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There is growing attention and effort focused on treating the
root cause of sensorineural hearing loss rather than managing
associated secondary characteristic features. With recent sub-
stantial advances in understanding sensorineural hearing-loss
mechanisms, gene delivery has emerged as a promising strategy
for the biological treatment of hearing loss associated with ge-
netic dysfunction. There are several successful and promising
proof-of-principle examples of transgene deliveries in animal
models; however, there remains substantial further progress
to be made in these avenues before realizing their clinical appli-
cation in humans. Herein, we review different aspects of devel-
opment, ongoing preclinical studies, and challenges to the clin-
ical transition of transgene delivery of the inner ear toward the
restoration of lost auditory and vestibular function.

INTRODUCTION

Hearing loss (HL) is accompanied by substantial clinical implications
affecting quality of life, including communication malfunction,
abridged social interaction, seclusion, melancholy, diminished cogni-
tion, and dementia leading to poor quality of life.' Two or three out of
every 1,000 infants are diagnosed with clinically significant unilateral
or bilateral HL. HL can be divided into conductive HL (CHL), which
is caused by the issues of transferring sound waves anywhere along
the pathway through the outer ear, tympanic membrane, or middle
ear, or sensorineural HL (SNHL), which is caused by damage to the
structures in the inner ear or auditory nerve, or a mixed CHL with
SNHL form. Among all etiologies, SNHL is the most common type
of HL, affecting ~278 million individuals worldwide, among whom
1% are children. SNHL may be caused by an underlying disease,
drug ototoxicity, noise exposure, aging, or genetic etiology leading
to partial or complete loss of hair cells (HCs) or auditory neurons.
Current statistical analysis of HL data suggests that 50% of congenital
cases have a genetic etiology affecting ~4,000 infants per year.”

The current treatment of SNHL involves the use of hearing aids or
cochlear implants, which are both limited by their total amplification
and resultant clarity, along with additional barriers to universal clin-
ical benefit.” Hearing aids worn in ear primarily amplify acoustic
waves, whereas cochlear implants are surgically placed to directly ac-
cess the cochlea via the round window (RW) or cochleostomy (CO),

translating acoustic wave to electric signals that stimulate the auditory
nerve and send signals to the brain for comprehension of sound. An
implantation age-dependent learning curve is associated with hearing
aids (2 weeks or less) and cochlear implants (6—12+ months)
requiring special assistance or guidance of general audiologists or
specially trained implant audiologists. Broad application of the
cochlear implant is limited due the outcomes. Although cochlear
implant technology has progressed rapidly over recent years, these
implants cannot completely replace the function of the inner ear lead-
ing to partially restored hearing. These limitations have led to
growing attention and effort focused on treating the root cause of
hearing impairment rather than treating secondary characteristic fea-
tures with a one-size-fits-all approach. With recent substantial
advances in understanding SNHL’s molecular mechanisms, gene
therapy has emerged as a promising strategy for restoring hearing
with targeting to different inner-ear molecular pathologies.”

Gene delivery is a multifactorial process reliant on multiple simulta-
neous avenues of scientific advancement, including the genetic etiol-
ogy of deafness to be treated, gene sequence to be used, vectors used
for delivery, route of delivery, treatment time point, and cost to be
incurred for its efficacy and successful translation to the clinic.” Vec-
tors used for gene therapy facilitate the transportation of DNA into
cells, usually to be classified as non-viral, viral, and hybrid vectors.
Non-viral methods can easily be scaled up for large production
and possess low host immunogenicity; however, these methods suf-
fer from low gene transfer efficiency compared to viral vectors.””
Currently, viral vectors dominate clinical trials in gene therapy
due to higher transduction rates compared to non-viral methods.
Unlike non-viral vectors, viruses (lytic or lysogenic) bind to host
cells, use host replication machinery to replicate their genetic mate-
rial, and reside in the host for an extended period before responding
to a trigger.*” Commonly used viral vectors in gene therapy include
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herpes virus, vaccinia virus, retrovirus, adenovirus (AV), alphavirus,
lentivirus, and adeno-associated virus (AAV). Retroviruses and len-
tiviruses are not commonly used due to the known risk of integra-
tion into the host genome that can disrupt gene function or lead
to oncogene activation.'”™" Hybrid vectors are among the least
explored in gene therapy. They are a combination of both viral
and chemical vectors, which allows them to overcome their limita-
tions when working independently. The hybrid vectors augment
desirable features such as targeting ability, low immunogenicity,
improved cytotoxicity, higher payload, and the ability to deliver
more than one transgene. These hybrid vectors can evade the host
immune system through masking the immunogenic epitopes present
on viral vectors and have been reported to have higher transduction
efficiency than viral or non-viral strategies.'””'* AAV is the most
frequently investigated gene-delivery vehicle owing to its lack of
pathogenicity, persistence, availability of various serotypes (which
specify its host tissue/cell targeting), and low risk of insertion muta-
genesis due to lower host DNA integration.'® This review will focus
on the biology of AAV-based gene therapy in treating genetic deaf-
ness in humans.

AAV BIOLOGY, TYPES, AND TROPISM

AAV biology

AAV, a replication-deficient virus from the family Parvoviridae
genus Dependoparvovirus, is composed of an ~26-nm-diameter
icosahedral protein capsid containing ~4.7 kb single-stranded
DNA (ssDNA) genome (sense/antisense strand). AAV can replicate
by co-infection with a helper virus (AV/herpes virus/vaccinia virus)
or in certain hostile conditions, like severe stress to the cell or host
due to UV/cytotoxic chemical treatment independent of the helper

Integration of DNA)

Figure 1. Schematic representation of intracellular
AAV transduction via a receptor-mediated pathway
See also Schultz and Chamberlain.'®

virus but in a limited fashion.'® The AAV
ssDNA contains three genes: Cap (responsible
for capsid synthesis by encoding 60 molecules
of collinear capsid proteins [VP1, VP2, and
VP3 (3:3:54)], identical in their C-terminal
portion), Rep (controls viral replication by en-

@ _ ~ coding Rep78, Rep68, Rep52, and Rep40), and
Y 1 [Episomal Viral DNAJA, AAP (supports virion assembly programmed
SCAAV

through the Cap coding sequence using a
different reading frame).'” Two T-shaped in-
repeats (ITRs) flank the
genome and function as the viral origin of
replication and signal for packaging.'® Recom-
binant AAVs (rAAVs) are genetically engi-
neered AAVs with a similar capsid sequence
to wild-type AAV but lack AAV Rep and
Cap genes, so the only viral DNA sequences re-
tained in the vector genome are the two ITRs.
Without Rep, rAAV does not efficiently integrate into the host
genome, making it a non-pathogenic, non-replicative vector.

verted terminal

AAV transduction involves a cascade of simultaneously occurring
events, including attachment, internalization, endosomal cytosolic
processing, nucleus trafficking, viral uncoating, and integration into
host cells (Figure 1). AAV vector attaches to the host membrane
through specific surface receptors. In the case of AAV2, it primarily
attaches to the heparan sulfate proteoglycan (HSP) receptor; however,
a few co-receptors have also been identified, including hepatocyte
growth factor receptor (HGFR), fibroblast growth factor receptor I
(FGFR1), and a:vB5 integrin. Many binding receptors have been iden-
tified by overexpression/inhibition experiments for various AAV se-
rotypes, including HSP (for AAV2, -3, and -6), N-linked sialic acids
(for AAV1, -5, and -6), O-linked 2,3-sialic acid (for AAV4), N-termi-
nal galactose (for AAV9), and 37/67 kDa laminin receptor (for AAV3,
-8, and -9)."” Various serotypes recognize discrete cell receptors
demonstrating diverse tissue/cell-type tropism profiles. Successful
recognition of the surface receptor leads to AAV internalization via
endocytosis in a receptor-mediated manner through clathrin-coated
pits.”> AAV is likely to trek through the Rab5+ early endosomes,
Rab7+ late endosomes, and Rab 11+ recycling endosomes before
finally reaching the Golgi apparatus where endosome acidification
takes place.”’ After cytosolic trafficking and endosomal escape,
AAYV enters the nucleus, and ssDNA is converted to double-stranded
(ds)DNA by either second-strand synthesis using host machinery or
by annealing via Watson-Crick base pairing once “+” and “—”
stranded genomes in separate virions reach the nucleus.”” Synthesized
viral dsDNA undergoes circularization and concatemerization by
intra-/inter-molecular recombination of ITRs, leading to stability of
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episomal viral DNA resulting in the expression of a gene of interest in
cells after mitosis.

AAV vectors used for inner-ear gene delivery

rAAYV has been explored successively in a variety of genetic disorders
such as hemophilia, retinitis pigmentosa, cystic fibrosis, San Filippo
A, and the muscular dystrophies.””> AAVs, although endemic in hu-
mans, have not been related to any life-threatening disease in various
preclinical studies conducted. They have been explored extensively
in inner-ear in vivo preclinical studies (Table 1) in a variety of genetic
defects.””** Twelve natural serotypes of AAV (1—12) have been char-
acterized to date, having differential tropism and transduction poten-
tial in vasculature, retina, brain, muscle, liver, and lung. AAV1, -2, and
-8 have been reported to transduce outer HCs (OHCs), whereas AAV1,
-2,-3,-5,-7, -8, and -9 have been detected in the inner HCs (IHCs) of
the inner ear.”> AAV3 has been demonstrated to infect THCs selectively
with high efficiency in the middle and basal cochlear regions when in-
jected through the RW membrane (RWM).>> The supporting cells
(SCs) of the organ of Corti in the inner ear are also reported to be trans-
duced by AAV. Transduction of pillar cells has been reported by
AAV], -2, and -8; Claudius cells are transduced by AAV1, -2, -5, -7,
and -8; and Deiters cells were positively infected by AAV1 and -2.
AAV1—4,-7,and -8 have shown their efficiency in transducing the spi-
ral limbus area, i.e., limbus, ganglion cells, and ligamen‘t.25 In order to
improve transduction efficacy and tropism, extensive studies have been
performed for pseudotyping, capsid engineering, or exosomes synthe-
sis from naturally occurring AAV. AAV pseudotyping/hybrid AAV
strategy utilizes the ITR genome of one AAV (the most commonly re-
ported being AAV2) and capsid genome of another to tailor the
tropism/efficacy. Six AAV2-based pseudotyped AAV2/1, -2/5, -2/7,
-2/8, and -2/9 serotypes using cytomegalovirus (CMV) hybrids have
been studied in guinea pig cochlea for their tropism and efficiency by
CO via perilymph injection with AAV2/2 most efficient among all.
Another study showed the safety and efficacy of AAV2/1 in utero
cochlear gene transfer, transducing progenitor cells that transdifferen-
tiate to IHC, OHC, and SC.>° AAV2/5, having a CMVEGFP cassette,
showed specific tropism for the SC of the organ of Corti’s in both
ex vivo mouse cochlear explants and in vivo studies in the adult guinea
pig by scala media perfusion.”” Capsid engineering facilitated the
rebuilding of ancestral sequences, and to date, nine functional ancestral
AAVshave been synthesized. AAV2/Anc80L65, a novel designer AAV
imputed from an ancestral sequence of AAV1, -2, -8, and -9, is a robust
synthetic carrier reported for in vivo cochlear gene therapy.”” AAV2/
Anc80L65 with a CMV-driven EGFP transgene cassette has been re-
ported to show high efficiency with established safety in transducing
IHC and OHC via RWM injection in C57BL/6 mice. Literature sug-
gests that promoters, to some extent, drive specific AAV tropism;
like the CMV-beta-globin hybrid promoter supports HC transduction,
whereas the chicken B-actin (CBA) promoter drives SC transduction.”!
Recent studies on AAV2.7m8 showed superior transduction efficiency
to sensory cells (IHCs and OHCs), inner pillar cells, and inner phalan-
geal cells compared to Anc80L65.”" Further, more sophisticated ap-
proaches to tailor tropism and efficacy include the engagement of small
bioactive molecules like peptides, ligands, bispecific antibodies, or

biotin (interacts with both viral proteins and host surface) to the viral
capsid to attain host targeting. For instance, AAV, i.e., designed with
the CAG promoter and peptide “DGTLAVPFK,” has been demon-
strated to cross a membrane-like structure leading to high transduction
efficiency in HCs and SCs in C57BL/6 mice via RWM injection.* Also,
nanosized cell-secreted vesicles required for regular intercellular
communication in AAV, known as exosomes, have demonstrated
excellent transduction efficiency in both ex vivo and in vivo studies
post-RWM or CO injection in lipoma HMGIC fusion partner-like 5
(Lhfpl5)/tetraspan membrane protein of HC stereocilia (Tmhs)—/—
mutant mice, demonstrating partial recovery in hearing and balance
dysfunction.’® Nevertheless, a detailed study on the possible side effects
for long-term use of exosomes needs to be explored, as they constitute a
variety of biomolecules including protein, RNA, and other nucleic
acids. Artificial exosomes can act as an alternative for AAV packaging
to avoid safety issues in clinics.

One of the critical shortcomings of AAV is that the small cargo (4.8 kb)
capacity and cargo sizes larger than 4.8 kb lead to instability of vec-
tor.”>*” However, genetic mutations in large genes affect a substantial
number of patients in various age groups that could be treated by gene
therapy, including cDNAs encoding cadherin-23 (CDH23; 10 kb), oto-
ferlin (6 kb), myosin 15A (MYOI5A; 10.6 kb), otogelin-like (7 kb),
myosin 7A (MYOZ7A; 6.5 kb), protocadherin-15 (PCDH15; up to 5.9
kb), and otogelin (8.8 kb).*! Different strategies have been utilized to
develop dual AAV vectors, including overlapping, trans-splicing, and
hybrid AAV dual vectors.*’"** Overlapping dual AAV involves inten-
tionally overlapping two specified sequences of demarcated fragments
of the target transgene in two AAVs, and the joining of two transgenes
to a single transgene occurs from a sequence of overlap.**** Dual-over-
lapping AAV has a capacity of 8—8.5 kb, as the overlapping segment
length is limited by the size of the target cDNA, but it requires extensive
background research to optimize the design of overlap regions for new
therapies in order to avoid the unwanted transgene products.*’
Another approach, “trans-splicing of the transgene,” utilizes splice se-
quences to split the target transgene sequence into two halves to be car-
ried by two AAVs and then reassembled inside the host to generate the
original transgene sequence. The concatemerized ITR structure of the
transgene will be removed via native cellular mechanisms through
transcription.”’** Trans-splicing AAV dual-vector strategy resulted
in superior transgene expression post-transduction compared to over-
lapping AAV dual vectors but requires additional foreign genetic ma-
terial, efficient transcript processing, and dependency on the inefficient
concatemerization process and runs the risk for potentially unwanted
transgene products.*>*’ The hybrid dual-vector strategy offers a solu-
tion to the concerns involved with techniques discussed above by
combining overlap regions with splice donors/acceptors in a dual-vec-
tor transgene.”>”' The approach utilizes highly recombinogenic genes
(like phage DNA) in addition to their splice sequence supporting the
correct orientation of dual AAV vector two halves. Unlike in overlap
strategy, customized DNA sequence designing is not required for
each gene therapy once a universally suitable sequence has been opti-
mized. However, the vector is still introducing foreign DNA into the
cell, which may trigger an immunogenic response.*”****>* Recently,

Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021 211


http://www.moleculartherapy.org

¢le

120z 8unp 1Z JoA 1uswdoas( [ealulD X SPoylsl :Adelay] Jenosion

Table 1. Tropism profile of commonly used AAVs for inner-ear transduction

AAV Outcome
subtype Model Promoter In vitro/in vivo Dose Transduction IHC ~ Transduction OHC Other transduced components ~ Reference
L RWM (1 pL) 6 x 10" genome sporadic expression in the basal vestibular (hair cells [HCs] and
CBA PO—P2 59% + 2%
in vivo ( ) copies (GC)/mL ox % half of the cochlea SC)
AAV2/1 C57BL/6]
CMV  invivo (PO—P2) RWM (1 uL) 4.5 x 10 GC/mL  70% = 9% sporadic expression in the basal 0y 1 (1Cs and SO) 24
half of the cochlea
A-56=+21 A-32+21
L cochleostomy to scala media
in vivo (P1 -P2) (~0.2 uL) 1-8 x 1012 GC/mL M-136+12 M-134+1.83 SC(B-25+2M-12=+1)
B-16.5 +2.64 B-155+19 R
AAV1 CD1 CBA >
A-122+23
L cochleostomy to scala media SC(B-82+28;M-41+14A
in vivo (6 weeks old) (~02 uL) 1-8 x 102 GC/mL M-241+62 - 2:12)
B-458+73
utricle HC - 32.4% + 6.16%
posterior semicircular canal - .
11 1l - 60.3% + 7.96%
CBA/J mice CAG in vivo (PO—P5) injection (1 pL); 5.69 x 10'> GC/ 43.6% + 13.5% 54.5% + 12.7% mnner priar ce 0x790%
mL inner phalangeal cell - no
infection
A -4.6% A-31%
AAV2 L
CD1 in vivo (P1 -P2) M - 11.4% M - 33.3% SC (B - 7.1%; M - 2.4%)
CBA cochleostomy to scala media B -19.3% B-39% 25
(~0.2 puL) 1-8 x 10" GC/mL A-132% +2.1%
SC (B - 13.6% + 4.5%; M - 6% +
CBA/CA]J in vivo (6 weeks old) M - 27.2% + 4.5% no transduction 1'4;); A- 1';;)-; 0.74;/0) %
B-352% + 6.3%
13 .
AAV2 C57BL/6 CMV in vivo (P2) RWM (2 uL) 10 viral genomes 78% + 6% transduces OHC sporadically transdgces pillar cells 2
quadY-F (vg)/mL sporadically
A-
S cochleostomy to scala media ) N 0 0 s
AAV5 CD1 CBA in vivo (P1 -P2) (~0.2 uL) 1-8 x 102 GC/mL M- 11.2% = 2.9% SC (B -2.2% + 1%)
B -28.1% + 3.4%
. cochleostomy to scala media 0 0
CD1 in vivo (P1 -P2) (~02 uL) 1-8 % 102 GC/mL - - SC (B - 11.4% + 2%)
AAV6.2 CBA o | . A-105+=1.5 25
L cochleostomy to scala media )
CBA/CA]J in vivo (6 weeks old) (~0.2 uL) 1-8 x 10" GC/mL M-18+2.1 SC(B-35+13M-19=+1.1)
B-28+438
A-3.1% = 0.8%
L cochleostomy to scala media s
AAV7 CD1 CBA in vivo (P1 -P2) (~02 uL) 1-8 x 1012 GC/mL M-162+2.6 — SC(B-36+08M-26=+1.1)
B -20.5% + 2.5%
posterior semicircular canal utricle HC - 93.3% + 2.15%
AAV2/8 CBA/J mice CAG in vivo (PO—P5) injection (1 pL); 1.10 x 10" GC/  86.0% + 5.34% 51.7% + 5.95% 2

mL

inner pillar cell - 50.4% + 7.49%

(Continued on next page)
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Table 1. Continued

AAV Outcome
subtype Model Promoter In vitro/in vivo Dose Transduction IHC ~ Transduction OHC Other transduced components ~ Reference
inner phalangeal cell - no
infection
A - 98.94% + 1.30% transduction in SC very low
Institute of Cancer L 10 M - 76.83% = . 27
P1 RWM (0.6 uL) 1 x 10~ GC/mL t duct 5.38% + 0.63% !
Research (ICR) mice in vivo (P1) (0.6 uL) 1 x /m 27.41% no transduction % o
B-73.91% + 17.15%
A-61% + 1.3% A-42+09
AAVS o cochleostomy to scala media N N SC(B-6.8% £ 1.5%; M - 4.1% =
CD1 in vivo (P1 -P2) (~0.2 uL) 1-8 x 102 GC/ml M- 18.7% + 1.7% M-142+21 2%)
B-21% +2.5% B-15+3.1 .
CBA 25
A-185+18
L cochleostomy to scala media SC(B-10.1+39;,M-58+2.1;
BA/CA ks ol M -22.2 + 3. -
CBA/CAJ invivo (6 weeks old) 0 \1) 1-8 x 101 GC/mL £39 A-31+009)
B-512+75
utricle HC - 34.2% + 9.84%
posterior semicircular canal — -
AAV8BP2  CBA/J mice CAG in vivo (PO—P5) injection (1 pL); 1.10 x 10 GC/  55.7% + 9.53% 44.1% + 7.94% no GFP expression in the inner 21
mL pillar cells and inner phalangeal
cells
A -98.41% + 1.94% transduction in SC very low
ICR mice CAG in vivo (P1) RWM (0.6 puL) 1 x 10" GC/mL M - 92.05% + 5.06% 33.62% + 13.72% 11.10% =+ 2.70% =
B-69.16% + 20.17%
A -42% +0.9%
L. cochleostomy to scala media SC(B-6.1% + 1.5%; M -3.2 +
AAV9 CD1 P1-P2 M -16.2% + 2.3% —
in vivo ( ) (~02 pL) 1-8 x 102 GC/mL >0 EXTR 11)
B-21% +3.1% ~
CBA >
A-91=x14
L cochleostomy to scala media SC(B-62+3.1;M-41+2.1;A
CBA/CA]J in vivo (6 weeks old) (~02 L) 1-8 x 10" GC/mL M-351+32 — 21409)
B-616+8
A-81%+2%
L cochleostomy to scala media N o SC(B-52%+15% M-32%+ -
AAVrh.10 CD1 CBA in vivo (P1 -P2) (~02 uL) 1-8 % 102 GC/mL M - 24% + 4.7% — 0.8%)
B-34% £+ 5.7%
A-
. cochleostomy to scala media SC(B-121£395M-89% =
AAVIh43 - CDI CBA in vivo (P1 -P2) (~02 uL) 1-8 x 10 GC/m, M- 3% 11 - 2.8%; A - 4.5% = 1.7%)
B-53%+21%
A -100.00% +0.00% A - 98.6%
AAV- -
PHP.cB ICR mice CAG in vivo (P1) RWM (0.6 pL) 1 x 10" GC/mL M - 99.07% + 1.13% M - 96.2% SC - not done 2
B -100.00% + 0.00% B - 97.6%
AAV-DJ  ICR mice CAG in vivo (P1) RWM (0.6 pL) 1 x 10" GC/mL  no transduction no transduction SC - 52.51% + 0.96% 2

(Continued on next page)
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Table 1. Continued

AAV Outcome
subtype Model Promoter In vitro/in vivo Dose Transduction IHC ~ Transduction OHC Other transduced components  Reference
60%—100% 60%—100%
ex vivo (harvested P4) 10" GC/mL utricle HC - 67.7% + 2.46%
apical and base apical and base
human vestibular epithelia (HCs 29
and SC)
in vivo (PO—P2) RWM (1 pL) 1.7 x 10'> GC/mL  100% IHC (base) 95% OHC (base)
C57BL/6] CMV 83% HC in vestibular epithelia
were transduced
AAV2
/ vestibular HCs - 92.6%
Anc80L65 in vivo (embryonic in utero (1 pL) 2.52 x 10" GC/ 30
91%—97% 84%—94% spiral ganglionic neurons -
otocyst < E12) mL piral gang
96.7%
utricle HC - 67.7% =+ 2.46%
posterior semicircular canal - -
11 1l - 75.3% = 4.94%
CBA/J mice CAG in vivo (PO—P5) injection (1 uL), 1.89 x 10" GG/ 94.0% + 3.63% 67.0% + 4.32% Inner pirar c %x494%
mL inner phalangeal cell - no
infection
Average (avg.) - o o il o o
S4.1% 4 5.66% avg. - 83.1% * 6.17% utricle HC - 27.5% + 9.65%
-90.3% +
posterior semicircular canal 222(% ’ apex - 89.0% + 9.53% inner pillar cell - 86.1% + 4.56%
in vivo (PO—P5) injection (1 uL) 9.75 x 10'* GC/ " — —
mL middle - 84.6% + . . N o inner phalangeal cell - 61.4% *
AAV2.7m8  CBA/] mice CAG 10.4% middle - 85.2% + 10.9% 9.30% 2!
-77.5%
t;;sseo/ 2% base - 74.9% + 12.2%
g 0
in vivo (1-6 months posterior semicircular canal
14) injection (1 uL) 9.75 x 10'> GC/ 84.5% + 4.91% 74.9% + 6.53% -
° mL
WM injection (1.5 pL) 1 x 10"
RWM injection (1.5 kL) 1 x 107 o, A - 95%-100% SC (A - 81%; M - 77%; B - 62%)
GC/mL
. S - . 31
AAV-ie C57/B6 CAG in vivo (P2-P3) RWM injection (2.0 L) M - 100% M - 75%-80% mouse utricle (utricular SCs

93%; HC - 76%)

B - 100%

B - 60%-70%

SGN's were also transduced
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the hybrid dual AAV has been utilized for the delivery of the Otof
(cDNA ~6 kb) gene in Otof—/— mutant mice leading to a reversal of
the deafness phenotype.”*>

TRANSPORT BARRIER, TARGETS, AND DELIVERY
STRATEGIES FOR INNER-EAR GENE DELIVERY

The development of gene therapies for the inner ear is a challenging
task requiring appropriate consideration of transport barriers for vec-
tor selection, sorting targets to maximize efficiency, characterizing the
optimum therapeutic window for treatment, and identifying the best
route and strategy for high-throughput delivery.

Transport barriers

The inner ear is a closed compartment disconnected from systemic
circulation by the blood cochlea barrier/blood-labyrinthine barrier
(BLB) and the middle ear by the RWM. These two complicating
characteristic features of the inner ear make transportation of drugs
or biological material to the organ of Corti and vestibular labyrinth
difficult. The BLB shares similar properties to the blood-brain bar-
rier and is composed of vascular endothelial cells with tight junc-
tions. The BLB separates blood/perilymph, blood/endolymph, and
endolymph/intra-strial fluid restricting flow toward or away from
the inner ear. Once a therapeutic crosses the BLB via diffusion or in-
jection, elevated concentrations may occur in the cochlea due to
diminished distribution, thereby increasing the probability of
toxicity. The BLB restricts the movement of high molecular weight
molecules, although some drugs can cross if sufficiently lipophilic.
Drugs or molecules can be transported across BLB using specific/
nonspecific endocytosis, ion exchangers, transporters, or ion chan-
nels. For example, aminoglycosides, an ototoxic class of antibiotic,
cross the strial and perilymphatic BLB readily through an unknown
mechanism hypothesized to be via intracellular transport by satu-
rable uptake kinetics. BLB permeability can also be altered by
external factors including osmoregulators (glycerol, diuretics),
inflammation, and acoustic trauma.’*

The RWM is a semi-permeable, tri-membranous structure with its
middle layer composed of connective tissue sandwiched between
two epithelial layers connecting the inner ear to the middle ear.”
The permeability of RWM varies in both inter- and intraspecies de-
pending on the thickness, size, and charge of the RWM, as well as
the nature of the therapeutic to be applied. For instance, RWM thick-
ness is ~70 um in humans, 10—14 pum in rodent chinchilla, 12 pm in
rats, and 10—30 pm in guinea pigs.”” Studies have shown that a 1-um
microsphere can transverse through the RWM of a Chinchilla, but a
3-pum is not able to cross it; lower molecular weight molecules can
cross, but higher molecular weight molecules do not readily cross
through RWM, and cationic ferritin has been reported to cross the
intact RWM, but anionic molecules fail to pass.”” *° Additionally,
the rate of cationic ferritin movement across the RWM was higher
in rodents than in cats and primates due to RWM thickness varia-
tion.”” In addition to the BLB and RWM, the protective membranous
labyrinth enclosing the cochlea provides structural limitations for ac-
cess to the inner ear.

Targets
Inside the cochlea, therapeutics can act on sensory or non-sensory
cells as a target for gene therapy.

Non-sensory cells

SCs, such as the otocyst-derived epithelium lining the scala media
around the organ of Corti, serve as a frequent gene therapy target
for genetic deafness (like the gap junction protein, beta 2 [GJB2],
gene leading to HL due to the connexin 26 [Cx26] mutation), with
budding applications in regenerative treatments.®'"*®
therapies are based on the principle that HC loss from the vestibular
or auditory sensory epithelium in non-mammalian vertebrates’ regen-
erates simultaneously from trans-differentiation of SC.°* °° Although
the mammalian auditory system’s HCs do not regenerate, there are re-
ports of limited regeneration ability in mammalian vestibular tissue by
phenotypic conversion from SCs, particularly in early developmental
stages.””®® Many studies are currently exploring trans-differentiation
induction by introducing sets of genes for forced expression, like
trans-differentiation of adult mouse cochlear SCs by overexpression
of the Atoh-1 transcription factor in vitro using transient MYC and
NOTCH activities.””””' Mechanotransduction of sound in cochlear
HC depends on the electrochemical difference between cochlear fluid,
i.e., perilymph and endolymph. The stria vascularis (SV), a highly vas-
cularized epithelial tissue, is responsible for endolymph generation
and maintenance in the scala media. Mutations in marginal cells can
cause dysfunction of gap junctions affecting the endocochlear poten-
tial (EP) and apoptosis of HC, leading to hearing impairment, as in
KCNQI/KCNE], pannexin, and others.”>”?

Regenerative

Sensory cells

The IHCs are the true sensory cells that transmit impulses via the
auditory nerve, whereas the OHCs facilitate both qualitative (by
increasing selectivity) and quantitative amplification (by increasing
sensitivity) of the signal. At birth, the human cochlea has 3,500
IHCs in one row and 12,000 OHCs in 3 rows. Mutation or degener-
ation of these sensory cells causes hearing impairment. IHC and OHC
are the most studied target in genetic or environmental acquired dis-
eases like Usher syndrome (USH)III, TMCI (transmembrane chan-
nel-like 1) mutation, VGLUT3 (glutamate transporter-3 vesicular)
mutation, noise-induced HL (NIHL), and ototoxicity due to drugs
(like cisplatin, aminoglycosides, and others).”*””* These auditory sig-
nals are transmitted to the brain via spiral ganglion neuron (SGN),
with type I SGNs (90% of the total SGN population) connecting to
IHCs and type II SGNs (5%-10%) connecting to OHCs. Brain-
derived neurotrophic factors (BDNF) and neurotrophin-3 (NT-3)
are expressed in HCs and SCs in the developing organ of Corti and
are essential for normal function of SGNs.*>*' SGN degeneration is
caused by disoriented synapse ribbons, damaged SGN cells, or under-
lying mutations in sensory cells, causing non-syndromic hearing

. .82
deterioration.

Time of treatment
Early intervention is the best strategy for the treatment of any hearing
impairment, and it remains critically important for gene therapies of

Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021 215


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

Anterior
vestibular
arter

AICA|

Cochlear aqueduct;

Vestibular system [7,‘

7

—|{ Vascular delivery

Intratympanic

delivery (invasive)

Scala vestibuli

ustachian tube:

Scala

o Media

Cochleostomy (invasive)

* Perilymphatic Sé =

[ Tympanic membrane

the inner ear by increasing the probability of rescuing both cell and
organ functions. For instance, treatment of VGLUT3 mutation using
AAV1 injection on postnatal days 1—2 (P1—P2) mice led to better
HC transduction and auditory restoration as compared to a later
time point, ie., P10.”° Similar observations were found when
AAV5-GJb2 was injected at P42 in GJb2 knockout (KO) mice or
AAV2/Anc80L65-USHIc at P10—P12 in Ushlc KO mice. Once HL
occurred, any treatment at a later time point was unable to rescue
degeneration in rodent models, owing to a closed therapeutic window
for treatment.*>** As an additional concern regarding the timing of
intervention, many genetic disorders can be hereditary, i.e., congen-
ital or developed at a specific developmental period depending on
the type of mutation. Rescuing hearing in cases of early/congenital
onset (like SIXI, CHD7, and EYA1 mutations) is essential, as it
adversely affects the development of other functions related to hear-
ing, such as language, social, and cognitive function.*> *” A recent ge-
netic breakthrough was reported in an OTOF—/— mouse model,
wherein HL was either prevented or recovered by delivering a gene
of interest both before and after the onset of HL, leading to the intro-
duction of a new paradigm for interventions in mutation-specific
2653 However, it is still important to consider the notable
difference in the developmental process of mice and human cochlea.
In mice, the cochlea continues to develop after birth, maturing be-
tween P16 and P18, whereas the human cochlea matures before birth.
This time discrepancy provides a larger therapeutic window for
rescue studies in mice, whereas humans may require in utero gene
therapy to treat congenital/developmental gene mutations.

treatments.

DELIVERY ROUTES

Various surgical strategies can be considered to safely deliver thera-
peutic agents to the cochlea, whereas not adversely affecting the native
structure and functionality (Figure 2). The strategies applied for the
peri-lymphatic or endolymphatic delivery of therapeutics include
direct injection through the RWM (peri-lymphatic delivery),**
CO to the scala tympani (peri-lymphatic delivery),”"”> CO to the

(systemic - noninvasive)

Figure 2. Schematic demonstrating inner-ear gross

Synapse

gLT%L?AB anatomy, transport barriers, AAV delivery routes,
Stria vascularis and anatomical location of commonly addressed
GJB2 .. . . - .
Kengt preclinical inner-ear mutation leading to hearing

SLC26A4

_ Haircells loss 9
~2 Msib3
7 [t See also Ahmed et al.
Stereocilia
USH1C
USH3A
LHFPL5/TMHS
™C1
WHRN . . . 93,94
UsHiG scala media (endolymphatic delivery), ™" and

semicircular canal canalostomy (endolymphatic
delivery).””® The peri-lymphatic approach is
comparatively safer and has been used clinically
in cochlear implantation in humans.”” Endo-
lymphatic delivery is comparatively more com-
plex, leaving the inner ear vulnerable to damage
of its innate structure/function, making it clini-
cally unfeasible. However, there is ongoing
research to establish safer delivery approaches
to the endolymphatic space in murine
models.”*”® The ultimate objective for successful clinical practice is
to develop a non-invasive technique for delivering transgene to the in-
ner-ear cells of interest. The different cochlear transgene delivery ap-
proaches explored are discussed below.

Systemic route

A systemic injection is not a well-explored method for cochlear deliv-
ery due to higher probabilities of off-target delivery, unwanted side
effects, toxicity, or BLB-restricted transportation. In rodents,
including mice and rats, the BLB develops and matures even after
birth until P14,”>'° providing a broader therapeutic window for
studying hearing impairment during the developmental process. Shi-
bata and colleagues'’" injected rAAV2/9 intravenously via the sys-
temic route in P1 wild-type mice and reported the successful gene
transduction of IHC, vestibular HC, and the SGN. The transduction
efficiency was dependent on dose, virus serotype, and the age of injec-
tion. Transduction was observed binaurally in HC along the whole
length of the cochlea (i.e., from apex to base with 96% at the apical
turn), and hearing ability was unaffected in treated mice up to
30 days of study. Further studies exploring different serotypes and
their tropism profiles will be required to improve targeting for
increased specificity and subside off-target effects. Other obstacles
impacting efficacy include host immune response, neutralizing anti-
bodies, and blood clearance of virus particles, requiring additional
consideration before designing new vectors for systemic
delivery.'*>'%

Intra-cochlear route

Intra-cochlear delivery transports viral vectors via the RWM or oval
window (OW) to the scala tympani (perilymph) or scala media
(endolymph), respectively. The OW connects to the inner ear from
the middle ear via the stapes, and the delivery approach requires a
transcanal or transmastoid microsurgical procedure for its access in
humans. In rodents, the smaller size, shape of the bulla, and its relative
anatomical position to the cochlea facilitate easier visualization of the
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RWM than the OW. The RWM is a tri-layered, membranous struc-
ture connecting the middle ear to the inner ear lying anatomically
inferior and posterior to OW. Since the RWM is more easily acces-
sible to various therapeutic approaches than the OW approach, it is
more frequently explored for gene delivery in animal models. Thus
far, perilymph delivery of AAV via RWM injection has been shown
to partially rescue hearing with TMC1, TMC2, and USHIC mouse
models.”*** However, this approach has significant adverse effects,
such as perilymphatic fluid leakage, virus transportation to the cere-
bellum, and cross-transfer to the contralateral inner ear through
cochlear aqueduct, hematogenous, or systematic spread via temporal
bone marrow.'***'* These adverse effects can result in further perma-
nent hearing damage and life-threatening complications. The risk of
perilymph leakage can be mitigated by plugging fascia to RWM per-
forations, but the outcome is unpredictable.'**'*> Another unwanted
effect observed in intra-cochlear administration is restricted viral dis-
tribution secondary to the low flow rate of cochlear fluid in adult
mice. After RWM injection, a high local concentration of viral vectors
was found with an efficiency gradient from base to apex due to slow
distribution and subsequently, poor transduction leading to a high
therapeutic concentration in the basal area but sub-therapeutic in
the apical area.'”*

Canalostomy

Canalostomy, delivery of virus/biomolecules to the semicircular ca-
nal, has been applied in rodents to deliver AAV to the cochlea with
an analogous process feasible in humans via transmastoid surgery.
Thus far, multiple AAV serotypes have been delivered to the organ
of Corti by canalostomy, resulting in successful transduction of
IHCs and OHCs without adversely affecting native cochlear func-
tion.”””® Of note, combinatorial treatment via RWM injection and
semicircular canal fenestration (CF) led to higher transduction effi-
ciency due to uniform AAV distribution provided by CF reducing in-
tracochlear AAV gradient promoting the longitudinal flow of AAV
throughout the cochlea.'”” The superiority of the canalostomy over
RWM/OW delivery needs to be studied in detail before translation
to clinics in humans, as it is comparatively more invasive with poten-
tial complications similar to those experienced following superior ca-
nal dehiscence syndrome (SCDS) repair, including significant (albeit
temporary) post-operative vertigo and risk of total HL due to leakage
or loss of endolymphatic fluid.'*®

Trans-tympanic route

This approach has been extensively explored for the delivery of drugs
and depends on the absorption or permeation of injected material
from the middle ear to the inner ear through the intact RWM. There
have been attempts to use gel foam for sustained delivery of intraco-
chlear diffusion on an intact RWM for cochlear gene delivery, but it
has failed to deliver significant transgenes to transduce HC, suggest-
ing that the RWM is not permeable to rAAV.'”” Another study
explored rAAV transduction to the cochlea via RWM by using colla-
genase I or II, which increased efficiency compared to those un-
treated; however, the results were inferior to that achieved from direct
injection through RWM and may damage the RWM structure.*®

Cationic liposomes and a few viral vectors like AV can transduce
through the RWM pathways similar to the diffusion of small drug
molecules, yet transduction efficiency is low.'”” Another study devel-
oped TAT dsRNA-binding domains (TAT-DRBDs) to enhance the
delivery of short interfering RNA (siRNA) across the intact RWM
in the chinchilla inner ear, demonstrating successful transfection of
IHC, OHC, macula sacculi, macula utriculi, and crista ampullaris.'*®
Transtympanic strategy currently holds the advantages of non-inva-
siveness, widespread clinician familiarity with the technique, and
shorter treatment time requiring only local anesthesia. At the same
time, its application is curbed by restricted permeability, variability
in RWM thickness (both inter- and intraspecies), as well as the
non-significant fluid movement inside the cochlea.

DELIVERY STRATEGIES

Various pathologies and molecular mechanisms can cause hearing
impairment, making it vital to develop a specific or combinatorial
strategy to treat discrete disorders. The treatment strategy of inner-
ear gene therapy for SNHL includes replacement, silencing, or editing
of a target gene, which is chosen after considering the various factors
(Table 2). Gene replacement is the most common treatment strategy
used in inner-ear gene therapy to date, delivering a copy of the wild-
type gene of interest to the inner ear. Gene replacement strategy is rec-
ommended for mutations leading to loss of function or variation in
splicing, resulting in recessively inherited diseases, or in the case of
haploinsufficiency, dominantly inherited diseases. Gene replacement
strategy has been successfully applied in vivo in the HL mutant animal
model of TMCI, Vglut3, Whirlin, GJB2, and Clarin-1 (CLRN1).°""*
%115 For successful gene replacement treatment, there should be an
appropriate treatment window, stable expression of the gene, or rein-
troduction at a different period to maintain function. However, mu-
tations leading to the synthesis of misfolded or dysfunctional proteins
with a dominant-negative effect cannot be treated efficiently using
this strategy alone.

For dominant mutations leading to HL, gene silencing or gene editing
can be used. Gene silencing “switches off” the expression of the
mutant gene using antisense oligonucleotides (ASOs), microRNA
(miRNA), or siRNA. Gene silencing can be performed at transcrip-
tional or post-transcriptional levels. At the transcriptional level,
gene silencing is achieved by CRISPR-Cas9 or engineered zinc finger
nucleases (ZFNs). Post-transcriptional gene silencing is accomplished
using ASO, siRNA, or miRNA. ASOs are a designed DNA, or RNA
strand, which bind to specific nRNA-inhibiting translation/facilitate
degradation by enzymes like RNase H. Another approach for
silencing genes is RNA interference (RNAi) using complementary
ds-siRNA or miRNA to target genes where the RNAi pathway is acti-
vated, leading to mRNA cleavage and gene knockdown. Gene
silencing approaches have been used successfully in vivo in HL
mutant animal models of USHIC, TMCI, and GjB2.'0%113122,123
Gene silencing results in transient transgene expression and requires
transgene reintroduction at a predefined period; however, siRNA/
ASO delivery via AAV vectors is thought to be a one-time treatment.
Gene editing is more precise than gene silencing and requires agents
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Table 2. Mutation, therapeutic strategy, and outcomes of genetic mutation studied pre-clinically in inner ear

Mutation, disease,

Outcomes

chromosome location, Therapeutic strategy Age of Auditory or vestibular Longevity post-
and inheritance Model and target organ  (GC/mL) intervention Transduction IHC Transduction OHC analysis treatment Reference
ABR within 10 dB of degeneration post
GR - VGLUT3 P10 ~40% none wild-type (WT) & P
7 week
threshold
VGLUT3 (12q21-q24) knockout (KO) mice 75
AAV1 - CBA P1-P 7
DFNA25 (AR) IHC vi-¢ 3 o
RVZM (0.6 pL—2.3 x ~100% none ABR within 10 dB of WT up to 9 months
10" GC/mL) (injected threshold
over 1—2 min)
Partial rescue was
h H hlc c.21 A
Usher syndrome (USH)  Ushlc C 6,G > GR - harmonin al or bl observed at 22.6 kHz and
1C knock-in mice i
little to none at 32 kHz.
Rescue of DPOAE From 6 weeks to
AAV2/Anc80L65-CMV thresholds was also 3 months of treatment,
(11p15.1-p14) IHC and OHC harmonin a - 4.1 x 10'? evident at low ~10 dB ABR threshold
PO—P1 o o frequencies. shifts were observed in
¥ 4 R the low-frequency range
Co-injection of R . 84
harmonin bl and and ~30 dB in the high-
harmonin b1 - 3.0 x 10'? . . frequency range, up to
harmonin al did not
GC/mL RWM (0.8—1 pl) 6 months.
USH type 1 (AR) .. . enhance recovery;
(injected - 0.02 pL/min .
) harmonin b1 alone was
over 10 min) K
enough to restore partial
function.
no improvement in ABR
P10—P12 yes yes and DPOAE
USHIC GS - ASO—%9 bl(?cklng ng circling behavior in
216A cryptic splicing mice treated
intraperitoneal injection rescue of low- and mid-
P3-P5 — — i
- 50 mg/kg body weight frequency hearing
(11p15.1-p14) (body wt.) - twice a week Co}ﬁp??tﬁe t(f) control  starts degenerating
for 2 weeks (4 doses) while ugher frequency” 3 months post-
Ushlc 216A knock-in not rescued to same level {reatment; significant 109
mice IHC and OHC rescues vestibular degeneration on all
USH type 1 (AR) P10—P12 - - function and partially frequencies on 6-month
rescues hearing post-injection at P3—P5
vestibular function not
P16 B B rescued; circling
behavior like untreated
mice
in KO mice, no
KO-TgACI (transgene ~ GR - CLRNI-UTR improvement
CLRNI1 (3g25.1) USH Atohl-enh: -Clrnl i ttern in 3 OHC 7
(3425.1) ohl-enhancer-Clrnl) P1-P3 almost all THC fnosaic pattern mn up to P150 76

and KO mice IHC and
OHC

type 3A syndrome (AR)

rows
AAV2, AAVS

treated KO-TgACI mice
showed ABR 20—30 dB
difference from WT,

(Continued on next page)
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Table 2. Continued

Mutation, disease,
chromosome location,

and inheritance Model and target organ

Therapeutic strategy
(GC/mL)

Outcomes

Age of
intervention Transduction IHC

Transduction OHC

Auditory or vestibular
analysis

Longevity post-

treatment Reference

RWM injection (2 pL)

AAV2 (8.6 x 10'* vg/
mL)

AAVS (3.4 x 10" vg/
mL)

high frequency (>16 Hz)
partially rescued

AAV2 and AAV38
produced similar results.

conditional KO -

P22-P24 showed an

Degeneration started
almost complete rescue

Clrnlex4fl/fl Myol5- GR - CLRNI- isoform 2 . progressively from P60
Cre+/ of hearing, at all to P120
frequencies tested. ’
P1-P3 90% 20% . o
KO mice 1o slow progressive
KO - Clrnlex4-/- AAV2/8 . degradation of DPOAEs
improvement affter P20
RWM injection
partial recovery of
hearing thresholds at
GR - Lhfpls frequencies from 4 to 22
kHz
Lhfp15 (3p21.31)
- ice - . i Head tossing and circlin
humans -DFNB67 mice - Lhfpl5—/— KO mice IHC PO_P1 72% + 17% 30% + 5% g g 1

hurry-scurry deafness and OHC

(AR)

exo-AAV1 - CBA

RWM injection (1-
1.2 uL)

2.7 x 10° GC/mL

were significantly
decreased.

TMCI (9q31-q21)
DFNB7/11 (AR)

TMCI KO IHC and
OHC

GR - TMCI; AAV2/1 -
CBA

sporadic expression in

partial recovery of
hearing threshold

RWM (1 pL—0.1 pL P0—-P2 59% + 29
. (n ut/ %= 2% basal turn DPOAE no recovery
min)
24 x 10" GC/mL N
up to 60 days >
GR - TMC2; AAV2/1 - partial recovery of
CBA hearing threshold
sporadic expression in
RWM (1 pL—0.1 pL PO0—-P2 59% + 2%
. (1w nL/ o® 2% basal turn DPOAE no recovery
min)
1.8 x 10" GC/mL
partial recovery at lower
GR - TMCI; AAV2/ approximately (approx.) frequency; almost 30 dB
Anc80L65 - CMV; RWM  P1—-P2 PP ¥ {approx. approx. 93% higher than WT, whereas stable up to 12 weeks 7

injection (1 pL)

93%

higher frequency little or
no recovery

(Continued on next page)
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Table 2. Continued

Mutation, disease,
chromosome location,

Therapeutic strategy Age of

Outcomes

Auditory or vestibular Longevity post-

and inheritance Model and target organ  (GC/mL) intervention Transduction IHC Transduction OHC analysis treatment Reference
improved DPOAE; no
recovery when injected
t P14, transduction
1 x 10" GC/mL a
8.1 x 107 GC/m reduced to 3%; breeding
success improved
survival rate
t tibul
GR - TMCI/TMC2; ;e;;r.isnve:e’:;;;.ce
AAV2/Anc80L65 - s?lowl:d visi]al] evolked
CMV; RWM injection v
eye movements
(1 u0) equivalent to wild 74
TMC1/TMC2 KO P1 approx. 93% approx. 93% !
TMCI - 8.1 x 10" GC/ improved balance even
mL when injected at P30
TMC2 - 1.6 x 10** GC/
mL
10% to 51% editing
GE - base editing efficiency of Tmcl
mRNA
restored sensory
dual AAV using transduction in a
Anc80L65 substantial fraction (64%
Baringo mice Tmcl PO—P1 THC (41.7% in apex and OHC (8.3% in apex and to 75%) of IHCs _ 111
p.Y182C 22.6% in base of cochlea) 2.6% in base of cochlea)
BE3.9max-AID- .
. 46% + 6% HC survival at
N-terminal (NT; 6.11 x 4 weeks post-treatment
10" vg/mL) p
AAV2/Anc80-Cbh-GFP
9.7 x 10" vg/mL)
1 uL of dual AAV
GR-TMC2; AAV2/1 -
CBA
RWM (1 pL—0.1 pL di ion i
» (I puL/ PO_P2 500 + 2% Sporadic expression in 10 recovery - 24
min) basal turn

TMCI (9q31-q21)
DENA36 (AD)

Tmcl Beethoven point
mutation THC

TMC2 - 1.8 x 10" GC/
mL

GS - miRNA targeting
Tmecl c.1235T > A allele;
AAV2/9 - CMV and

mU6 PO—P2

trans-RWM injections
(injections (0.5 pL) at
1.59 x 10" vg/mL

74% efficiency in the

. very low expression
apical cochlear turn T P

8 kHz - 4—35-weeks
post-injection 16 kHz - 4
lost by 13-week post-
injection

significant preservation
of hearing at 8 and 16
kHz; 32 kHz no rescue

P1

112

(Continued on next page)
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Table 2. Continued

Mutation, disease,
chromosome location,
and inheritance

Model and target organ

Therapeutic strategy
(GC/mL)

Outcomes

Age of
intervention Transduction IHC

Transduction OHC

Auditory or vestibular
analysis

Longevity post-

treatment Reference

GE - disrupt dominant
mutation

Anc80-AAV-CMV-
SaCas9-KKH-U6-

At 24 weeks, injected
mice exhibited normal
or near-normal
thresholds at 5-8 kHz.

up to 1 year post-
injection

4.8 x 10"
gRNA-4.2 0C m!
RWM injection 1 uL rate
of 60 nL min™"
Hearing thresholds
GS - miRNA targeting 100% (apex - 98.26% + remained ~50 dB better
Tmcl c.1235T > A allele; P15—P16 0.54%, middle 100% + verv low expression than in untreated. degeneration after 8-
AAV2/9 - CMV and 0.00%; base 100% = 2 b Protective effect was not 12 weeks of age
mU6 0.00%;) observed at 16 and 32 s
kHz. '
mild protective effect on
RWM + CF injecti
(10 LJ; tjection P56-P60 low expression — hearing (~30 dB better
ads than untreated)
3.30 x 10"? vg/mL P84-P90 low expression - no effect
GR - MsrB3 up to 4 weeks
Hearing threshold at
higher fi
AAV2IL- CMV Gegeneruiog o .
Msrb3 (12q14.3) ABR-like WT at all C e
MsrB3 KO E12.5 909 83%
DFNB74 (AR) s >90% ? frequencies 7 weeks of age.
in utero
(0.6-1 pL) in otocyst
1.31 x 10" vg/mL
promoted THC survival,
GR - long isoform Whrn restored stereocilia
length
no improvement in ABR At p9q. sionificant IHC
AAV2/8 - CMV i > Significan .
P1-P5 10%—15% no transduction threshold loss was detected in e
observed R
RWM (10 injections treated mice.
WHRN (9q32) DENB31  whirler mouse (Whrn"" (4L0/0)’ 500 nL) at 40-50
or type 2 USH (AR) “i) stereocilia IHC n.s
5 x 10° GC/mL
. apex - 10.4% + 6.38%;  improves balance
- Whrn | fc - 71.7% + 26.0%
GR - Whrn long isoform apex - 71.7% * 26.0% middle - 8.64% + 13.2%; function
P1-P5 Improvement in hearing stable for 4 months e

AAV2/8 - CMV

middle - 81.2% + 15.3%

base - 3.21% + 5.95%

was seen at all four.

base 75.2% + 17.6%

(Continued on next page)
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Table 2. Continued

Mutation, disease,

Outcomes

chromosome location, Therapeutic strategy Age of Auditory or vestibular Longevity post-
and inheritance Model and target organ  (GC/mL) intervention Transduction IHC Transduction OHC analysis treatment Reference
partial recovery of
A hearing thresholds at
injection through .
osterior semi-circular tested frequencies (4, 8,
- 095 L) 16, and 32 kHz), with
canal {828 1 most of the hearing
improvement at 8 kHz
1 x 10" GC/mL
75% + 5%, 71% =+ 8%,
and 61% + 10% for
Kengl KO GR - Kcngl marginal cells in the
basal, middle, and apical
turns
Kengl (11p15.5-p15.4) ABR showed Mgrvﬁcant
Jervell and Lange- hearing preservation, B
i i - P0O—P2 - - i table up to 1 k 7
Nielsen (JNL) syndrome stria vascularis AAV1 - CB7 'rangmg from 20 dB stable up to 18 weeks
(AR) improvement to
complete correction.
marginal cells scala media injection
(0.5 uL)
5.0 x 107 to 1.5 x 10"
GC/mL
normal ABR latencies
GR - pjvk (interwave I-IV
latencies)
) partial improvement in
AAVS-CB7 ABR thresholds
Pjvk (2¢31.1-q31.3) Pjvk KO impaired neural 3 _ _ Electrically evoked B 117
DFNB59 (AR) transmission brainstem response
RWM injection (2 pL) (EEBR) wave E IV
amplitude was
indifferent to controlled
electrical stimulation.
10" GC/mL
GR - sans apex - 80%—85% apex - 25%—30% Partial restoration may
USH1G KO tip link of AAVS-CAG iddl o/ 0, . 0 9=, be due to lower R
USHIG (17g25.1) USH - middle - 50%—55% middle - 20%—25% d ¢ t . X
(7q ) IHC, OHC, and P2.5 transduction of cochlear cgenerating a. a,p P erx s
(AR) vestibular HC RWM injection (2 pL) base - 35%—40% base - 20%—25% HC when compared to 12 weeks post-injection
147 x 10" GC/mL vestibular HCs.
Slc26a4 - KO pendrin- fails to restore vestibular
SDLFCI‘\fgz[f)r(igifoz deficient knock-in GR - Slc26a4 AAV2/1- E125 B B function; restored unstable and degenerates o

goiter-associated SNHL

(Slc26a4tmlnonluh/
unlDomuh) mice.

CMV

hearing phenotype is
unstable

within 3—11 weeks

(Continued on next page)
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Table 2. Continued

Mutation, disease,
chromosome location,
and inheritance

Model and target organ

Therapeutic strategy
(GC/mL)

Outcomes

Age of

intervention Transduction IHC Transduction OHC

Auditory or vestibular
analysis

Longevity post-
treatment

Reference

in utero injection
(0.6—1 puL) 1.08 x 10"
GC/mL

conditional Cx26 KO
mice (Foxgl-cCx26KO)
non-sensory cells in the

GR - Gjb2

AAV2/1 - CB7

basal - 44 + 3

Supporting cells and
marginal cell were also
transduced.

middle - 32 + 4

Outer sulcus cells
showed 100%
transduction.

P0-P1
sensory epithelium, partial morphology
lateral wall, and spiral scala media injection apical - 13 £ 2 recovery ABR no
limbus recovery
GJB2- 1.5 x 10" GC/mL
GJB2 GFP - 1.2 x 10"
GC/mL
GJB2 13q12 DFNB1 ?lg:‘}iﬁig;'mpmvemem
(AR) in the A
GR - Gjb2 P0 B Thresholds were AAV transduction lasted
observed, but still it was OVer 6 months
30-40 dB higher than
conditional KO (Cx26fl/ WT thresholds.
fIPO-Cre mice) non- ;
no correction of ABR or
sensory cells in the AAVI-CMV cochlear morphology 53
sensory epithelium,
lateral wall, and spiral Perilymph injection
limbus through RWM
8.6 x 10! GC/mL P42 - -
adult - 0.05 pL/min
neonates - 0.02 uL/min
for 10 min
GR - mini-Otof did not restore normal
synaptic exocytotic
sequences .
properties
ABR also was not
AAV8-CB6 P1-P3 80.4% + 2.3% 29.5% + 3.5% rescued. - 12
Otof (6 kb) 2p23.1 otoferlin KO IHC and ”
L partially restores the fast
DFNB9 (AR) synaptic vesicle RWM injection (1 pL) exocytotic component
321 x 10" GC/mL
. - Fast exocytosis of the
R - Ot dual dual AAV-trans-spl
GR - Otof using du P6—P7 ua rans-spiicing readily releasable pool of — 3

AAV

30% £ 4%

vesicles was fully

(Continued on next page)
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Table 2. Continued

Mutation, disease,
chromosome location,
and inheritance

Therapeutic strategy

Model and target organ  (GC/mL)

Age of
intervention

Outcomes

Transduction IHC Transduction OHC

Auditory or vestibular
analysis

Longevity post-

treatment Reference

AAV2/6

dual-AAV-hybrid 19% +
3%

RWM injection

AAV2/6-trans-splicing -
1.2 x 10" vg/uL

recovered, and vesicle
replenishment was
restored to 35%-50% of
WT controls.

partially rescued
auditory function (ABR
threshold improved from
untreated, still
significantly different
from WT)

AAV2/6-hybrid - 1.38 x

10" vg/pL

GR - Otof using dual

AAV

P10

64+ 6 none

substantial restoration of
hearing thresholds in
response to click and
tone-burst stimuli (8, 16,
and 32 kHz) in all of the
treated mice; treated
mice showed ABR within
10 dB of WT

tested until 30 weeks
post-injection; within 10
dB of WT

AAV2 quadY-F capsid -

CMV promoter

P17

82+9 none

substantial restoration of
hearing thresholds in
response to click and
tone-burst stimuli (8, 16,
and 32 kHz) in all of the
treated mice; treated
mice showed ABR within
10 dB of WT

Hearing thresholds in
response to clicks
remained unchanged for
20 weeks after injection.

RWM injection

2 uL - AAV2-Otof NT

(6.3 x 10" vg/mL) and  mean ABR wave I
AAV2-Otof C-terminal  amplitude reduced to
(CT; 4.5 x 102 vg/mL)  about one-half of WT
vector pair

P30

85% + 7% none

substantial restoration of
hearing thresholds in
response to click and
tone-burst stimuli (8, 16,
and 32 kHz) in all of the
treated mice; treated
mice showed ABR within
10 dB of WT

Hearing thresholds in
response to clicks
remained unchanged for
20 weeks after injection.
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like ZFN, CRISPR-Cas9, and transcription activator-like effector
nuclease (TALEN), which avoid off-target effects, leading to the com-
plete KO of a gene compared to RNAi strategy. Gene editing agents
are based on designed nucleases that target genes of interest, guiding
ssDNA or dsDNA to manipulate innate DNA repair machinery via
non-homologs end joining (NHE]) or homology-directed repair
(HDR). CRISPR-Cas9 strategy is the most powerful and frequently
used gene editing tool with simple design techniques and flexibility
for tailoring to different applications. The DNA repair process occurs
through the NHE] pathway, which is prone to errors, and it may cause
insertion or deletion of nucleotides leading to frameshift and trun-
cated proteins. The CRISPR strategy has been applied in vivo in the
TMCI mutant model.'>*'?° Recently, an effort has been made toward
designing the CRISPR nuclease with different protospacer adjacent
motif (PAM) specificities, including reduced off-target activities,
facilitating more precision in technique.

The most common causes of genetic HL arise from recessive point
mutations that need correction rather than disruption (since two al-
leles carry the mutation instead of one allele in the case of a dominant
mutation) to benefit patients. In this context, base editing has the po-
tential to directly repair point mutations and provide therapeutic
restoration of gene function in a recessive mutation causing HL.
Recently Yeh et al.''" developed a base editing strategy to treat the
recessive Tmcl mutation that causes deafness. They were successful
in reverting 51% of mutant TMCI to the wild-type sequence, which
resulted in the rescue of low-frequency hearing. This proof-of-
concept data support further development of base editing to correct
point mutations that cause inherited human diseases.

Additionally, it may serve as an alternative to gene replacement,
where there are chances of unexpected adverse effects due to overex-
pression of transgene in vivo, or there is a requirement for re-admin-
istration of a transgene after a predetermined period. Although gene
editing seems to be a one-time treatment with promising lasting ther-
apeutic effects, there have been reports of potential off-target muta-
genesis, genomic mutations, large deletions and rearrangements,
on-site damage, and biallelic modification and genetic mosaicism in
the treated organism.'*® Gene editing requires rigorous exploration
of the therapeutic temporal window for intervention in mice or hu-
mans and long-term safety assessment of editing agents delivered
via viral vectors.

PRELIMINARY STUDIES WITH GENETIC HL

SNHL is a common disease in humans, with an incidence of 186 per
100,000 births in the United States.'?” More than 50% of congenital
SNHL cases are due to genetic etiology, and the vast majority of
them are from non-syndromic causes. Genetic HL, depending on
the type of mutation, can have different rates of progression. The
deafness gene involved in HL often plays an important, irreplaceable
role in inner-ear structure, development, or function. Preliminary
studies of gene delivery to genetic HL have been performed success-
fully in many mutant rodent models mimicking human HL diseases
(Table 2) and are reviewed as follows.

Vglut3 mutation

The SLC17A8 gene encoding VGLUTS3 is responsible for DFNA25
(12921-q24) in humans, which is characterized by an autosomal-
dominant, high-frequency, and non-syndromic-progressive HL.'*®
Synaptic transmission at IHC auditory nerve terminals requires gluta-
mate to transport excitatory amino acids into secretory synaptic ves-
icles by VGLUT1-3 (expressed in the IHC) before its exocytotic
release.'** "' Successful restoration/rescue of HL was reported by
virally mediated gene replacement in VGLUT3 KO mice. This study
was the first demonstration of successful inner-ear gene therapy for
mammalian inner-ear defects.”” RWM injection of AAV1 delivering
VGLUT3-GFP at P10 showed a 40% expression, whereas a similar
dose between P1 and P3 resulted in 100% transduction of VGLUT3
in THC. The majority of treated mice with the RWM injection had
improved hearing on auditory brain stem response (ABR) testing,
whereas synaptic morphology was partially improved. The study
demonstrated the budding potential for gene therapy to rescue audi-
tory function and to lead a new paradigm of motivated research for
other genetic HL diseases.

USH1C mutation

USH, an autosomal-recessive sensory defect, is characterized by pre-
pubertal progressive blindness, SNHL, and vestibular areflexia, which
accounts for 3%-6% of congenital deafness affecting 16,000—20,000
people in the United States.'**™"** USH has three clinical subtypes
USH I-IIL, with USH I as the most common and severe form, char-
acterized by profound deafness at birth and absence of vestibular
function. The present treatment for Ushl patients is cochlear im-
plants. The genes associated with USH1 are MYO7A (USHIB,
11q13.5), USHIC (harmonin; 11pl15.1-p14), CDH23 (USHID,
10q21-q22), PCDH15 (USHIF, 10q11.2-q21), SANS (sans; USH 1G,
17q24-q25)18, and CIB2 (calcium and integrin-binding protein 2;
USHIJ, 15q25.1)."°> **! USHI proteins are important for the struc-
ture and morphogenesis of mechanosensory hair bundles, anatomi-
cally localized in the apex of HCs, and bind to harmonin lying in
the core of the USHI interactome. The harmonin gene contains 28
exons coding for ten alternate splicing forms, categorized according
to protein domain composition into three subgroups: harmonin a,
b, and ¢."*>"*° Harmonin splice form “a” is anatomically localized
in HC synapses, where it associates with calcium channels through
a ubiquitin-dependent pathway and maintains synaptic transmis-
sion."*"'** Harmonin “b” is present in stereocilia tip links, forming
a tertiary complex with myosin VIIa and Sans, playing an important
role in sensory transduction of both auditory and vestibular
HCs."*"'** For rescuing USHIC in the mouse model, gene silencing
was used via ASO designed against 216A RNA to block 216A cryptic
splicing. The ASO, when injected intraperitoneally in adult mutated
mice, corrected splicing with augmented dose-dependent harmonin
expression. Interestingly, no circling (improved vestibular function)
was observed in mutated mice treated at P3, P5, P10, or P13, but
when treated at P16, circling behavior was similar to those untreated
ones. Further, the treatment also rescued hearing, as analyzed by
measuring quantitatively using ABR thresholds. The single dose of
ASO between P3 and P5 rescued hearing at lower frequencies, i.e.,
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8 and 16 kHz, but it was unable to improve thresholds at higher fre-
quencies (32 kHz). Injecting at P10 mice had a significantly higher
threshold compared to P3, P4, and P5, indicating a therapeutic win-
dow for treatment. The therapeutic effect exerted by ASO could be
maintained for 3 months.'”” However, the mechanism of systemati-
cally delivered ASO to cross BLB and transfect cells is still unknown.
A more recent study used a gene replacement approach by delivering
harmonin a or b to the inner ear of mutant mice using AAV2/ANC80
as a carrier via the RWM at the early postnatal stage. Interestingly, the
delivery of harmonin b alone was enough to partially rescue both
auditory and vestibular functions when compared to co-injection of
harmonin a and b. The rescued hearing was significant at lower fre-
quencies but absent in higher frequencies.** However, to rescue the
function of the basal region, harmonin ¢ intervention may play an
essential role. Alternatively, the basal region may be beyond the ther-
apeutic window, given that development starts at the basal region by
P1. If the latter is true, an embryonic injection may be more effective
in rescuing the hearing at higher frequencies.’®'*

USH3A mutation

USH3A is caused by a mutation in the CLRNI gene, characterized by
postlingual progressive HL and loss of vision accompanied by variable
vestibular dysfunction.*”'** Progressive HL in human USH3 typi-
cally begins before 10 years of age, which worsens between 30 and
40 years."*>"*° CLRNIis a tetraspan protein reported to be involved
in hair bundle morphogenesis and tight clustering of presynaptic
CaV1.3 channels required in the ribbon synapse of HC."*"'** The
absence or degeneration of CLRNI can lead to abnormal clustering
of calcium channels, decreased exocytosis efficiency, and subsequent
postsynaptic defects. Interestingly, AAV2/8 Clrnl injection between
P1 and P3 to KO-TgACI mice showed little to no effect in preserving
HL. However, when Clrnl was modified with the UTR sequence, the
treated mutant mice showed improved HC structure and significantly
better hearing than untreated mice. In contrast, KO mice did not
show any improvement with either AAV2- or AAV8-Clrnl-UTR
on injection between P1 and P3, since the onset of HC degeneration
in this mutant model starts very early.”'* These findings restate the
need for gene therapy intervention before the onset of genetic degen-
eration, leading to permanent non-reversible damage to the structure
of the organ of Corti.”® A recent study reported preservation of HC
morphology using a single injection of AAV2/8 Clrnl between P1
and P3 with Clrnlex4fl/fl Myol5-Cre+/- mice, whereas Clrnlex4—/-
KO mice showed little or no improvement, indicating the potential of
gene therapy as an alternative potential treatment in USH3A
patients.”*''°

LHFPL5/TMHS mutation

LHFPL5 (6p21.3) gene, also known as TMHS gene, is responsible for
autosomal-recessive non-syndromic HL (ARNSHL) in humans
(DFNB67) and hurry-scurry deafness in mice.'”* "> TMHS is local-
ized near the stereociliary tips, where it plays a vital role in maintain-
ing tip-link assembly, mechanosensory transduction (MT) machin-
ery, and regulating MT channels by interacting with tip-link
component PCDHI15 gene, as demonstrated via co-precipitation

156,

studies."””>"”” A study showed in vivo gene delivery of Lhfpl5 in
Lhfpl5—/— mice using AAV1 exosomes. AAVI exosomes have
greater transduction efficiency than conventional AAV1 vector. It
has been reported to transduce both IHC and OHC efficiently. Exo
AAV1 was transduced in Lhfpl5—/— mice through RWM injection
at PO or P1; treated mutant mice showed improved hearing and bal-
ance-related abnormal movements. However, the HL was not rescued
completely, which may be due to a limited therapeutic window for the
treatment of Lhfpl5. Lhfpl5 expression starts as early as embryonic day
16.5 (E16.5), and degeneration in KO mice is visible by pg.’®
Although there is a partial recovery of hearing, the exosome-associ-
ated AAV strategy is an important forward step in strategies for in-
ner-ear gene therapy.

TMC1 mutation

Recessive mutations in human TMCI account for 4% to 8% of genetic
deafness leading to DENB7/11 congenital HL, whereas dominant mu-
tations often lead to DFNA36 progressive HL."”®'*” TMCI and
TMC?2 are essential components of the MT channels (cationic chan-
nels with high Ca®" permeability) that are located anatomically at the
tip of the shorter stereocilia of HCs, which are responsible for trans-
ducing sound into electrical signals.'®"'%*
postnatal development of the cochlea and replaced by TMCI at the
end of the postnatal first week.'*1%* In humans, the onset of
DFNA36 mutation-mediated HL occurs at 5—28 years old, and it de-
velops profound HL at the age of 60, providing a greater temporal
window for successful therapeutic intervention. The treatment could
allow for rescuing the mid- to high-frequency hearing.'®*"'*> Beet-
hoven (Bth) mice with the p.M412K mutation are a good model for
DFNA36, whereas TMC KO mutant mice are a good model for
DENB7/11."9%1°%17 In a study by Askew et al.*, investigators tried
to rescue HL in TMCI-KO and Bth mutant mice using gene replace-
ment therapy by delivering wild-type TMCI or TMC2 using AAV2/1
vector with CBA promoter via RWM injection. AAV2/1-TMCI deliv-
ery at PO and P2 to TMCI-KO mice reestablished mechanotransduc-
tion in IHC- but not OHC-treated mice and showed no improvement
in distortion product otoacoustic emission (DPOAE; OHC), but ABR
showed a partial recovery hearing threshold. Delivery of AAV2/1-
TMC2 to Bth mice also preserved HL to the same extent as observed
by ABR in the treated mice, but it did not recover startle responses,
suggesting TMCI and TMC2 can partially substitute each other.'®’”

TMC2 is expressed early in

Another gene silencing study, using a single RWM injection (PO and
P2) of rAAV2/9 carrying artificial miRNA, inhibited the expression of
the dominant allele carrying a single missense mutation in Bth mice.
The treated Bth mice showed improved HC survival and delayed
onset of HL progression up to 35 weeks, whereas untreated Bth
mice are generally deaf by 17—21 weeks.*” The protective effect of
miRNA on HC lasted for 35 weeks, which was considerably longer
than the Vglut3 gene replacement therapy using AAV2/1, where
function deteriorates by 6 weeks. These findings were also consider-
ably longer than methionine sulfoxide reductase B3 (MsrB3) gene
replacement therapy using rAAV2/1, which lasted 3 weeks.”>*'"*
All studies performed above were at the neonatal or utero stage.
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Yoshimura et al.''® demonstrated slowing of HL progression, protec-
tion of HC, and avert stereocilia degeneration through gene silencing
using miRNA in the AAV2/9 vector using RWM injection with CF in
mature Bth mice. Bth mice treated at P15—P16 showed their ABR
threshold reduced by 50 dB over 20 weeks, P56—P60 by 30 dB, and
P84—P90 with no reduction. Treatment at P15—P16 and P56—P60
showed a protected stereocilia bundle and IHC degeneration rate,
corroborating with improved ABR results. However, treatment at
P84—P90 did not show any improvement in auditory function, sug-
gesting that the age of treated animals directly impacted therapy out-
comes. The auditory threshold of miRNA-treated mice was higher
than wild-type, indicating an incomplete rescue of function, which
may require miRNA modification or ongoing, irreversible HC loss.
This study suggested a therapeutic window between 8 and 12 weeks
post-birth.'"> Another study by Nist-Lund et al.”* showed significant
restoration of auditory and vestibular function using AAV2/
An80L65-TMC1/TMC2 with CMV promotor in the DFNB7/11
mouse model. Treated mutant mice showed restoration of sensory
transduction in THC and OHC, with improved ABR thresholds and
DPOAEs, and were able to drive auditory behavior (ie., startle
response) in treated mice. The study reported the dependence of
transduction rate on the mice’s age, which changes from 93% at P1
to 3% at P14, suggesting the efficiency reduces as the mice develop.
For evaluating vestibular function, TMC2 is located in the vestibular
organ, where it was injected at neonatal and mature stages. Significant
recovery was observed in vestibular function in both the TMC2
mutant and TMCI/TMC2 double mutant mice post-TMCI or
-TMC2 injection, both in early and the mature stage mice. TMCI
and TMC2 double mutants are deaf with vestibular dysfunction and
limited breeding efficiency, showing offspring with a lower survival
rate and stunted growth. Post-treatment, approximately 80% of litters
survived until P21, and their weights were almost equal to age-
matched wild-type pups. TMC gene therapy improved hearing and
balance and led to improved breeding success, survival, and growth
rate, indicating that it may be appropriate for clinical transition in
the treatment of recessive DENB7/11 HL.”*

In a recent study, Gyorgy et al.''> screened 14 Cas9/guide RNA
(gRNA) combinations for specific and efficient disruptions of a nucle-
otide substitution that caused the dominant-progressive HL,
DFNA36. They also identified a PAM variant of Staphylococcus
aureus Cas9 (SaCas9-KKH) that selectively and efficiently disrupted
the mutant allele, but not the wild-type Tmc1/TMC1 allele, in Bth
mice and a DFNA36 human cell line. AAV-mediated SaCas9-KKH
delivery prevented deafness in Bth mice up to 1 year post-injection.
Post-treatment mice showed robust preservation of thresholds at
low frequencies (8 and 16 kHz) but less restoration at high frequencies
(32 kHz). Analysis of current ClinVar entries revealed that ~21% of
dominant human mutations could be targeted using a similar
approach with significant improvement over previous strategies,
where hearing preservation was only modest and not sustained
even at low frequencies.''” In another recent study, Yeh et al.'''
endeavored a one-time base editing treatment strategy to perma-
nently correct the pathogenic allele in the recessive Tmcl mutation

that causes deafness. With this strategy, they were successful in revert-
ing 51% of mutant TMC1 to wild-type sequence, leading to rescue of
low-frequency hearing.''' To prevent progressive HL, two recent
studies documented the relationship between HC survival and stable
hearing thresholds, suggesting that more than 75% HC survival is
needed for stable hearing.”*'®® In this study, it was also observed
that 46% HC survival after 4 weeks was consistent with continued
progressive HL. Although the study provides new insight into gene
editing approaches as a treatment strategy for recessive mutations,
it also introduces challenges that remain to be explored, including
the exploration of the therapeutic temporal window for intervention
in mice or humans and long-term safety assessment of editing agents
delivered via viral vectors. Future studies may include improvements
to viral capsids to increase transduction efficiency, promoters to
decrease age-dependent transduction, miRNA, Cas9, PAM
sequencing, improvement in base editor expression, intron-mediated
splicing, and base editing efficiency to improve the extent of mutation
silencing/editing without off-target reactions, and improvement in
injection techniques to ensure homogeneous distribution.

Msrb3 mutation

Msrb3 deficiency of the human DFNB74 gene causes ARNSHL lead-
ing to congenital deafness.'”” Msrb3 is expressed in HCs; its defi-
ciency causes distortion of stereocilia bundle morphology and finally
apoptosis of HC, causing HL."”® A study analyzed the treatment of
Msrb3 mutant mice by delivering the Msrb3 gene in Msrb3 KO
mice (Msrb3—/—) using rAAV2/1.""" Since deafness is congenital
in Msrb3 KO mice, it was injected in utero to otocyst at E12.5, and
treated mice showed HL recovery at P28. The morphology of stereo-
cilia bundles in treated ears was similar to the control ears, and trans-
duction efficiency was very high at P28 with >90% for IHC and >83%
in OHC. Msrb3 mutant mice did not respond to click stimulus or tone
burst, whereas the treated mice showed a normal threshold similar to
the wild-type at all frequencies. The improved HL started degenerat-
ing at higher frequencies at 4 weeks post-treatment. The expression of
Msrb3 was observed mainly in HC, whereas more widespread expres-
sion may be required for the maintenance of hearing in adult mice.
Hence, for longevity, either a different AAV variant or re-administra-
tion of the same AAV can be explored. This study was the first report
of in utero AAV delivery for gene therapy of congenital HL.**

GJB2 mutation

Mutations in GJB2, or Cx26, can lead to bilateral neurosensory
ARNSHL (DFNBI1) and autosomal-dominant HL (DFNA3) in
humans.'”"'”* The GJB2 gene encrypts tetraspan transmembrane
protein Cx26, a component of the epithelial gap junction channel facil-
itating the transportation of signaling molecules between neighboring
cells."”>'7* Cx26 is hypothesized to facilitate potassium (K+) recycling
in the endolymphatic fluid to maintain the endolymph potential. The
endolymph potential in mice appeared around P5 and reached its reg-
ular level by P18."7>'7° Absence of Cx26 has been shown to lead to HC
degeneration through inadequate K+ recycling leading to apoptosis of
sensory, non-sensory, and SGN, causing progressing HL. Several stra-
tegies have been explored to restore Cx26 and rescue HL with partial
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success. Yu et al.'*’ used gene replacement via AAV2/1 delivery of

GJB2 through the scala media in conditional Cx26 KO mice. GJB2 de-
livery reduced the degeneration of HC and SGNs; however, it did not
lead to the rescue of HL. Failure to restore hearing may be due to poor
transduction or the narrowing of the therapeutic window as the
expression of Cx26 starts from E14.5, and the treatment in the present
study started on PO—PI, ie., beyond the developmental window,
which may impair functional recovery adversely.'*’ The endolymph
electrochemical environment is sensitive to physiological changes, as
demonstrated in a previous study that used an injection volume of
>8 nL in the scala media leading to swollen OHC and shrunken
THC due to a decrease in the endolymph potential. The injection of
a Na*-rich buffer in the K+-rich endolymph might interrupt mecha-
notransduction in HC, which may be why HL did not improve in
the study.'””'”® A more recent study by lizuka et al.>* explored the de-
livery of GJB2 to otic vesicle-specific Cx26 KO mice using AAV1 by
injection into the perilymph through the RWM. The strategy showed
reduced degeneration of cochlear structures and improved ABR
thresholds in treated mice. The study also revealed that the tunnel of
Corti failed to open in mutant mice, which usually opens by P10 in
wild-type mice, indicating a developmental defect.*” Gene therapy
for SGNs has also been explored in Cx26 conditional KO mice using
AV to deliver BDNF via scala media or scala tympani. The delivery
of BDNF via scala media or scala tympani can reduce degeneration
of the SGNs in the cochlea base region with rescued neurons, demon-
strating similar morphology to wild-type neurons.'”” These studies
advocate for using a combinatorial approach, i.e., gene and neurotro-
phic factors delivered by advanced viral gene therapy to rescue HL in
Cx26 mutant models.

WHRN mutation

WHRN gene codes for whirlin, a putative PDZ scaffold protein. De-
pending on the type of allele and mutation, it can cause either
ARNSHL DFNB31 or type 2 USH (retinitis pigmentosa and moderate
SNHL without vestibular dysfunction) in humans.'**'*' Whrn con-
sists of 13 exons with two major splice variants: a long isoform
(WHRN-L) that is encoded by exons 1-13 and composed of two
PDZ domains at the N terminus followed by a proline-rich domain
and a third PDZ at the C terminus and a short form (WHRN-S)
that is encoded by exons 6-13, which lacks PDZ1 and PDZ2 of the
N terminus.'*>'**'®> Whirlin protein is found in the ankle joint of
stereocilia along with other Usher type II proteins USH2A, GPR98,
and PDZD7 postnatally, whereas in the mature stage, it is present
in tips of stereocilia of HC. Myosin-XVa interacts with whirlin, and
it is required for its transportation to stereocilia tip. There has been
little success in rescuing HL from the WHRN mutation by delivering
the wild-type gene to mutant mice. WHRN—/— mice treated with
AAV2/8-WHRN long isoform injected through the RWM restored
normal stereocilia morphology, but improved auditory function
was not observed in treated mice. The absence of HL recovery may
be due to a low rate of infectivity (15% of IHC and no OHC was trans-
duced), whirlin isoform type, or when AAV was injected at PO, the
permanent damage to HC had already occurred.'”” In a follow-up
study of AAV2/8-WHRN, the long isoform was delivered through

the posterior semicircular canal. Treated mice showed improved
vestibular and auditory function with normal stereocilia morphology
comparable to wild-type mice. Cochlear IHC showed 71.7%-81.2%
transduction, whereas OHC transduction was not significant. Partial
recovery may be due to the isoform type or lower transduction rate in
OHC.""® The long isoform has been reported to restore stereocilia
length in WHRN—/— mice."** However, the short isoform of
WHRN may have a critical role in auditory functioning that needs
to be explored in the future.

Kcng1 mutation

KCNQI is a subunit of a voltage-gated K+ channel, and its mutation
leads to Jervell and Lange-Nielsen (JNL) syndrome in humans, charac-
terized by congenital bilateral profound deafness and cardiac dysfunc-
tion. In the cochlea, KCNQI and KCNEI play a pivotal role in the
transportation of K+ into endolymph and maintaining the EP."*>"'%
KCNQI is primarily expressed in the SV in the apical membrane of mar-
ginal cells.'®” Chang et al.”” explored gene replacement in JNL mutant
mice using AAV2/1 and CBA promoter via a scala media injection at
P0—P1. Endolymph delivery led to the expression of KCNQI in mar-
ginal cells of the SV, where it was primarily expressed in wild-type
mice. It showed rescued HC morphology, restoration of spiral ganglion
cells, and prevention of the collapse of Reissner’s membrane. Treated
mice also showed a normal EP, and ABR showed significant hearing
preservation, which remained until post-18 weeks treatment. Hearing
thresholds began to increase from 18 to 30 weeks, suggesting that a
one-time treatment for SV was not permanent. Future studies may
require multiple injections over time or exploration of advanced AAV
vectors to increase transduction efficiency and longevity.”*

OTOF mutation

The mutation in OTOF (cDNA ~6 kb) gene coding protein otoferlin
leads to autosomal-recessive HL, DENB9, in humans and constitutes
2%-8% of total cases of congenital HL."*® Otoferlin is a large 6 C2
domain protein indispensable for IHC exocytosis, vesicle replenish-
ment of synaptic vesicles, and linkage of calcium channels and
SNAREs (SNAP receptor, i.e., soluble NSF -N-ethylmaleimide-sensi-
tive factor] attachment protein) protein.'®”'*” AAV has been used
successfully in many gene replacement therapies for inner-ear gene
mutation-related disorders, but AAV’s limited DNA packaging ca-
pacity of 4.7 kb makes it impossible to carry larger genes like otoferlin
(cDNA ~6 kb) whole. Tertrais et al.'?’ investigated the effect of deliv-
ering mini otoferlin using AAV2/8 in OTOF KO mice through RWM
injection. Various C2 domain (mini otoferlin) combinations were
explored, showing that Otof-C2-ACEF, among others, can partially
restore readily releasable pool (RRP) exocytosis in OTOF KO mice.
However, none of the compositions recovered sustained vesicle
release components, and no rescue of HL was observed.'*" Al-Moyed
etal.”” made the first attempt to deliver large transgenes via dual AAV
using a hybrid and trans-splicing approaches encoding cDNA frag-
ments of the OTOF gene in otoferlin-deficient mice (Otof—/—).
They observed a transfection efficiency of ~75% for AAV2/6 GFP in-
jected by RWM in Otof—/— mice at P6—P7. The study revealed a dual
AAV2/6 transduction rate of 19% and 30% when treated with hybrid
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or trans-splicing dual vectors, respectively. The treated Otof—/— ears
showed full-length mRNA and protein expression, as confirmed by
western blot and PCR. The post-treatment number of synapses
improved, yet it differed from the control mice, suggesting the injec-
tion period may be too late to rescue the synapse numbers. Further,
ABR of treated Otof—/— mice showed partial recovery of auditory
function, as it depends on the recombination event rather than the
transduction process. Prior gene therapy research has reported that
for normal auditory function, at least ~70% IHC transduction is
required, but in this study, a maximum transduction of only 30%
was observed.'”’

In a recent study, Akil et al.”® reported an interesting observation of
the reversal of the deafness phenotype in Otof—/— mice using the
dual AAV approach. In this study, the AAV2 vector was modified
to AAV2 quadY-F with a CMV promoter based on prior work, which
demonstrated increased transduction efficiency in the retina.'”> The
virus injected at P2 through the RWM revealed 78% + 6% transduc-
tion in the IHC post-2 weeks of treatment, revealing its potential as an
agent for gene delivery to the inner ear. Otoferlin was divided into two
split cDNA sequences containing a recombinogenic bridging
sequence and packaged in two AAV vectors. Dual AAV was injected
once through RWM of Otof—/— mice at P10 (before the onset of
hearing), P17 (after the onset of hearing but IHC synapses still under
maturation), and P30 (cochlea is matured). Post-P10 injection-
treated mice displayed rescue of HL, and the ABR threshold did
not vary significantly from control. Injection at P17 and P30 led to
a higher transduction rate of 82% + 9% and 85% =+ 7%, respectively,
compared to the P10-injected mice. ABR thresholds for P17- and
P30-injected mice were similar to control mice post-3 weeks of treat-
ment, and restoration was sustained until 20 weeks post-injection.
The number of ribbons per ITHC in transduced cells injected at P17
or P30 was higher than non-transduced cells, indicating that the
gene therapy augmented the production of ribbons rather than
limiting their degeneration. This local gene delivery not only rescued
HL when delivered before the onset of hearing but also reversed HL in
a sustained manner when delivered at post-hearing onset or matura-
tion, suggesting a large therapeutic window for the treatment of
DENB9.”

Pejvakin (PJVK) mutations

The PJVK gene (2q31.1-q31.3) encodes for protein pejvakin in verte-
brates, and it is involved in the oxidative stress-induced proliferation
of peroxisomes (essential organelles in redox homeostasis of the audi-
tory system), primarily due to neuronal defects. Mutations in this
gene cause DFNB59, a recessive auditory neuropathy that causes
non-progressive NIHL in humans."'”'*> When murine pejvakin
cDNA was transferred to PJVK KO mice using AAV8 by RWM injec-
tion at P3, the treated mice at P21 had normal ABR latencies (inter-
wave I—IV latencies), and their electrically evoked brainstem
response (EEBR) wave-E IV amplitude was indifferent to controlled
electrical stimulation. AAVS8 post-injection transduced primary
cochlear ganglionic neurons (cochlear ganglion neurons) but not
the HC, confirming the defect was of neuronal origin.'"”

USH1G mutations

USHIG encodes the sub-membrane scaffold protein SANS, which is
anatomically localized at the stereocilia tip, an essential component of
mechanotransduction and the sensory antenna of IHC."**'** Emptoz
etal.''® delivered SANS cDNA using AAVS8 via RWM injection using
a CAG promoter at P2.5. The transgene delivery in KO mice restored
sans protein in the tip link of IHC, OHC, and vestibular HC, hence
rescuing mechanotransduction and vestibular dysfunction and
improving their hearing threshold. Partial HL restoration was
observed in treated mice, which started degenerating approximately
12 weeks post-injection. Partial recovery may be due to lower trans-
duction of cochlear HC compared to vestibular HCs in this study.''®

SLC26A4 mutations

SLC26A4 gene encodes for protein pendrin, a Cl and HCO3 anion
exchanger, which facilitates inner-ear fluid homeostasis. 195196 1t mu-
tation accounts for the second-most predominant cause of genetic HL
after G/B2 mutations, and it is associated with both vestibular aque-
duct enlargement (EVA), causing non-syndromic HL (DFNB4),
and thyroid goiter-associated SNHL (Pendred syndrome).'*”'”® Pen-
drin is expressed in the SV (spindle cells), cochlea (outer sulcus and
spiral prominence cells), and vestibular labyrinth (transitional
cells).’?>**° Kim et al.'' delivered AAV2/1-CMV-Slc26a4 to the
otocyst of KO Slc26a4A/A, a knock-in Slc26a4tm1Dontuh/tm1Don-
tuh mutant mice at E12.5. Post-treatment, transient expression of
pendrin cDNA prevented membranous labyrinth enlargement and
rescued HL. However, the recovery was unstable as degeneration in
hearing was observed around 3—11 weeks of age. Also, the treatment
failed to rescue otoconia development and restoration of vestibular
function. Viral transduction was observed in the endolymphatic
sac, but it failed to transduce cochlear and vestibular organs, which
may be responsible for the study’s observation. An extended period
or higher expression of pendrin in the endolymphatic sac may be
essential to restore auditory and vestibular function, depending on

the viral vector used and biology of mutation in the inner ear.'"”

TRANSLATING TO CLINICS

The success achieved using gene therapy in animal models needs
careful consideration for translation to the clinics as a therapeutic
strategy for human application.

Safety and efficacy

Concerns related to the efficacy and safety of an approach is of utmost
importance for clinical transition. As explored in various genetic
studies, the efficacy depends on the route of administration, vector
type, and volume of delivery vehicle administered, which must be
analyzed in the human inner ear. Along with efficacy, safety data
regarding the effects of overexpression or silencing a gene of interest
and its pharmacology and toxicological parameters post-gene deliv-
ery are significant concerns. As discussed previously, there is a clinical
window for the treatment of inner-ear anomalies using gene therapy,
and it will be crucial to analyze the critical period for the best results
along with other factors. Aside from expression profiles, longevity
needs to be carefully assessed, since it has been observed in animal
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models that the effect is for a finite time period, which varies with vec-
tor type, the gene of interest, and route of administration.

The genetic similarity between mouse and human has led to various
pre-clinical gene therapy studies in the mouse model. Genetically
modified mice allow the development of almost any monogenetic dis-
ease model enabling the analysis of gene function or regulation and
the underlying mechanisms of clinical diseases. Also, since the mice
strains are highly inbred, they facilitate homogeneous conditions in
which experiments can be easily reproduced, and statistical signifi-
cance can be achieved, as evidenced by the large volume of literature
using mice models. Additionally, they are small, relatively economical
to maintain, and produce large litters with a short generation time.
However, there are limitations to mouse models, as they may fail to
fully imitate clinical signs and substantial pathologic hallmarks of hu-
man disease. Further, longitudinal studies are not possible because of
their short lifespan.”’’2°* Hence, large animal models such as non-
human primates may complement the murine studies of human ge-
netic diseases, as they have a longer lifespan, and their genetics and
background genetic heterogeneity are more closely related to humans
when compared to mice.””>*° Further, large animals can also address
scaling up issues, since the size of their tissues and organs will be com-
parable, unlike mice, where there is a many-fold size difference. Addi-
tionally, owing to the longevity and size, it facilitates more samples
from an individual for evaluating the safety and long-term efficacy
of concerned therapy. Large animal models represent an important
intermediatory step in the preclinical evaluation of human-directed
gene transfer protocols.

Explored genetic strategy should meet the minimal criterion to be
accepted by the US Food and Drug Administration (FDA; i.e., resid-
ual DNA quantity should not be <10 ng/dose or DNA size <200 bp
set for biological drugs or cell substrate). Clinical translations can be
supported by relevant in vitro studies in human tissue (i.e., cultured
ex vivo inner-ear tissue), or organoids from human pluripotent cells
can be a viable platform for smooth translation to clinics. In this
context, two studies have confirmed targeting and transducing hu-
man vestibular hair using an AV vector with or without the encoded
therapeutic gene.””*%” Another study reports the successful develop-
ment of inner-ear organoids from human pluripotent stem cells con-
taining functional HCs.**" Although genetic deafness studies are not
possible with these models currently, they may provide valuable
insight into vector targeting, gene/protein expression, localization,
and toxicological data in human tissue in vivo.

Clinical trials

The transition from bench to bedside for AAV-mediated gene therapy
took its first steps in 2008 when the efficacy of gene therapy was
demonstrated to treat Leber congenital amaurosis. Three successful
clinical trials were completed regarding the safety of a subretinal injec-
tion of retinal pigment epithelium-specific 65-kDa protein (RPE65)-
expressing AAV vector for Leber congenital amaurosis.****'" These
trials paved the way for the first FDA-approved gene therapy product
in 2018, LUXTURNA (voretigene 1'1eparvovec-rzyl).212 To date, this

AAV-mediated gene therapy remains one of two FDA-approved
gene therapies alongside Zolgensma (ACXS-101), which was
approved in 2019 for spinal muscular atrophy (SMA) treatment. Since
its approval, there have been multiple clinical trials studying AAV-
mediated gene therapy in the eye. However, there have only been
two trials involving SNHL, which will be discussed in this review.
The discrepancy between the progress of ocular and SNHL gene ther-
apies has mostly been attributed to the earlier preclinical success and
the increased accessibility of the eye for treatments relative to the co-
chlea. Based on the experience gained through ocular gene therapy,
there has been a preemptive movement to define and categorize
SNHL etiologies into four stages of cellular degeneration.” The stages
outline the level of cellular damage present in the inner ear, which may
offer a standardized approach for researchers to categorize SNHL eti-
ologies and preclinical studies to direct future clinical work.

ClinicalTrials.gov: NCT02132130 is the first clinical trial to date using
AV gene therapy to treat severe-to-profound HL in patients with
documented, non-fluctuating HL with intact vestibular functioning
in their nonoperative ear. It assesses the safety, tolerability, and effi-
cacy of intra-labyrinthine (IL) infusion of CGF166 (AV5 encoding
human atonal transcription factor [Hathl]) directed by Novartis
Pharmaceuticals. It is expected that forced ATOHI expression in
HL patients may transdifferentiate remaining SC to functional HC,
leading to rescue of HL, as observed in non-mammalian vertebrates.
The study was completed in December 2019, and information
regarding analysis and outcomes is still awaited at the time of review.
Another clinical trial, ClinicalTrials.gov: NCT03996824, is a prospec-
tive observational study focusing on the in vitro AAV transduction in
human inner-ear cells collected during non-conservative surgeries for
vestibular schwannoma. Immunostaining techniques will measure
AAV transduction post-10 days of treatment. Currently, this study
is recruiting patients with an anticipated end date in February 2022.

Challenges

With 10 years set between the first successful clinical ocular gene ther-
apy trial in 2008 and its FDA approval in 2018, we do not expect the
human application of cochlear gene therapy to be occurring anytime
soon. Although gene therapy of monogenic disease using AAV has
become feasible, the high cost and risks involved with AAV-based
investigational new drugs (INDs) discourage investigators from tran-
sitioning to clinical trials. For instance, Glybera, the first approved
gene therapy drug in the European Union, costs 1 million euros
(US $1.2 million) per patient and is still the most expensive drug glob-
ally. Luxturna, which was launched in 2017 in the United States, costs
$425,000 per eye treatment and has a similarly high price tag.*"’
Other than the high economic costs involved, it also deals with hur-
dles regarding the purification of AAV in large scale, removal of the
empty capsid, and lack of quality-control techniques to avoid batch-
to-batch variations of vector titer.

CONCLUSION AND FUTURE DIRECTIONS
Exponential growth in clinical trials based on AAV vectors suggests
that it is just the beginning of a new era in treating human ailments
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by manipulating viral vectors. Although several challenges still exist,
advancement in gene regulation and gene editing will augment the
specificity and efficacy of gene therapy in the future. Heterogeneity
is the major challenge in genetic HL treatment, as several factors affect
the efficacy of treatment like the therapeutic window, targets, target-
ing molecules, and protein function, which are still under discussion.
Recent advancements in the development of synthetic AAV and so-
phisticated techniques like AAV capsid modification using targeting
molecules (peptide) of interest can tailor their expression profile and
increase the probability of wholesale clinical efficacy. Also, hybrid
vectors like virosomes have been reported for their superior efficacy
compared to their respective parent virus, and it may be interesting
to study AAV virosomes modified with targeting molecules for trans-
duction efficacy in the near future. With the consideration of the high
economic costs involved with this research, there is an increasing in-
terest from government-funding agencies, industry, private founda-
tions, patients, and doctors. Companies like AGTC (Applied Genetic
Technologies), Akouos, Rescue Hearing, Novartis, and Decibel Ther-
apeutics are currently engaged in preclinical/clinical trials to treat HL.
Likewise, Casebia Therapeutics is involved in preclinical testing of
CRISPR-Cas9 for HL treatment. Despite the hurdles, there have
been significant breakthroughs in the path of HL gene therapy, hold-
ing great potential for providing novel and effective treatment to pa-
tients for improving their quality of life.
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