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Abstract Sensorineural hearing loss (SNHL) is typically a permanent and often progressive condition
that is commonly attributed to sensory cell loss. All vertebrates except mammals can
regenerate lost sensory cells. Thus, SNHL is currently only treated with hearing aids or
cochlear implants. There has been extensive research to understand how regeneration
occurs in nonmammals, how hair-cells form during development, and what limits
regeneration in maturing mammals. These studies motivated efforts to identify therapeu-
tic interventions to regenerate hair-cells as a treatment for hearing loss, with a focus on
targeting supporting cells to form new sensory hair-cells. The approaches include gene
therapy and small molecule delivery to the inner ear. At the time of this publication, early-
stage clinical trials have been conducted to test targets that have shown evidence of
regenerating sensory hair-cells in preclinical models. As these potential treatments move
closer to a clinical reality, it will be important to understand which therapeutic option is
most appropriate for a given population. It is also important to consider which audiological
tests should be administered to identify hearing improvement while considering the
pharmacokinetics and mechanism of a given approach. Some impacts on audiological
practice could include implementing less common audiological measures as standard
procedure. As devices are not capable of repairing the damaged underlying biology, hair-
cell regeneration treatments could allowpatients to benefitmore from their devices,move
from a cochlear implant candidate to a hearing aid candidate, or move a subject to not
needing an assistive device. Here, we describe the background, current state, and future
implications of hair-cell regeneration research.
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Hearing Loss in Humans

In the United States,�15% of adults 18 years and older report
some difficulty in hearing (37.5M).1 In individuals aged
12 years or older, one in eight individuals in the United
States (13%, or 30million) has hearing loss in both ears based
on standard audiological measures.2 Worldwide, an estimat-
ed 1.1 billion individuals are at risk for disabling hearing
loss.3,4 Sensorineural hearing loss (SNHL) accounts for �90%
of all hearing loss cases.5 SNHL has long been recognized as
the primary and direct health effect of excessive noise
exposure,6 but can also arise from overexposure to ototoxic
medications, viral/bacterial infections, acoustic neuromas,
and even sudden unknown causes.

SNHL can impact people of all ages. Among adults aged 20
to 69 years, there is a substantial correlation of increasing age
and hearing loss prevalence.7 A recent study found that age-
related hearing loss is primarily driven by hair-cell loss, and
other damage observed in human temporal bone studiesmay
not substantially contribute to the onset and manifestation
of hearing loss.8 Interestingly, this study also found that
compared with aged-matched normal-aging ears, a lifetime
of acoustic overexposure appears to be the primary cause for
the observed damage.

SNHL has also been shown to correlate with impaired
academic performance and social isolation at younger ages,
and correlates with a higher incidence of dementia, depres-
sion, and other mental health disorders later in life.9–12

Hearing aids and cochlear implants are the only rehabilita-
tive options to address SNHL, but neither repairs the under-
lying biological deficit that cause the condition. Thus, a
therapeutic that regenerates hair-cells to restore biological
functionwithin the cochlea has the potential to impactmany
patients and as a result, may alleviate the societal burden
caused by untreated hearing loss.

Cochlear Function and Native Regenerative
Capacity

Noise exposure, ototoxic drugs, and viral/bacterial infection
are known to cause hair-cell damage and loss. It was long
thought that hair-cell loss was permanent in vertebrates
until studies in the 1980s discovered hair-cell regeneration
occurred in birds after aminoglycoside and noise insult.13–15

Around this time, it was also found that hair-cells regenerate
in amphibians, reptiles, and fish. This suggested that the lack
of hair-cell regeneration in vertebrates is strictly a mamma-
lian limitation. Later work showed that some regenerative
capacity exists in mammals during cochlear development
and shortly after birth, but this ability isminimal and quickly
lost, well before the onset of hearing.16

Hair cell damage is repaired in the ears of regenerative
species through two processes: transdifferentiation and
asymmetric division. Transdifferentiation occurs when sup-
porting cells directly differentiate into hair-cellswithoutfirst
undergoing division.15,17,18 Asymmetric division, however,
gives rise to two daughter cells, with one acquiring a hair-cell

fate. Preclinical studies have targeted both processes as
potential methods to regenerate hair-cells.

While mammalian hair-cells lack any considerable regen-
erative potential, hair-cells and supporting cells share a
common cellular precursor before their terminal commit-
ment to either cell type. Thus, supporting cells are a primary
target of hair-cell regeneration approaches. Research has
gone into understanding the differences among supporting
cells and their limited capacity to regenerate. During the
organ of Corti’s maturation, cell cycle inhibitor proteins of
the Cip/Kip and Ink4 families are upregulated, which is
shortly followed by hair-cell differentiation.19 As these
changes occur, the capacity for any passive hair-cell regener-
ation is lost.

Inducing Supporting Cells to Regenerate
Hair-Cells in Preclinical Studies: Evidence to
Move into Human Testing

Several different molecular targets have been reported to
directly differentiate hair-cells, cause hair-cells and support-
ing cells to proliferate, or increase the regenerative capacity
of supporting cells to divide and improve differentiation
capability. This section of the review focuses on regenerative
studies that evolved into clinical approaches to treat hearing
loss.

Gene Therapy to Induce Atoh1 Expression to
Regenerate Hair-Cells
Hair cell differentiation depends on upregulation of the gene
Atoh1, a basic helix-loop-helix transcription factor. As a
result, Atoh1 as a target to transdifferentiate supporting
cells into hair-cells has been extensively studied. Work
from 2005 described that viral transduction of supporting
cells with Atoh1 adenovirus in guinea pigs in vivo produced
new hair-cells after hair-cell ablation with an aminoglyco-
side.20 This and a later study showed that the new hair-cells
are immature or take on a “primordial fate” because they
cannot be distinguished as cochlear or vestibular hair-cells.21

Other studies showed that genetic upregulation of Atoh1 in a
subset of supporting cells resulted in new hair-cell-like cells
that fail to mature when performed in newborn mice, but
when conducted in mature animals, any new hair-cell-like
cells eventually die.22 Later studies showed that Atoh1
induction did not result in improved auditory function in
guinea pigs.23 This suggests that Atoh1 upregulation on its
own is not sufficient to restore proper functional hair-cells
and indicates that other gene or molecular targets may be
necessary to achieve this goal.

Inhibiting the Notch Signaling Pathway to Upregulate
Atoh1 and Regenerate Hair-Cells
Atoh1 is in part regulated through the Notch signaling
pathway, where active Notch signaling is known to suppress
hair-cell formation. Notch signaling inhibition is known to
drive hair-cell formation from supporting cells.24–26 More
recent efforts to restore hair-cells in vivo have focused on
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upregulating Atoh1 with small molecules that inhibit Notch
signaling to transdifferentiate supporting cells into hair-
cells.27,28 The use of small molecules has drug delivery
advantages over gene therapy with viral vectors because
small molecules can diffuse through the round and oval
window membranes more readily due to lower molecular
weight.29 Mizutari et al (2013)27 showed that intratym-
panic delivery in mice of LY411575, a γ-secretase inhibitor
to inhibit the Notch signaling pathway and upregulate
Atoh1, resulted in increased hair-cell numbers that
appeared to be of supporting cell origin and improvements
in auditory brain stem response (ABR) thresholds at low
frequencies. Later reports suggested that Notch pathway
components undergo downregulation prior to hearing on-
set in mice, which would reduce the ability of supporting
cells to respond to γ-secretase inhibitors.30 The Notch and
Wnt pathways are two molecular signaling pathways that
are well-established contributors to hair-cell development
and regenerative capacity.31 The Wnt pathway is involved
in hair-cell development and differentiation,32 and its
upregulation can induce Atoh1 upregulation.33 More recent
work showed that induced Wnt pathway signaling upregu-
lation can delay the downregulation of Notch receptors and
their responsiveness to γ-secretase inhibitors, but these
effects are limited to a few days.34 This evidence suggests
that Notch inhibition and Atoh1 upregulation alone may not
be sufficient to regenerate hair-cells in mammals that have
fully developed hearing.

Defining Distinct Cochlear Progenitors and
Combination of Molecular Targets for Hair-Cell
Regeneration
Recent work determined that distinct populations of pro-
genitor cells exist within the postnatal mammalian inner ear
that have defined capacities to form vestibular, cochlear, or
neural cell types.35 A subset of cochlear supporting cells
expressing the surface receptor commonly referred to as
Lgr5, a Wnt-associated epithelial stem cell marker,36–38

serve as hair-cell progenitors during development.35,39–41

Although Lgr5-expressing supporting cells cannot divide or
regenerate after early embryonic stages,42,43 later work
showed that the combination of CHIR99021, a small mole-
culeWnt pathway activator, and the small molecule valproic
acid (VPA) act synergistically to enable proliferation of
quiescent cochlear hair-cell progenitor cells from mice, non-
human primates, and humans.40 In a mouse ex vivo ototoxic
model, the combination of CHIR99021 and VPA (abbreviated
as CV) induced supporting cells to divide and regenerate
hair-cells.40 These findings suggest that these progenitors
can be induced to asymmetrically divide to replace them-
selves and form a new hair-cell. This is in contrast to the
approach to directly convert supporting cells into hair-cells
using Atoh1 gene therapy or Notch pathway inhibitors
described previously, as this approachwould eliminate these
supporting cells.

To investigate the translational potential of this combi-
nation to improve hearing in the clinic, we applied CV
intratympanically in an in vivo mouse model of noise-

induced hearing loss (►Fig. 1A). Mice were exposed to
extreme noise (120dB SPL for 2hours) similar to previously
established protocols that induce near-immediate hair-cell
death and hearing loss.27,44 Drug was administered
24hours after insult, similar to tests performed by Mizutari
et al (2013)27 to regenerate hair-cells with small molecules.
When assessed 5 weeks after drug administration, ABR
thresholds improved roughly 10dB throughout the animals’

Fig. 1 Treatment with CHIR99021þVPA (CV) leads to hearing im-
provement in an in vivo noise damagemodel. (A) Transtympanic injection
of drug product into the middle ear of mice. (B) Animals designated to
control-vehicle and CV groups had elevated thresholds at 24hours and
5weeks after noise exposure compared with pre-exposure baseline. Control
n¼ 37 animals, treated n¼ 47 animals. (C) At 5 weeks after injection, CV
animals had significantly lower hearing thresholds relative to control animals
for four of the five frequencies tested. (D) The distribution of individual
hearing recoveries was analyzed. Values represent the change in dB needed
to elicit an auditory brain stem response (ABR), with positive values
representing further threshold increases (further hearing loss) and negative
values representing threshold decreases (improved hearing). The fraction of
animalswith a givenABR change from24hours to 5weeks is shown for each
frequency tested. The treated group had a higher incidence of animals with
hearing improvement and the greatest individual recoveries. Values are
presented as means� standard error; �p< 0.05; ��p< 0.01; ���p< 0.001;
����p< 0.0001.
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hearing range (►Fig. 1B, C). The drug-treated group had
more animals with larger threshold improvements across
all frequencies than vehicle-treated (control) animals
(►Fig. 1D). While not all animals responded to the drug,
77% of drug-treated animals showed a �10 dB threshold
improvement compared with 30% of vehicle-treated ani-
mals. Further, some drug-treated animals improved their
ABR thresholds by up to 30 to 35 dB (►Fig. 1D). These
results correlated with a higher number of inner and outer
hair-cell numbers (►Fig. 2). Although vehicle-treated ani-
mals showed a modest 4 dB threshold improvement, their
hair-cell numbers after 5 weeks were similar to animals
sacrificed 24hours after damage, suggesting that this
change could be due to temporary threshold shifts (not
shown). Although the extent of recovery is likely limited
due to extreme inner ear damage, these data gave evidence
to support moving toward clinical development.

Status of Clinical Trials for Hair-Cell
Regeneration

The data shown earlier provides evidence that hair-cell
regeneration can occur using three different techniques. It
also gives justification for moving into the clinic to test each
approach’s ability to improve hearing in human subjects.
Below are updates on each method’s clinical status at the
time of drafting this review.

Novartis: Gene Therapy to Induce Atoh1 Expression to
Regenerate Hair-Cells
Novartis initiated a Phase I/II trial to study the safety and
tolerability of CGF166, their clinical recombinant adenovirus
vector that contains cDNA of the human form of Atoh1
(Hath1). The adenovirus was delivered by intralabyrinth
infusion under general anesthesia, which was administered
by accessing the inner ear fluid by making a hole in the oval
window footplate as the infusion site. The study enrolled
subjects of both sexes between the ages of 18 and 75 years
with unilateral or bilateral severe-to-profound hearing loss
that was nonfluctuating, defined as having a pure-tone
average within 10dB of the pure-tone average obtained
11 months prior and a word recognition (WR) performance
within 20% of the previous test obtained 11 months prior.
Thresholds had to be �110dB HL at 0.5, 1, 2, and 4kHz,
�50dB HL for each testable octave frequency of 0.125 and
0.250 kHz, and �70dB HL for each testable octave frequency
from 0.5 through 8 kHz. Sentence recognition scores had to
be �50% at screening.

The study enrolled 22 subjects and completed in late
2019. Subjects were not randomized and assigned to one
of five treatment volume groups receiving CGF166. Primary
outcomes were serious adverse events (AEs) and changes in
pure-tone audiometry from 0.125 kHz through 16kHz. Sec-
ondary outcome measures included changes in auditory
evoked responses, assessments of vestibular function, and
changes in speech recognition.

At the time of this article, there have been no formal
updates on the progress or outcome of this trial. More study

details and future updates can be found on the ClinicalTrials.
gov Web site (https://clinicaltrials.gov/ct2/show/study/
NCT02132130).

Fig. 2 Effects on hair cell number after treatment with CHIR99021 þ
VPA (CV). (A) Lowmagnification view of a healthy isolated cochlea showing
complete rows of inner hair cells (IHCs) and outer hair cells (OHCs). (B) High
magnification view of the region highlighted in (A) showing intact IHCs and
OHCs in mid-frequency regions. (C) Cochleae of vehicle injected animals
show widespread hair cell loss throughout the cochlea (apex and middle
regions shown). (D)Highmagnification viewof the regionhighlighted in (C)
showing substantial absence of hair cells inmid-frequency regions, where a
single IHC can be seen in the field of view (solid arrow). (E) Cochleae of CV-
treated animals show a greater overall population of hair cells compared
with vehicle-treated animals (apex and mid region shown). (F) High
magnification view of the region highlighted in (E) showing a complete row
of IHCs (solid arrow) anda population ofOHCs (open arrow). (G) CV-treated
cochleae (blue) show significantly more total hair cells, IHCs, and OHCs
relative to vehicle-treated cochleae (gray). (H) The number of hair cells
depicted as the percentage relative to an undamaged healthy cochlea. CV-
treated cochleae (blue) show a significantly higher percentage of total hair
cells, IHCs, and OHCs relative to vehicle-treated cochleae (gray). Scale bars,
100 µM lowmagnification, 20 µMhighmagnification. Values are presented
as box-whisker plots; n¼ 7 animals per group; �p< 0.05; ��p< 0.01.
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Audion Therapeutics: Inhibiting the Notch Signaling
Pathway to Upregulate Atoh1 to Regenerate Hair-Cells
In 2017, Audion Therapeutics initiated a Phase I/II multiple
ascending dose open-label safety and efficacy study of the
notch pathway inhibitor LY3056480, an Eli Lilly compound,
in patients with mild to moderate SNHL in Europe.
LY3056480 is a γ-secretase inhibitor that is designed to
inhibit the Notch signaling pathway to upregulate Atoh1 to
regenerate hair-cells, similar to the published preclinical
study mentioned earlier using the Eli Lilly compound
LY411575 in mice27.

The study enrolled 59 subjects, male and female aged 18
to 80 years who had hearing loss of�20 years that suggested
an age-related, noise-induced, or idiopathic origin. The sub-
jects had to have symmetrical SNHL with <15dB difference
between ears and a pure-tone average across 0.5, 1, 2, 4, and
8kHz between 25 and 60 dB HL, with two or more of those
frequencies having thresholds less than 60dB HL. Exclusion
criteria included a primary complaint of tinnitus, presumed
genetic or autoimmune causes of hearing loss, Meniere’s
disease, otitis media complications, or ototoxic therapies.

The main objectives were to assess the safety and tolerability
of a local LY3056480 administration (intratympanic injection),
and to study its efficacy at 6 and 12 weeks. Primary end points
included local and systemic safety, as well as pure-tone changes
from baseline and 12 weeks. Secondary end points included
changes from baseline at 6 weeks, balance measures, tinnitus,
facial nerve function and taste, and occurrence and severity of
local and systemic AEs, such as electrocardiogram (ECG), vital
signs, and laboratory tests. Specific details for trial sites in each
country can be found at the given registry locations (https://
www.clinicaltrialsregister.eu/ctr-search/trial/2016-004544-10/

GB, https://www.clinicaltrialsregister.eu/ctr-search/trial/2016-
004544-10/GR, and https://www.clinicaltrialsregister.eu/ctr-
search/trial/2016-004544-10/DE).Asof June4, 2020, theREGAIN
trial had reported that its primary end points were not met, but
safety studiesmerited further evaluation of the product (https://
cordis.europa.eu/project/id/634893/reporting).

Frequency Therapeutics: Combination Targets for
Hair-Cell Regeneration
Frequency Therapeutics formulated CV into a clinical candi-
date named FX-322, which was shown to increase hair-cell
numbers after damage ex vivo40 and in noise-damaged adult
mice (►Figs. 1 and 2). In a Phase 1b trial, 23 subjects were
randomized to treatment with FX-322 via intratympanic
injection (n¼15) or placebo (n¼8).45 There were no notable
differences in treatment-related AEs between the FX-322-
and placebo-treated subjects. No drug-related systemic AEs
occurred, and no clinically relevant changes were observed
for clinical laboratory values, vital signs, ECG, otoscopy (with
the exception of the single perforation), or tympanometry.
No study participant, whether injected with FX-322 or
placebo, showed a clinically meaningful decrement in hear-
ing performance.

When examining data from the WR in quiet test, McLean
et al (2021)45 showed 13 of 23 participants scored 90% or
better (excellent performance) at baseline and due to ceiling
effects, could not be assessed for efficacy.46 The 10 remaining
participants (6 FX-322 and 4 placebo) scored less than 90%,
allowing for efficacy assessment using Thornton and Raffin’s
binomial distribution. Four FX-322-treated ears showed
statistically significant and clinically meaningful improve-
ments from baseline to 90 days in the prespecified WR test,

Fig. 3 FX-322 Phase 1b word recognition (WR) results. WR scores at baseline and day 90. Four FX-322 subjects and zero placebo subjects
showed clinically meaningful and statistically significant improvement. (Adapted from McLean et al, 2021.46)
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exceeding expected levels of test–retest variability for this
measure (►Fig. 3).47 In contrast, no placebo-treated ears
showed statistically significant changes (NCT03616223).

This clinical study also demonstrated that performance in
the Word-in-Noise (WIN) test48 also improved in some
subjects treated with FX-322 but not placebo subjects.
Performance was assessed using the signal-to-noise ratio
(SNR; 0–24dB) consistent with 50% correct, with lower SNR
values indicating a better ability to perceive speech in
background babble. Analyses showed a significant improve-
ment in average SNR from baseline to day 90 in FX-322-
treated subjects (�1.3 dB; p¼0.012) but not in placebo-
treated subjects (�0.21 dB, p¼0.71) (►Fig. 4A, B).

The FX-322 clinical trial also reported subjects’ scores
across intelligibility measures. WR scores for the four sub-
jects that exceeded the 95% confidence interval determined
by Thornton and Raffin are shown along with their perfor-
mance in the WIN test at baseline and the day 90 end point
(►Table 1). These studies demonstrated that two of the four
subjects had substantial and clinically meaningful improve-
ments from baseline to day 90 in theWIN test, exceeding the
3.1 dB critical difference set forth by Wilson and McArdle.49

The four subjects mentioned earlier plus an additional
subject that showed a trend in intelligibility improvement

returned to the clinic for testing between 13 and 21 months
after receiving FX-322. The mean (standard deviation) per-
centageofwords correct in thetreatedearwas38.4% (17.85) at
baseline, 69.6% (23.04) at day 90, and 54.8% (21.05) at>1 year
follow-up visit. Individually, three of five subjects maintained
significant WR improvements compared with the original
baseline as determined by the 95% confidence intervals for a
50-word test. These data, albeit of limited sample size, suggest
that the improvement in WR observed is durable in some
subjects with permanent SNHL for up to almost 2 years.

In addition to the functional intelligibility results
obtained earlier, the work described in McLean et al
(2021)45 also examined the cochlear PK of FX-322 and its
relation to pure tone measures based on preclinical peri-
lymphmeasures, human perilymphmeasures, and validated
PK modeling.50 The PK results showed that the drug
approaches therapeutic levels near 8 kHz but not lower
frequencies. This is of importance because it could highlight
the contributions of extended high frequencies (EHFs) in
speech perception shown by others, particularly in patients
with reported normal hearing but difficulty hearing in noisy
environments coupled with EHF hearing deficits.51,52 These
results suggest that FX-322 could improve hearing perfor-
mance, particularly speech perception.

Fig. 4 Word-in-Noise (WIN) performance in subjects treated with an intratympanic injection of placebo or FX-322. (A) Psychometric
functions for WIN show no improvement from baseline to day 90 for placebo-treated subjects (n¼ 8). (B) FX-322 (n¼ 15)-treated subjects show
improvement (mean, 95% confidence interval, p¼ 0.012). (Adapted from McLean et al, 2021.46)

Table 1 Intelligibility performance for most notable FX-322 responders

WR WIN 50% dB SNR

Baseline Day 90 Baseline Day 90 Baseline Day 90

Subject 1 28% 68% 19% 33% 18.8 14.8

2 14% 32% 26% 26% 18.8 18.8

3 40% 78% 26% 40% 18.8 14.8

4 52% 94% 47% 57% 12.8 10.0

Abbreviations: SNR, signal-to-noise ratio; WR, word recognition; WIN, words-in-noise in quiet.
Notes: Four patients showed notable improvements from baseline to day 90 in WR and WIN tests. Patients 1 and 3 showed clinically meaningful
improvement in 50% dB SNR (a decrease �3.1 dB; 95% confidence interval).
Source: From McLean et al (2021).46
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At the time of this writing, Frequency Therapeutics is
conducting a Phase 2a trial to study FX-322 performance in
defined hearing loss populations with different dosing para-
digms. The study is outlined in ►Fig. 5.

Conclusion and Thoughts on the Future of
Audiologic Testing

This publication outlines preclinical approaches that have
advanced to clinical trials. The company, approaches, and
proposed mechanism to generate new hair-cells are summa-
rized in ►Table 2. As the biotech industry works toward
interventions to treat hearing loss, many questions arise
regarding assessing hearing function, classifying a hearing
deficit, and indications for a clinically meaningful hearing
improvement. At present, pure-tone audiometry is the gold
standard for identifying and classifying hearing loss.53 This is
becausedevices targetdeficits in audibility to improvehearing
performance,andaudiometric testingprovidesaclinicianwith
sound level targets for programming hearing devices. Howev-

er, similar audiograms among patients can result in drastically
different speech testing scores and varying satisfaction levels
with assistive devices.54 While speech recognition is part of
comprehensive audiometric testing, it is often truncated (10-
or 25-word lists rather than 50), or sometimes eliminated
completely to save time in busy clinics.

However, results from Frequency Therapeutics’ pharma-
cokinetic studies and clinical trials suggest that further tests
of hearing function should be included to determine candi-
dacy and assess efficacy for hearing regeneration therapies.45

In a Frequency Therapeutics Phase 1b study in 2018, signifi-
cant improvements were seen in speech recognition both in
quiet and in noise.45 In this trial, WR was performed using
full 50-word Maryland CNC lists. Utilizing longer lists sub-
stantially reduces the variability in subjects’ scores fromvisit
to visit, thus allowing for better signal detection.47 The WIN
test48was used to assess speech-in-noise performance in this
trial. Poor understanding in noise can contribute to the loss
of sharp frequency-specific tuning provided by outer hair-
cells.51 Thus, restoring biological function to the inner ear
could theoretically improve the auditory system’s encoding
of an amplified signal and necessitates speech-in-noise
measures to assess the efficacy of intervention.

Pharmacokinetic data from Salt et al in guinea pigs show
that drugs injected through the tympanic membrane enter
the cochlea through the round window membrane and exit
the cochlea with varying gradients, resulting in drug con-
centrations that are highest in the most basal region, or
highest frequency regions of the cochlea.55–57 This was
recently investigated in humans where cochlear implant
candidates received an injection of FX-322 prior to surgery
and perilymph was collected through the round window
membrane prior to electrode array insertion. Target concen-
trations of the components of FX-322 were confirmed in the
basal region.45 Recent work highlights the importance of
auditory sensitivity in the EHFs while listening in back-
ground noise.58–61 These results suggest that EHF audiome-
try may be of importance in a standard clinical test battery.
Beyond behavioral measures of hearing function, physiolog-
ical assessments such as otoacoustic emissions, ABRs, and
electrocochleography provide objective measurements of
hearing function and should be considered in a test battery
to assess a patient for regenerative therapy. Existing
approaches to collect these physiologic assessments would
likely need to be modified from standard clinical practice to

Fig. 5 Phase 2a trial testing different dosing paradigms of FX-322.
All patients receive four injections weekly. Drug-treated subjects
receive either one, two, or four doses of FX-322, with the remaining
doses being placebo.

Table 2 Summary of clinical trials utilizing hair cell regeneration approaches

Company Therapeutic
approach

Administration Described
mechanism

Novartis Viral transduction Intralabyrinth Hath1 (Atoh1) gene therapy to directly convert
supporting cells into hair cells

Audion Small molecule
compound

Intratympanic Notch pathway inhibition to upregulate Atoh1 to
directly convert supporting cells into hair cells

Frequency Therapeutics Two small molecule
compounds

Intratympanic Wnt signaling pathway activator combined with
sodium valproate to induce asymmetric division of
supporting cells to generate new hair cells
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get valuable information from diseased ears. Further re-
search is needed in this area.

Drug development for hearing applications is in its infan-
cy; hearing scientists, audiologists, and clinical specialists
will need to work closely with experts from the biotechnol-
ogy and pharmaceutical industries to design and execute
robust clinical trials. In addition to considering how hearing
professionals assess and classify hearing deficits to target
potential subjects for treatment, we must also consider how
we classify hearing improvement. There are several ways to
analyze functional hearing data. While each method has
value, each also has limitations that clinicians and scientists
need to be cognizant of when interpreting audiologic data.

Percent change from baseline has long been an accepted
metric for assessing drug efficacy in clinical trials. When
considering a WR task, percent change from baseline is com-
monly assumed to be an absolute metric (i.e., 30–50% is a 20%
absolute change). However, among drug development special-
ists, biostatisticians, and other experts in industry that are not
as familiar with hearing assessment data, percent change from
baseline is commonly assumed to be a relative metric that is
dependent on baseline performance (i.e., 30–36% is a 20%
relative change). Both methods are valuable and should be
considered; conversely, they also have drawbacks. As hearing
professionals, it is incumbent on us to be cognizant of this fact
and educate our collaborators on the benefits and drawbacks
of each method. For example, utilizing a relative percent
change from baseline allows for normalization of baseline
differences and efficacy assessment at the group level. How-
ever, the impact of relative percent change from baseline is
distorted when baseline reference values vary widely, and is
limited on the lower and upper ends of the distribution.

On the other hand, Thornton and Raffin’s binomial distri-
bution defines a statistically significant difference in an indi-
vidual’s WR score and has been the gold standard in hearing
science for examining speech recognition performance. This
method is also limited as the benchmark for statistically
significant change is dependent on the variability of the
distribution, which is small at the floor and ceiling and large
in the middle. Further, the degree to which that statistical
change correlates with a meaningful change in an individual’s
life has yet to be determined. The same issues arise when
discussingmeaningful improvements inpure-tone testing and
speech-in-noise testing. There is generally no consensus in the
hearing science community regarding clinically meaningful
improvement in hearing function. This elucidates the need for
further studies linking hearing assessment performance and
quality of life (QOL) metrics. Validated patient-reported out-
come (PRO) instruments would be of great benefit in deter-
mining the real-world impact of hearing therapeutics. At
present, there are no FoodandDrugAdministration–approved
QOL or PRO instruments for hearing.

As experts in hearing assessment and auditory interventions,
evolving regenerative therapiesgive audiologists theopportunity
to further establish themselves as vital practitioners for the
evaluation, treatment, and management of candidates receiving
biotherapeutic treatments for hearing loss. Currently, reimburse-
ment for procedural codes encourages high throughput diagnos-

tic testing and reflects the notion that hearing aids and cochlear
implantsare theprimary interventions forSNHL. Tomovetoward
more thorough auditory assessment, thefieldwill relyon audiol-
ogists to aid in the investigation, implementation, and if need be,
the development of auditory measures to better assess this
patient population, allowing for greater interdisciplinary collab-
oration among audiologists, biologists, auditory neuroscientists,
and otolaryngologists.
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