeed, five clinical tri-
als (Table 1) are currently pursuing gene therapy in children
with mutations on the OTOF gene,[16,17] which encodes the pro-
tein otoferlin essential for synaptic transmission in inner hair
cells.[18] The choice for treating the monogenic form of OTOF-
related auditory neuropathy is unanimous for the five clinical
trials because the OTOF gene is primarily expressed in the in-
ner ear, minimizing the off-target risk. Notably, all five clinical
trials have used the relatively mature and safe adeno-associated
virus (AAV)-mediated delivery and measured hearing improve-
ment in terms of objective auditory brainstem responses and
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behavioral puretone thresholds.[19–24] In two published studies,
AAV1 and Anc80L65 were used, respectively, in humans after es-
tablishing their safety and efficacy in transducing OTOF genes
into inner hair cells in both mice and non-human primates (e.g.,
the vector was predominantly localized to the cochlea with min-
imal off-target distribution in the liver and brain; normal behav-
ioral, hematological, biochemical parameters with minimal toxi-
city and no major organ pathology).[19,25–27]

So far 52 patients have received OTOF gene therapy, with a
total of 151 patients being planned if all five clinical trials are
completed (Table 1). While the present result marks a signif-
icant milestone in treating genetic forms of deafness, several
central questions remain.[16,28] First, is gene therapy for hearing
loss safe and stable? Second, how effective is gene therapy in
terms of improving audibility (hearing threshold, see side box)
and functional hearing at both individual and population levels?
Third, what exactly gene therapy has repaired in terms of un-
derlying mechanisms? Fourth, what must gene therapy achieve
for it to compete or possibly replace CI for patients with mono-
genic forms of deafness? To address these questions, the present
paper summarizes all publicly available data from current hu-
man clinical trials. Early evidence suggests that gene therapy is
safe and stable at least for 18–24 months, the longest follow-
up so far, improving the average puretone threshold from com-
plete deafness to moderate hearing loss (≈50 dB HL). There is
also a great deal of individual variability in the outcome. More-
over, there is limited evidence for restored temporal processing
and whether gene therapy outperforms CI in functional percep-
tion and communication.[29] The large individual variability and
the lack of evidence for functional hearing are both likely re-
lated to the unknownmechanisms underlying gene therapy. Un-
derstanding the mechanisms and quantitative comparison with
cochlear implants are critical to expanding gene therapy from
treating the rare OTOF mutations to more common hereditary
deafness or even beyond like age-, drug- and noise-related hear-
ing loss.

2. Gene Therapy is Safe, Rapid, and Stable

The three published single-arm trials[21–23] showed that the AAV
gene therapy is safe and well tolerated, with 244 grade I/II ad-
verse events (AE), 2 grade III AEs, and no serious AEs. The av-
erage number of AEs was 12 per patient from the three stud-
ies (246/21); the most common AEs were fever (15%),[21] in-
creased lymphocyte counts (14%),[22] and decreased neutrophil
percentage (10%).[23] The absence of severe AEs underscores the
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Figure 1. Longitudinal threshold improvement and audiometric profiling across clinical cohorts. A) Time course of gene therapy outcome is shown
as the improved thresholds (y-axis) in terms of the difference in the averaged pure tone threshold between baseline and follow-ups (x-axis). Solid red
dots indicate the average data. Thin lines represent the individual data (solid lines: 13 ears/10 patients from Qi et al.;[23] dashed and dotted lines with
the dotted line showing the lone patient without benefiting from gene therapy: 11 ears/8 patients from Lv et al. and Wang et al.[21,22]). The thick red
line shows the fitted exponential growth function of the improved threshold with its equation and the R2 value being displayed on top of the panel. B)
Audiograms. Pure-tone thresholds are plotted as functions of frequency for the averaged baseline (dark gray circles and line) and 6-month post-treatment
(red circles and line). Thin red lines represent individual data at 6 months (solid lines: 13 ears/10 patients from Qi et al.;[23] dashed and dotted lines:
3 ears/3 patients with the dotted from Lv et al.[21]). C) Audiograms in typical auditory neuropathy patients. Solid circles and thick lines represent the
average data. Thin red lines represent the individual data (solid lines: 8 ears/10 patients from Zeng et al.[35] dashed lines: 8 ears/4 patients in four typical
OTOF patients from Zeng unpublished data).

safety profile of intracochlear AAV delivery, which has been opti-
mized by integrating microneedles with micropumps to locally
administrate the drug through the round window membrane
(RWM) for minimal trauma and systemic viral exposure. Al-
though preclinical studies and published single arm trial safety
data indicate that local AAV-OTOF delivery exhibits limited tox-
icity (e.g., hepatotropism but no carcinogenesis),[19,21–23,30,31] the
long-term (>two years) safety of the AAV gene therapy in humans
needs to be monitored for potential chronic inflammation, tissue
odd-targeting and late-onset toxicity due to microneedle-related
surgical trauma and drug propagation from cochlear aqueduct
to cerebrospinal fluid, reaching the brain, liver and other vital
organs.[32–34]

Because one must hear sounds first before processing them,
restoring audibility is the top priority for any hearing restora-
tion interventions. Thus, we focus on the improved threshold
in terms of the difference in hearing levels averaged across au-
dio frequencies before and after gene therapy. Figure 1A sum-
marizes the time course of this hearing improvement (individ-
ual data = thin lines; average data = solid circles; fitted expo-
nential function = thick line). Despite great individual variabil-
ity, which we shall discuss in the next section, the average data
show that the gene therapy effect is large (52.4-dB improvement),
rapid (a time constant of 0.74 months), and stable over the initial
six months. Pre-clinical studies suggest the rapid effect is likely
a result of high transduction efficiency (60–100%),[26,27] fast viral
kinetics (1-3 days from the ear to the blood),[26] and early trans-

gene expression (7 days).[25] The stable effect is likely a result of
sustained OTOF transgene expression in post-mitotic inner hair
cells, which lack cell division that may cause expression dilution
or silencing.[30]

3. Individual Outcome Variability is High and Hard
to Predict

Figure 1B shows audiograms at the six-month endpoint after
gene therapy (individual data = red thin lines; average data = red
solid circles connected by red thick line; average pre-therapy base-
line = black solid circles connected by black thick line). On aver-
age, gene therapy improves hearing thresholds from profound
hearing loss (106 dB HL) to moderate hearing loss (53 dB HL).
However, individual outcomes vary over a 90-dB range from 18 to
108 dB HL, with one patient achieving normal hearing (<20 dB
HL) and four patients still having severe hearing loss (90–110 dB
HL). Note also that one patient (red dotted line) in the Lv et al.
report did not benefit from gene therapy at all. While the av-
erage audiogram shows a flat loss, individual phenotypes vary
greatly, with most having low-frequency loss and others having
high-frequency loss, notched or reversed notch loss. The range,
variability, and average audiogram are similar to a representative
clinical population of patients with varying degrees of auditory
neuropathy (Figure 1C). This similarity suggests that gene ther-
apy so far has not restored normal hearing to all patients, but
it has clearly alleviated the degree of auditory neuropathy. One
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extreme scenario is that the OTOF-gene therapy has “cured” au-
ditory neuropathy as evidenced by “restored” auditory brainstem
responses, suggesting that the remaining hearing loss is of sen-
sorineural origin due to damaged hair cells. The other extreme
scenario is that the gene therapy has not completely repaired the
synaptic transmission, which could be reflected by the degree of
distortions in waveform morphology of the auditory brainstem
response.
To assess gene therapy outcomes, current animal and human

studies rely heavily on auditory brainstem responses, which are
objective and readily accessible but not without limitations. First,
the ABR threshold is the lowest stimulus level that induces a sig-
nificant increase in the waveform amplitude, which reflects typ-
ically the more prominent wave V than wave I. Because wave V
reflects neural responses from the brainstem or even the mid-
brain while wave I reflects cochlear nerve response, restoration
of the ABR threshold does not mean full recovery of wave I. In-
deed, several animal studies found that the wave I is still dis-
torted or may be half of the normal amplitude in the presence
of restored ABR thresholds.[13,14,36,37] Similarly, wave I is detected
in only 2 of 15 ears in human patients who received the AAV1-
hOTOF treatment.[38] Second, the ABR and behavioral thresh-
olds are not necessarily associated. This disassociation is a sig-
nature of auditory neuropathy[39] and has been observed in hu-
man patients who received OTOF-gene therapy, especially dur-
ing the first three months.[23] Even if the OTOF gene therapy
successfully corrects theOTOF deficiency, pre-existing, impaired
vesicle release and auditory nerve transmission may persist. Be-
cause cochlear biopsies in humans are impossible, new tech-
nologies such as synaptic marker imaging are needed to distin-
guish between gene therapy outcomes and pre-existing synap-
topathy, neuropathy, or other hearing impairments that cannot
be repaired by gene therapy. At present, the causes and sites of
the remaining hearing loss, if any, in gene therapy remain un-
clear. As a result, their contributions to the observed outcome
variability are unknown.
From a patient’s point of view, it is important to know pre-

surgically the outcome of gene therapy, which currently has a
90-dB range (Figure 1B) from near-normal hearing to profound
loss. The existing literature provides some hints but no defi-
nite answers. For example, age may be an important factor, as
Qi et al. showed an optimal age range between 5 and 8 years
old that produces the most hearing improvement.[23] Baseline
AAV-neutralizing titers may be another factor. The only patient
who did not benefit from gene therapy, the baseline values were
high (1:35, Table 3 in Lv et al. 2024);[21] similarly, the adult pa-
tient who showed moderate improvement in average thresholds
also showed high baseline titer values (1:40, Table 1 in Qi et al.
2025).[23] Longitudinal immunological profiling is required to un-
derstand the immunomodulatory contribution to the individual
variability in treatment efficacy. Furthermore, Qi et al. found that
in three patients with simultaneous bilateral injection, two had
similar recovery between ears but the other one showed a 26-
dB difference (94 vs 68 dB, patient 10).[23] This within-subjects
difference is unlikely due to age, sex, neutralizing antibody or
genetic heterogeneity, but might be related to ear-specific dif-
ferences in surgery, drug administration, diffusion kinetics and
infection efficiency.[25–27] Finally, no significant correlation was
found between outcomes and baseline parameters. At present,

the small sample size and the large individual variability, coupled
with a lack of understanding of the mechanisms, make predict-
ing individual outcomes a challenge in gene therapy for hearing
loss.

4. Gene Therapy has not Fully Restored Temporal
Processing

While audibility is essential for functional hearing, it alone
is insufficient. Patients with auditory neuropathy often com-
plain “I can hear but don’t understand you.” This suprathresh-
old complaint has been attributed to impaired temporal pro-
cessing, which may be measured by detection of temporal gap
and modulation.[35,40] Temporal gap detection corresponds to
voice onset time or word segmentation, whereas temporal mod-
ulation detection to the envelope cues important for speech
recognition.[41]

At present, there is only indirect and limited evidence for im-
proved temporal processing. Because of the young age (1.0-6.2
years old for six patients in Lv et al.; 1.2–11.0 years old for five in
Wang et al.), behavioral measurements were difficult with most
data from subjective observation by parents or clinicians. Limited
data are available in only four children older than 3.3. years (Par-
ticipant 1, 3, and 5 in Lv et al. and Patient 1 inWang et al.). Speech
recognition and sound localization were measured and showed
significant but highly variable improvement. For example, using
the gene therapy ear only, recognition of mono-, di-syllabic words
and sentences in quiet was 0% at baseline in all four children
because they were deaf; at 26 weeks, the recognition score was
improved to 74.0%, 88.6%, and 73.6% in Participant 321, 54.0,%,
62.9% and 23.6% in Participant 521, but had surprisinglyminimal
or no improvement (2.0%, 1.4%, and 0.0%) in the 11-year-old,
bilaterally-treated Patient 1.[22] At 26 weeks, speech recognition in
steady-state noise was also measured in two children with good
performance in quiet; Speech reception threshold, or the signal-
to-noise ratio at which 50%-correct is achieved, was -2.0, 0.3, and
8.9 dB for monosyllabic words, disyllabic words, and sentences
in Participant 1 and 6.4, 9.7, and 29·0 dB respectively in Partic-
ipant 3.[21] In the 11-years old bilaterally-treated Patient1, sound
localization was measured to have a bilateral root mean square
error of 92.8°± 1.1° at baseline and 40.0°± 1.7° at 26 weeks.[22]

The speech in noise recognition and sound localization perfor-
mance, while significantly improved from the baseline, was sim-
ilar to cochlear implant user[29] but still far from what would be
expected from normal-hearing controls (e.g., 2-dB speech recep-
tion threshold for sentence recognition in noise and 6.0° error
for sound localization).[42,43]

As mentioned above, it is possible that gene therapy only par-
tially repairs the synaptic transmission, which can support de-
tection of slowly-varying temporal envelope cues but not fine-
structure temporal ones.[40,41] This possibility is supported by a
recent report in DFNB9 patients showing a progressively higher
incidence of auditory brainstem response waves from the most
peripheral component reflecting the auditory nerve activity or
wave I (2/15 ears) to more central activities like wave III (9/15)
and V (15/15).[38] This central possibility is partially supported by
an imaging and electroencephalogram study, showing that cor-
tical activities were similar to the baseline at 4–6 weeks but in-
creased at13 and 26 weeks after gene therapy.[24] Future studies
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need to differentiate between the peripheral and central mecha-
nisms underlying temporal processing. Because hearing thresh-
olds and speech performance are not necessarily correlated in
patients with auditory neuropathy,[35] it is equally, if not more
important to measure psychophysical, electrophysiological and
other functionally meaningful performance to assess how much
and how fast gene therapy restores temporal processing. To probe
underlying mechanisms, animal models need to be developed
to measure temporal processing such that biopsies may be per-
formed at different time points following gene therapy or exper-
iments that are difficult to justify in humans may be done in an-
imals, e.g., cochlear implantation in one ear and gene therapy in
the other ear simultaneously (see next section).

5. Cochlear Implantation versus Gene Therapy

Unlike CI, which was considered “badmedicine” initially,[3] gene
therapy was born with a silver spoon in the mouth and widely
considered as a promising breakthrough in treating hearing loss.
Like CI, gene therapy initially focused on restoring audibility or
hearing thresholds,[19,21–23] but may follow a similar path to re-
store functional hearing in monogenic forms of deafness, from
speech recognition in quiet and noise to spatial hearing and even
music appreciation.
A recent study compared performance between 11 gene-

therapy patients and 61 CI patients who were matched in age
and presurgical measures such duration of deafness, hearing
thresholds, and speech abilities.[29] Overall, gene-therapy patients
showed comparable auditory and speech perception to CI pa-
tients at 12 months after treatment, except that gene-therapy pa-
tients appeared to learn the tasks quicker and marginally outper-
formed the CI patients in 3 out of 46 tasks (i.e., ambient sound de-
tection, p= 0.02; disyllable recognition in noise, p= 0.03; singing
tune accuracy, p = 0.04; See eTable 8A). The present limited ev-
idence, along with the known large individual variability in CI
performance,[44–49] makes it difficult to judge which treatment
is superior. More consistent matches in patient baseline char-
acteristics, post-operative follow-up and learning environments
in a larger sample size are needed to answer this question. The
ideal comparison would compare the performance between the
left and right ear of the same patient with one ear receiving CI
while another receiving gene therapy simultaneously. No such
data are available at present.
Nevertheless, based on comprehensive understanding of au-

ditory neuropathy and CI as well as preliminary data in gene
therapy, we make the following predictions. First, gene therapy
may restore sound intensity perception more naturally than CI
because healthy outer hair cells in gene therapy patients would
produce normal cochlear compression that is absent in cochlear
implant patients.[50] Second, gene therapy may only partially re-
store synaptic transmission, leading to impaired temporal pro-
cessing, whereas electric stimulation produces strong neural syn-
chronization, resulting in better than normal temporal modula-
tion detection.[51] Third, gene therapy should produce better pitch
discrimination than CI at high frequencies but not necessarily
at low frequencies. The reason for this prediction is that high-
frequency pitch perception relies on the place cue, which should
have much narrower spread of excitation in gene therapy than
CI, whereas low-frequency pitch perception relies on the tempo-

ral cue, which may still be impaired even after gene therapy.[52]

Because speech contains redundant cues in either the frequency
or the time domain, both gene therapy and CI may produce good
speech recognition in quiet, but which one is better for speech
recognition in noise will depend on not only the degree of re-
stored temporal processing but also the tradeoff between tempo-
ral and spectral processing.[5,53]

Hearing devices and gene therapy are not necessarily mutu-
ally exclusive. It is possible that they may co-exist or even be in-
tegrated to improve the overall patient performance and satisfac-
tion. After all, gene therapy cannot repair non-genetically related
hearing loss, as evident by the wide range of mild-to-profound
post-treatment hearing loss. Hearing aids are one possible so-
lution to addressing the remaining hearing loss, especially in
those patients who have mild-to-moderate hearing loss. Cochlear
implants are the other solution for those patients with severe-
to-profound hearing loss. A third possible solution is similar to
electro-acoustic simulation and combined acoustic and electric
or hybrid hearing, which has been used to treat patients with
residual acoustic hearing in one or two ears.[54,55] Timing and
the degree of residual hearing are critical to this approach: Gene
therapy should be applied first to restore as much impairment as
possible, with proper hearing devices being used to treat residual
loss if any.
Finally, there has been well-established evidence for

cochlear implantation in quality-of-life improvements and
cost-effectiveness.[56,57] The global average unit price for cochlear
implantation has been stable at US$40000-50,0008 but is 10
times lower in China presently.[58] In contrast, there lacks robust
evidence for the cost-effectiveness of gene therapy because the
price has not been determined but likely high at least initially
due to high R&D cost and low number of available patients. As a
reference, the gene-therapy price ranges from $0.4m for treating
inherited retinal diseases per eye to $2m for spinal muscular
atrophy per patient.[59]

6. Where May Gene Therapy Go From Here?

6.1. Expanding Genetic Targets

In the next 5–10 years, cochlear implants are likely to remain the
primary intervention for severe-to-profound hearing loss because
of their established efficacy, broad candidacy, and widespread
availability. In the long run, gene therapy will complement but
is unlikely to replace CI. One reason for this prediction is that
OTOFmutations are a rare disease, affecting only 1–3% of indi-
viduals with congenital hearing loss.[60–69] Another reason is that
as long as hair cells cannot be regenerated, current gene ther-
apy technology is not suitable to most hearing-impaired individ-
uals who likely have damaged or absent hair cells due to genetic
causes, presbycusis, noise exposure, and ototoxic drugs. Like CI,
gene therapy will progress to relax candidacy criteria in DFNB9
patients from complete loss to less degrees of hearing loss, re-
sulting in improved performance or even totally restored hearing.
More excitingly, the initial success of OTOF gene therapy allows
research to target other deafness genes. While similar vector en-
gineering, delivery protocols, and safety assessmentmay be used,
expanding to other genes faces significant challenges.
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Table 2. Candidate genes based on prevalence, inheritance, expression sites, and gene size. Accession information, OMIMID, and key references are
also provided (ChatGPT was used to generate a draft version of this table, which has been verified item-by-item manually by Professor Qi).

Gene (Locus) Inheritance Estimated Contributiona) Main Expression Site(s) Gene Size (approx.) Gene ID OMIM
ID

GJB2 (DFNB1A) Autosomal Recessive ≈8-22% of HL
≈16-25% of HHL[64,71,72]

≈11-57% of NSHL[73]

Cochlear supporting cells[74,75] ≈5.5 kb (226 aa) 2706 121 011

STRC (DFNB16) Autosomal Recessive ≈1.7-16.1% of HL[76]

6% of ARNSHL[73]
Outer hair cell stereocilia[77] ≈19 kb (1775 aa) 161 497 606 440

SLC26A4 (Pendred, DFNB4) Autosomal Recessive 5-12% of HHL[64,72]

3–20% of ARNSHL[72,73,78]
Spiral ligament, stria
vascularis[79]

≈57 kb (780 aa) 5172 605 646

MYO15A (DFNB3) Autosomal Recessive ≈5% of HHL
6.2% of ARNSHL[64,72]

Hair cell stereocilia tips[80] ≈71 kb (3530 aa) 51 168 602 666

TMPRSS3 (DFNB8/10) Autosomal Recessive 4% of HHL[64]

1–2.5% of ARNSHL[81,82]
Inner hair cell presynaptic
terminals[83,84]

≈24 kb (454 aa) 64 699 605. 511

MYO7A (Usher 1B, DFNB2) Autosomal Recessive ≈1-5% of HHL[64,72] Hair cell stereocilia,
photoreceptors[85]

≈87 kb (2215 aa) 4647 276 903

OTOF (DFNB9) Autosomal Recessive ≈1-3% of HHL[60–69] Inner hair cell presynaptic
terminals[18,86]

≈102 kb (1997 aa) 9381 603 681

TECTA (DFNA8/12, DFNB21) Autosomal Dominant/
Recessive

≈1-3% of HHL[64,72]

18% of ADNSHL[73]
Tectorial membrane[87] ≈90 kb (2155 aa) 7007 602 574

USH2A (Usher 2A) Autosomal Recessive ≈3% of HHL[64,72] Hair cell synapses, retina[88] ≈800 kb (5202 aa;
very large)

7399 608 400

CDH23 (Usher 1D, DFNB12) Autosomal Recessive 1.6% of HL
≈2-3% of HHL[72,89]

Hair cell stereocilia tip links[90] ≈419 kb (3354 aa) 64 072 605 516

KCNQ4 (DFNA2A) Autosomal Dominant <1% of HL[72]

2.5% of ADNSHL[73]
Outer hair cells[91] ≈57 kb (695 aa) 9132 603 537

TMC1 (DFNA36, DFNB7/11) Autosomal Dominant/
Recessive

3.7% of HHL[72]

0.17% of NSHL[76]
Hair cell stereocilia tip links[92] ≈317 kb (760 aa) 117 531 606 706

LOXHD1 (DFNB77) Autosomal Recessive 4% of HHL[64]

<1% of NSHL[93]

<1% of ARNSHL[94]

Hair cell stereocilia tip
links[95,96]

≈180 kb (2067 aa) 125 336 613 072

MYO6 (DFNA22) Autosomal Dominant <1% of ADNSHL[72]

21% of ADNSHL[73]
Hair cell stereocilia, Inner hair
cell[97,98]

≈170 kb (1294 aa) 4646 600 970

PCDH15 (USH1F, DFNB23) Autosomal Recessive <1% of HL[72] Hair cell stereocilia tip links[99] ≈1825 kb (1955 aa) 65 217 605 514
a)
The estimated contribution of each gene varies with regions and ethnicity.

To date, there have been more than 35 preclinical proof-of-
concept studies involving more than 20 genes using either gene
replacement or gene editing in deaf mice.[70] Most deafness gene
therapies target hair cells, benefiting from vectors that have been
optimized for specific transduction of hair cells. In contrast,
much less has been to develop vectors specific to other target cell
types, limiting the potential for deafness gene therapy. Table 2
summarizes these candidate genes and their prevalence, gene
size, and cellular expression.
HL: hearing loss; HHL: hereditary hearing loss; NSHL: non-

syndromic sensorineural hearing loss; ARNSHL: autosomal re-
cessive non-syndromic sensorineural hearing loss; ADNSHL: au-
tosomal dominant non-syndromic sensorineural hearing loss.
GJB2 is a priority candidate gene because it is responsi-

ble for up to 30% of congenital hearing loss.[64,100] However,
GJB2’s broad expression in the cochlea and its human hetero-
geneity make it a challenging initial target. Unlike OTOF reces-
sive loss-of-function mutations, GJB2 variants, either dominant
or recessive,[101,102] require a different therapeutic strategy such
as allele-specific silencing or editing. For example, DFNB1, a

main form of GJB2 related deafness,[103,104] has ubiquitous ex-
pression of GJB2 across cochlear supporting cells and lateral
wall cells.[102,105] This ubiquitous expression, coupled with the
ectopic expression-induced ototoxicity in hair cells,[106] requires
therapeutic AAV vectors with both broad tropism and strin-
gent GJB2+ cell-specific targeting. Different from pure synaptic
dysfunction in OTOF-mediated hearing loss,[18] GJB2-mediated
hearing loss has pronounced phenotypic heterogeneity.[107] Be-
cause homozygous GJB2 mutations are embryonically lethal in
mice, it is challenging to develop properGJB2-related deafmouse
models that exhibit both phenotypic and genotypic similarities
to humans.[108] Current preclinical studies on GJB2 replace-
ment therapy targeting DFNB1 have primarily shown efficacy
in GJB2 conditional knockout mice and safety in non-human
primates,[109] but failed to show that these animal models accu-
rately recapitulate cochlear pathological changes caused by GJB2
deficiency in humans. Even if heterozygous GJB2-mutant mice
may be generated by semi-cloning technology to avoid placental
defects,[110] their potential clinical utility is limited by the cum-
bersome acquisition procedure and high cost.
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Carlson et al. recently evaluated potential candidate genes that
may be prioritized for gene therapy in humans based on crit-
ical criteria like gene size, timing of cochlear degradation, cell
types of primary expression, availability of mouse models and ef-
ficacy of AAV delivery in those mice, and human hearing loss
severity, onset, and prevalence.[111] They identified three genes,
TMPRSS3,[112] PCDH15,[113] andTMC1,[114–116] that satisfy all cri-
teria from a list of 93 non-syndromic hearing loss genes. Two
other genes, LOXHD1 andMYO6, had not yet had gene replace-
ments attempts in mice but were considered promising candi-
dates because all other conditions are met.
We also consider several other genes like SLC17A8,[117]

STRC,[118] Myo15A,[80,119] and CDH23,[90,120] as potential candi-
dates for gene therapy as they exhibit restricted expression in
cochlear cell types without broad morphological defects due to
non-developmental mechanisms. SLC26A4, which encodes the
ion exchanger pendrin, is of interest because its mutations rep-
resent the second leading cause of hereditary hearing loss.[121]

SLC26A4 has been delivered via rAAV2/1 with a CMV pro-
moter to the endolymphatic sac of deaf mice to restore par-
tial hearing.[122] Dual- or multi-AAV vectors approach provided
an effective way to deliver the large genes, like OTOF[26,27]

and STRC,[118] which successfully improved deaf mice hearing.
Myo15A andCDH23would require a triple-vector approach to de-
liver their full coding sequences. The triple-vector delivery, with
each recombinant AAV having<4.8 kb transgene capacity,[123] re-
mains a technological challenge.[124]

6.2. Delivery Innovation

At present, 4 out of 5 global OTOF gene therapy clinical trials
have utilized AAV1 or Anc80L65 (Table 1) for their efficient in-
fection of inner hair cells. In the published studies, two patients
showed low positive anti-AAV neutralizing antibody responses.
It is difficult to infer whether and how pre-existing neutralizing
antibodies affect treatment efficacy, as those two patients exhib-
ited different outcomes: One showed no hearing recovery, while
the other improved to a moderate hearing loss level. Longitudi-
nal immunological profiling is required to clarify the role of im-
munomodulation in individual variability of treatment efficacy.
AAV new serotypes could be still optimized.
We expect advances in developing safer and more efficient

drug delivery. Because AAV particles (20 nm in diameter) cannot
penetrate the round windowmembrane, microneedle (≈200 μm)
delivery via RWM penetration represents the only clinically val-
idated method in actual human patients at present.[19,21,22] A
future approach is less invasively CSF-mediated AAV delivery,
which has been used in eighteen clinical trials for AAV therapy
of neurological disorders.[125] Not only has cochlear transduc-
tion via CSF been applied successfully in adult murine[32] and
non-human primates,[33] but the connection the cochlear aque-
duct to CSF connection was also shown in humans.[34] How-
ever, it is unclear whether and how interspecies differences in
anatomy and physiology will affect the safety and efficiency of
CSF-drug delivery to the human inner ear.[126–129] For example,
large AAV volumes are required for the CSF than RWM injec-
tion (10 vs 1–2 μL in mice, and 2–4 mL versus 30–40 μL in
non-human primates), inducing potentially stronger immune

responses and hepatotoxicity.[130,131] Because the CSF circulates
throughout the ventricular system and subarachnoid space, deliv-
ered AAV may infect cells in non-target brain regions, triggering
unintended gene expression, neurotoxicity, or even behavioral
changes.[32,132–134] Finally, CSF injection needs to take both inter-
species and intraspecies differences into account. The cochlear
aqueduct is narrower and longer in primates than mice, imped-
ing CSF flow to the inner ear.[129,135–137] Human cochlear aque-
duct has large individual variability, which may affect the trans-
gene efficiency.[136]

6.3. Therapeutic Window Determination

Whether there is an optimal “therapeutic time window” for gene
therapy remains an interesting and important open question. At
present, the age-dependent efficacy often intermingles with other
factors like delivery route.[138] For example,OTOF-gene therapies
showed less hearing rescue in one-month-old mice with the pos-
terior semicircular canal route than neonatal mice with the RWM
route.[13,14,26] However, gene therapy via the CSF route restored
wild-like ABR thresholds in two-month-old mice with Slc17a8
mutations.[32] In humans, OTOF-gene delivery using the RWM
route appears to produce the best outcome in participants aged
between five and eight years old.[23]

On the one hand, an optimal therapeutic window may be in-
fluenced by age-dependent neural plasticity. For example, gene
therapy is applied to two groups of children with different ages.
Even if the therapy corrects a peripheral defect in both groups,
younger children might exhibit better outcomes than the older
ones who have reduced cortical plasticity and irreversible central
network damage from long-term auditory deprivation.[139,140] On
the other hand, the optimal window, even if it exists, may be dif-
ficult to measure in pediatric populations. This technical limita-
tion is especially true for meaningful behavioral outcomes such
as speech recognition, which depends on not only audibility but
also communication and cognitive functions. Other factors like
family support, linguistic environment, and socioeconomic sta-
tus may also contribute to the large individual variability and the
age-dependent therapeutical window. At present, we do not un-
derstand the mechanisms underlying this optimal window, but
if it exists, the clinical implication is apparent and significant.

6.4. Gene Editing in Genetic Hearing Loss

Here we focus on gene correction or replacement, but other
gene therapies like gene editing hold great promise for broad
applications. Recent advances in genome-editing technologies
(CRISPR-Cas9 and base editors, for example) have provided
expanded therapeutic strategies for both genomic and mRNA
corrections.[141–146] However, challenges remain for gene editing
in the cochlea. For example, gene off-target risk may compro-
mise safety, viral delivery affects cochlear cell tropism, while im-
mune responses to bacterial Cas9 proteins are unclear.[147–150]

Several novel technologies like the advanced Cas proteins[151–153]

or precious base/lead editing technology,[154] lipid nanoparti-
cle delivery[155] and gene editing immune-silenced or activation-
controllable Cas9 variants[156–158] are being developed to address
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these challenges, enabling potentially new and precise thera-
pies for deafness. Furthermore, methods such as GUIDE-seq,
CIRCLE-seq, and DISCOVER-seq enable genome-wide off-target
site identification, serving as powerful tools for optimizing edit-
ing designs and assessing risks.[159–161]

7. Conclusion

As the gold standard for treating deafness, CI began humbly, fac-
ing more skepticism than support. In contrast, gene therapy for
hearing loss has been launched with great promise and, if exe-
cuted effectively, could transform the future of hearing health-
care. However, critical gaps must be bridged to realize this po-
tential. Here we analyzed existing evidence and present the fol-
lowing six perspectives on the present status, challenges, and op-
portunities in gene therapy for hereditary hearing loss:

1) Gene therapy for OTOF mutations has demonstrated rapid
and stable restoration of natural audibility, a feat that has
never been achieved by cochlear implants or hearing aids. Ex-
isting data from 21 patients show that gene therapy, on aver-
age, improves hearing from complete loss (>100 dB HL) to
moderate loss (≈50 dB HL). However, the individual variabil-
ity remains large, spanning over a 90-dB range from no effect
to normal hearing.

2) Current efficacy data lack robust evidence for the restoration
of critical auditory functions such as temporal processing,
speech recognition in noise, sound localization, and music
perception, which are essential for real-world listening. Long-
term (two years or longer) follow-up is needed to assess the
effect of gene therapy on language development, communi-
cation skills, and hearing-related psychosocial health. Due to
the rarity of DFNB9 patients, common outcomemeasures be-
yond ABR and pure-tone thresholds are lacking among the
investigators but need to be developed to address the above
complicated questions.

3) One challenge is to understand, or even predict the indi-
vidual variability in outcomes through mechanistic studies
of vector bio-distribution, cellular tropism, epidemiological
factors, surgical approaches, as well as baseline and follow-
up audiological and otological outcomes. Understanding the
mechanisms underlying individual variability and exploring
whether there is an optimal therapeutic time window for gene
therapy are critical to not only advancing scientific knowledge
but also meeting patients’ reasonable and realistic expecta-
tions.

4) We foresee opportunities in relaxing candidacy inclusion cri-
teria from complete hearing loss to less loss inOTOF patients
and expanding candidacy criteria to target other genes like
GJB2, STRC, SLC26A4, TMPRSS3, which are commonly de-
tected in the congenital hearing loss cases.

5) We expect development of alternative drug delivery methods
likeminimally invasive cerebrospinal fluid injection and alter-
native gene therapy methods like CRISPR to further improve
the accessibility, safety, and efficacy in gene therapy for hear-
ing loss.

6) Due to the well-established evidence for quality-of-life im-
provements and cost-effectiveness, cochlear implantation
will remain the primary intervention for treating severe-to-

profound hearing loss in the near term, whereas gene therapy
will likely become an alternative to cochlear implantation in
monogenic forms of deafness in the future.
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