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Hearing loss, including genetic hearing loss, is one of the most common forms of sensory deficits in
humans with limited options of treatment. Adeno-associated virus (AAV)-mediated gene transfer has been
shown to recover auditory functions effectively in mouse models of genetic deafness when delivered at
neonatal stages. However, the mouse cochlea is still developing at those time points, whereas in humans,
the newborn inner ears are already fully mature. For effective gene therapy to treat genetic deafness, it is
necessary to determine whether AAV-mediated therapy can be equally effective in the fully mature mouse
inner ear without causing damage to the inner ear. This study tested several AAV serotypes by cana-
lostomy in adult mice. It is shown that most AAVs transduce the sensory inner hair cells efficiently, but
are less efficient at transducing outer hair cells. A subset of AAVs also transduces non-sensory cochlear
cell types. Neither the surgical procedure of canalostomy nor the AAV serotypes damage hair cells or
impair normal hearing. The studies indicate that canalostomy can be a viable route for safe and efficient
gene delivery, and they expand the repertoire of AAVs to target diverse cell types in the adult inner ear.
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INTRODUCTION

HEARING LOSS IS ONE of the most common forms of
sensory deficits, affecting 360 million people (5% of
the world’s population), including 32 million chil-
dren (www.who.int/en/). Hereditary hearing loss
occurs at a frequency of 1 in 500 newborns, ac-
counting for 70% of congenital sensorineural hear-
ing loss.»? In recent years, major advances have
been made in the identification of genes in which
mutations cause genetic hearing loss. More than
100 deafness genes have been identified so far
(http://hereditaryhearingloss.org/). In contrast,
there is no medical treatment for severe hearing loss
beyond cochlea implants. There is thus an urgent

need to develop treatments for hearing loss due to
the discovery of increasing number of deafness
genes. Such treatments may include the supple-
ment of missing genes, correction of gene muta-
tions, drug treatment, and prenatal and pre-
implantation diagnosis of genetic hearing loss.?
Gene therapy has emerged as a new platform of
treatment for hereditary diseases,*® including
genetic hearing loss. Viral vector-mediated gene
therapy is most commonly used to supplement
normal copies of genes whose functions have been
lost. For the inner ear, various viral vectors have
been studied for gene delivery in vivo, including
adenovirus,'%1! adeno-associated virus (AAV),12-22
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helper-dependent adenovirus,?® bovine adeno-
associated virus,’® and herpes simplex virus.**
Among them, AAV-mediated gene therapy has
demonstrated recovery of auditory functions in
mouse models of genetic deafness with good effi-
cacy, safety, and long-term effects, particularly by
targeting the auditory sensory cells, hair cells
(HCg).12-13,20,22

Different AAV serotypes have been successfully
delivered into the neonatal mouse inner ear to
target a wide range of cell types, including HCs,
supporting cells (SCs), stria vascularis, and audi-
tory neurons,?*?® providing opportunities to treat
genetic hearing loss due to defective genes in dif-
ferent cell types. Routes of AAV delivery into
the neonatal inner ear include cochleostomy or
through the round window membrane (RWM),
which direct the delivery into scala media or scala
tympani, respectively.?® While similar approaches
have been studied for adult inner-ear delivery, the
results were less encouraging due to damage to
inner-ear cells, particularly HCs, and consequent
hearing loss. Application of gene therapy to treat
genetic deafness requires the delivery into the
mature inner ear, as human newborn inner ears
are fully developed. Further, the inner-ear cell
types targeted by AAVs could be different in neo-
natal and adult stages. It is therefore essential to
establish the tropism of AAV vectors in the adult
mammalian inner ear, as well as an efficient de-
livery route that does not damage inner-ear cells
and preserves normal hearing. A recent study of
AAV delivery via the posterior semicircular canal
(PSCC) provided a safe and efficient delivery method
for the adult mouse inner ear,?® supporting that the
PSCC could be explored for the delivery of diverse
AAV vectors.

Previously, 12 AAV vectors were screened in
the neonatal and adult mouse inner ear by co-
chleostomy, and significant damages were shown
to be induced in the adult inner ear.?® To identify
effective and safe transduction of AAV vectors into
the adult mouse inner ear, eight AAV serotypes
and one adenovirus were selected for adult delivery
by canalostomy. High-efficiency transduction of
HCs was shown, especially inner hair cells (IHCs),
by most of the AAVs, whereas outer hair cells
(OHCs) are less permissive to gene transfer with
most AAVs. Further, other adult inner-ear cell
types infected by a subset of AAVs were identified.
Importantly, canalostomy does not damage HCs or
impair normal hearing. The study demonstrates
that multiple AAV vectors can be safely and effi-
ciently delivered via canalostomy into the adult
mouse inner ear while preserving normal hearing.

MATERIALS AND METHODS
Mice

All procedures met the National Institutes of
Health guidelines for the care and use of laboratory
animals, and were approved by the Massachusetts
Eye and Ear Infirmary IACUC committee. Ten-
week C57BL/6J male mice were purchased from
the Jackson Laboratory (Bar Harbor, ME). Eight-
week CD1 mice were purchased from Charles River
Laboratories (Wilmington, MA). The mice were
randomly assigned to the different experimental
groups, with at least three mice in each group.

Production of virus

AAVs of different serotypes, including AAV1, 2,
6.2, 8, 9, rh.39, and rh.43, were produced at Horae
Gene Therapy Center of University of Massachu-
setts Medical School (Worcester, MA). All AAVs
have a green fluorescent protein (GFP) reporter
under the control of a chicken beta-actin promot-
er.?53% The titers of each AAV were 1.8x10'3,
1x10",8x10%,9x10", 1x 10", 1x 10", and 6x 102
genome copies (GCs)/mL, respectively. AAV2/
Anc80L65.CMV.EGFP.WPRE (AAV2/Anc80165)%’
was produced at the Gene Transfer Vector Core
within the Grousbeck Gene Therapy Center of
Harvard Medical School (Boston, MA; http:/
vector.meei.harvard.edw/) with a titer of 5.6x 10"
GCs/mL. Ad5-CMV-EGFP was purchased from
Baylor College of Medicine (Houston, TX) with a ti-
ter of 4x 10'? plaque-forming units (pfu)/mL.

Microinjection system

A fine polyimide tube (inner diameter 0.0039
inch, outer diameter 0.0050 inch; MicroLumen,
Tampa, FL) was connected to a glass micropipette
(WPI, Sarasota, FL) and held by a Nanoliter 2000
micromanipulator (WPI). The release speed was
179 nL/min, controlled by a MICRO4 microinjec-
tion controller (WPI). The total virus volume was
1 or 2 uLL without dilution for each injection.

Canalostomy

Mice were anesthetized using an intraperitoneal
injection of xylazine (10mg/kg) and ketamine
(100 mg/kg). The right post-auricular region was
shaved and disinfected with 10% povidone-iodine.
Under the operating microscope, a 10 mm post-
auricular incision was made, and the right pinna
and sternocleidomastoid muscle were extracted to
expose the PSCC, located in the margin of temporal
bone. A small hole was drilled in the PSCC with a
Bonn micro probe (Fine Science Tools, Foster City,
CA) and then left open for a couple of minutes until
there was no obvious perilymph leakage. The tip
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of the polyimide tube was inserted into the PSCC
toward the ampulla, and tissue adhesive (3M Vet-
bond, St. Paul, MN) was used to seal the hole. The
tightness of the seal was visually confirmed by
the absence of perilymph leakage. After injection,
the tubing was cut, and approximately 5mm of
tubing was left connected to the PSCC. The resid-
ual tubing was sealed by tissue adhesive, and then
the skin was closed with 5-0 Ethilon suture (Ethi-
con, Inc., Somerville, NJ). The total surgery dura-
tion was approximately 20 min, including a 6 min
injection period.?®

Auditory testing

Two weeks after injection, auditory brainstem
response (ABR) and distortion product otoacoustic
emissions (DPOAE) recordings were conducted, as
described previously,?>3! at 32°C in a soundproof
chamber. Mice were anesthetized by intraperi-
toneal injection of xylazine (10 mg/kg) and keta-
mine (100 mg/kg). Acoustic stimuli were delivered
through a custom acoustic assembly consisting
of two miniature dynamic electrostatic earphones
(CDMG15008-03A, CUI) to generate primary
tones and a miniature microphone (FG-23329-
PO7, Knowles) to record ear-canal sound pressure
near the eardrum. Custom LabVIEW software
controlling National Instruments 24-bit sound-
cards (6052E) generated all ABR/DPOAE stimuli
and recorded all responses.

To measure ABRs, needle electrodes were in-
serted at the vertex, the ventral edge of the pinna,
and a ground reference near the tail. ABR potentials
were evoked with 5ms tone pips (0.5 ms rise—fall
with a cos2 onset, delivered at 35/s). The response
was amplified (10,000x), filtered (100 Hz—3kHz)
pass-band, digitized, and averaged (1,024 re-
sponses) at each SPL. The sound level was raised in
5 dB steps from 30 dB (below typical threshold) up to
90dB SPL at frequencies from 5.66 to 45.25 kHz (in
half-octave steps). Upon visual inspection of stacked
waveforms, “threshold” was defined as the lowest
SPL level at which any wave could be detected.
Threshold was defined as 95dB SPL if no wave ex-
hibited at 90 dB SPL.

To measure DPOAEs, the cubic distortion
product was recorded in response to primaries f1
and {2, and the primary tones were set so that the
frequency ratio (f2/f1) was 1.2 and so that 2 level
was 10dB SPL below f1 level. For each f2/f1 pri-
mary pair, primaries were swept in 5dB steps
from 20 dB SPL to 80 dB SPL (for £2). At each level,
the amplitude of the DPOAE at 2f1-f2 was ex-
tracted from the averaged spectra, along with the
noise floor. Threshold was computed by interpolation

as the f2 level required to produce a DPOAE at
5dB SPL.

Immunohistochemistry

All injected and non-injected cochleae were
harvested after animals were sacrificed by CO,
inhalation, immediately after ABR/DPOAE mea-
surement. Temporal bones were fixed in 4% para-
formaldehyde at 4°C overnight and then decalcified
in 120 mM of EDTA for atleast 5 days. The cochleae
were dissected in pieces from the decalcified tissue
for whole-mount immunofluorescence. Tissues were
infiltrated with 0.3% Triton X-100 and blocked with
8% donkey serum for 1h before primary antibodies.
They were incubated with 1:500 rabbit anti-MYO7A
(#25-6790; Proteus BioSciences, Ramona, CA), 1:750
chicken anti-GFP (ab13970; Abcam, Cambridge,
United Kingdom), and 1:350 goat anti-SOX2 (sc-
17319; Santa Cruz, Dallas, TX) overnight at room
temperature, and then secondary antibodies for 1h
after three rinses with phosphate-buffered saline.
All Alexa Fluor secondary antibodies were from In-
vitrogen (Carlsbad, CA): goat anti-chicken Alexa
Fluor 594 (A-11042), donkey anti-goat Alexa Fluor
647 (A-21447), and donkey anti-rabbit Alexa Fluor
647 (A-31573) were used at 1:500 dilution. DAPI
(5mg/mL, D3571; Life Technologies, Carlsbad, CA)
was added in secondary antibodies at 1:500 dilution.
Specimens were mounted in ProLong Gold Antifade
Mountant medium (P36930; Life Technologies).

Cell counting quantification

Confocal images were taken with a Leica TCS SP5
microscope using a 20 xor 63X glycerin-immersion
lens. For IHC and OHC counting, z-stacks were ac-
quired by maximum intensity projections of z-stacks
for each segment by Imaged, and composite images
showing the whole cochlea were constructed in
Adobe Photoshop. A frequency map was constructed
for each cochlea by measuring the spiral extent of all
the dissected cochlear pieces and converting cochlear
location to frequency using a plug-in of Imaged
(www.masseyeandear.org/research/ent/eaton-pea
body/epl-histology-resources/imagej-plugin-for-
cochlear-frequency-mapping-in-whole-mounts/).
MYO7A-positive THCs and OHCs and non-HC
cells (by position and morphology) were counted in
aregion spanning 200 um at different frequencies.
All MYOT7A-negative cells from the limbus to the
edge of outer sulcus are considered non-HC cells.
Those non-HC cells in the sensory epithelia are
SCs. They include inner border cells (IBCs), inner
phalangeal cells (IPhCs), inner and outer pillar
cells (IPCs and OPCs), Deiters’ cells (DCs), and
Hensen’s cells (HeCs).
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Statistical analysis

Statistical analyses were performed using Prism
v6.0 (GraphPad Software, San Diego, CA). Analysis
of variance (ANOVA) with Bonferroni corrections
was used for multiple comparisons followed by
pair-wise comparisons for ABRs and DPOAEsSs,
and Student’s ¢-test for quantification of HC sur-
vival and virus transduction efficiencies.

RESULTS
AAVs transduce cochlear HCs in adult mice

It has previously been shown that AAV delivery
into the adult mammalian cochlea via cochleostomy
induces significant HC death, particularly in
OHCs.'*%5 Compared to cochleostomy, canalostomy
has been shown to be a safer route for gene delivery,
with no HC death after injection.?® The main aims of
this study were to use canalostomy to deliver dif-
ferent AAV serotypes into the adult cochlea, and to
evaluate the transduction of AAVs in cochlear cell
types and the potential impact on normal hearing.

Eight AAV vectors of different serotypes were
used (AAV1, 2, 6.2, 8, 9, rh.39, rh.43, Anc80L65).
These were injected into the 10-week-old adult
mouse cochlea by canalostomy, and auditory func-
tion was studied two weeks post injection followed
by evaluation of AAV transduction in the cochlea.
Immunohistochemistry was performed with an
anti-GFP antibody to detect GFP, in addition to
endogenous AAV-mediated GFP expression. HCs
were labeled by HC marker MYO7A. Each adult
cochlea was dissected into pieces for imaging, and
infected cells and HC survival were evaluated ac-
cording to the mouse cochlea frequency map.>?

In the auditory system, IHCs function by con-
verting mechanical stimuli of fluid vibrations of the
cochlea induced by sounds into electrical signals,
whereas OHCs are responsible for amplification of
the vibrations in the cochlea that are transduced by
IHCs.?® By canalostomy, injected AAVs traveled
from apex to base in a gradient, which may result
in different infection rates along the length of the
cochlea.

We first injected AAVrh.43 into 10-week-old adult
mouse cochlea, and analysis was performed 2 weeks
later. Overall, one row of IHCs and three rows of
OHCs were arrayed regularly across the entire
length of the cochlea in the injected ear, shown in
the representative regions of the apex (correspond-
ing to the frequencies 5.66-8 kHz), middle (corre-
sponding to the frequencies 16-22.64 kHz), and base
(corresponding to the frequencies 32-45.25 kHz), an
indication that no major HC death was induced
by adult cochlea injection or AAV infection (Fig. 1).

There was uniform IHC infection by AAVrh.43
across the cochlea, with more than 25 ITHCs per
200 yum (representing 93.2-99.2% of all IHCs) be-
coming GFP" (Table 1). The highest GFP intensity
was found in the apex, corresponding to the low-
frequency region, while the lowest GFP intensity
was in the base, corresponding to the high-frequency
region, suggesting that either the number of AAV
particles entering IHCs diminished as the AAV
traveled from apex to base, or the regional IHCs with
different characteristics reacted differently to AAV
infection (Fig. 1). OHCs were largely devoid of GFP
signal. In addition, AAVrh.43 consistently infected
HeCs in the base, a SC subtype within the sensory
epithelium (Fig. 1G-I).

Subsequently, seven AAV vectors were studied.
Among them, five AAVs (AAV2, 2/Anc80L65, 8, 9,
and rh.39) infected IHCs with different efficiencies.
High-efficiency transduction was detected with
AAV2, with 25.5+1.5-26.7+0.5 GFP" IHCs per
200 yum (~95% of IHCs) in the cochlear regions that
correspond to the sounds of 8, 11.32, and 22.64 kHz
(Fig. 2A—C). The transduction efficiency was slightly
lower in other cochlear regions, shown by fewer
GFP" IHCs (24.2+4.9 [5.66 kHz], 23.4+ 0.5 [16 kHz],
23.1+4.6 [32kHz], and 13.1+10.0 [45.25kHz] per
200 um, respectively; Table 1). AAV2/Anc80L65, a
predicted ancestor of the AAV serotypes 1, 2, 8, and
9 by evolutionary lineage, has been shown to infect
IHCs and OHCs efficiently in neonatal cochlea®*
through RWM and canalostomy. In the adult cochlea,
AAV2/Anc80L65 transduced more than 26 IHCs per
200 um (96% of all IHCs) in low-frequency regions
(5.66-16kHz), and 21.9-24.1 THCs per 200 ym (81—
89%) in high-frequency regions (22.64-45.25kHz).
AAVS8 and AAVY transduced THCs in all cochlear
regions, but at lower rates: AAVS8 transduced 21.7—
24.9 THCs per 200 um (80-92%) in the regions cor-
responding to 16-22.64kHz (Fig. 2G-I), and 16.5—
19.4 THCs per 200 um (61-73%) for the remaining of
cochlea. AAV9 transduced 13.3-16.8 IHCs per
200 um (49-62%) in all cochlear regions, with the
exception of 24.1+5.2 transduced IHCs per 200 yum
(89.4+18.6%) at the region corresponding to
22.64 kHz (Fig. 2J-L; Table 1). AAVrh.39 transduced
15.0-20.3 THCs per 200 um at 5.66, 11.32, 22.64, and
32kHz, with lower efficiency at other frequencies
(Fig. 3 and Table 1). AAV1 and AAV6.2 infected only
THCs with low efficiency and a low level of GFP ex-
pression (Fig. 3 and Table 1).

Generally, AAVs transduced adult OHCs less
efficiently than IHCs. AAV2 and 2/Anc80L65 trans-
duced some OHCs, with a low level of GFP expression
in the adult cochlea. After AAV2 injection, 5.8-16.6
GFP* OHCs per 200 um (7-21%) were identified from
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Apex

Middle

Base

Figure 1. Adeno-associated virus (AAV) rh.43 transduced inner hair cells (IHCs) uniformly throughout the cochlea in adult mice. Hair cells (HCs) were
labeled with MYQO7A (red). Two weeks after injection via the posterior semicircular canal (PSCC), whole-mount immunofluorescence showed that virtually
all the IHCs were green fluorescent protein (GFP) positive from apex (A-C), to middle (D-F), to base (G-l), with more intense GFP signals in the apical turn.
AAVrh.43 also infected Hensen's cells (HeCs). Some non-sensory cells medial to IHCs were also infected. No HC death was observed throughout the

cochlea. Scale bars: 100 um.

the region corresponding to 5.66-22.64 kHz. AAV2/
Anc80L65 infected more OHCs than AAV2, with
32.2-57.4 GFP* OHCs per 200 yum (39-71%) in low
and middle frequencies, and showed a gradient of
decrease from apex to base turn (Fig. 2D and Table 1).
Minor OHC death was observed by the number of
missing OHCs in AAV2/Anc80L65-infected cochlea
(1.31£0.9%; Fig. 2D-F). AAVS infected only 1.5+ 1.7
OHCs per 200 um at 5.66 kHz (Fig. 2G-I and Ta-
ble 1). AAV1, 6.2, 9, rh.39, and rh.43 did not infect
OHCs (Figs. 1, 2J-L, and 3A-I, and Table 1).

AAVs infect SCs and other
non-sensory cells in adult mice

The mammalian cochlea consists of multiple non-
sensory cell subtypes, including SCs and auditory
neurons, all of which play essential functions in
hearing. SCs maintain homeostasis of the ionic

environment in the endolymph and perilymph, and
modulate extracellular matrixes.®® SCs such as pil-
lar cells and DCs provide a structural scaffold to
enable mechanical stimulation of sensory HCs. The
most commonly mutated gene resulting in human
deafness, GJB2, is essential in gap junctions and is
primarily expressed in SCs of the inner ear.3¢

In the sensory epithelium, AAV1, 6.2, and rh.43
transduced SCs more efficiently than other viru-
ses. AAV1 transduced 35.1-42.7 SCs per 200 um
at 5.66 and 8kHz, and 8.0-19.1 SCs per 200 um,
including DCs and HeCs at middle and high fre-
quencies. AAV6.2 transduced 42.3-67.3 SCs per
200 um, including IBCs from apex to base, except at
5.66kHz (30.7+5.1) and at 45.25 kHz (31.0+£29.5).
AAVrh.43 transduced 17.4-23.8 SCs per 200 um,
including HeCs throughout the whole cochlea
(Fig. 4 and Table 2).
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Table 1. Efficiency of HC infection by AAV injection through canalostomy

Number/percentage of GFP* HCs by frequencies (kHz)

Serotype Cell type 5.66 8 16 22.64 32 4525
AAV1 [HC 28+04 21405 12403 32+13 18402 19402 13403
104+1.3% 7.9+2.0% 44+1.0% 11.8+4.7% 6.6+0.9% 7.0+0.6% 49+12%
OHC 0 0 0 0 0 0
AAV2 IHC 242449 258422 26.7+05 234405 255+15 23141486 13.1+£10.0
89.6+18.0% 95.4+8.0% 98.9+1.9% 86.5+13.9% 94.4+57% 85.5+17.0% 48.5+36.9%
OHC 16.6+£13.0 9.8+£10.0 87179 58124 6.8+6.2 13413 0
20.5+16.0% 121+12.3% 10.8+£9.7% 714£3.0% 8.4+77% 16+£16% 0.1£0.2%
AAV2/Anc80L65 IHC 26.4+1.0 26.6+0.7 26.0+09 266+0.7 219485 241450 227441
97.84+3.8% 98.4%+2.7% 96.3+3.2% 98.4+2.7% 81.1+31.3% 89.3+18.5% 84.1+15.1%
OHC 5744235 5444231 54.8+25.1 3224257 12.3+£109 8.4+147 20+35
70.9+29.8% 67.2+285% 67.7+31.0% 39.7+£31.7% 15.2+13.4% 104+18.1% 25+43%
AAV6.2 HC 26104 32+05 12403 08+0.2 11402 0702 09402
96+1.3% 1.9+1.7% 44+1.0% 3.14+0.8% 4.0+0.9% 26%0.6% 33+0.7%
OHC 0 0 0 0 0 0
AAV8 IHC 16.8+2.1 16.5+5.1 194146 21.7+£34 249+5.0 196+74 17.8+134
62.2+7.7% 61.0+18.9% 71.7+£16.9% 80.3+£12.7% 92.4+18.6% 72.6+27.5% 65.9+49.7%
OHC 15+16 0 0 0 0 0
55%6.1% 0 0 0 0 0
AAV9 IHC 16.8+2.2 159+2.1 16.4+3.2 16.7+5.1 241450 133132 15.4+8.3
62.2% +8.0% 58.8% +7.6% 60.6% +11.8% 61.8%+19.0% 89.4+18.6% 49.3+11.9% 56.9+30.7%
OHC 0 0 0 0 0 0
AAVrh.39 [HC 15.0+4.2 114+£32 203432 98+13 178120 165121 99+46
55.6+15.7% 423+12.0% 75.0+11.8% 36.2+4.7% 65.9+7.5% 61.1£7.9% 36.6+£17.2%
OHC 0 0 0 0 0 0
AAVrh.43 IHC 26.8+04 252+08 255+22 250+17 254+18 255+1.1 258+15
99.2+1.4% 93.2+3.1% 94.4+8.2% 92.7+£6.1% 94.2+6.4% 94.3+3.9% 95.6+5.6%
OHC 0 0 0 0 0 0

The infected cells are indicated by the number per 200 um as well as by the percentage of all respective HCs.
HC, hair cells; AAV, adeno-associated virus; GFP, green fluorescent protein; IHC, inner hair cells; OHC, outer hair cells.

AAV2, 2/Anc80L65, 8, and rh.39 transduced
some SCs with lower efficiencies. AAV2 transduced
4.5-11 OPCs per 200um at lower frequencies
(5.66-11.32kHz). AAV2/Anc80L65 infected 4.0-
14.6 SCs per 200 um, including HeCs across all
frequencies. AAVS8 transduced 10.2-22.1 SCs per
200 um, including HeCs at all frequencies, except
32kHz (6.8+7.6). AAVrh.39 transduced 7.9-16.8
SCs per 200 ym, including pillar cells and IBCs at
5.66-11.32kHz, and 1.7-3.2 SCs per 200 um at
other frequencies (Table 2). AAV9 rarely trans-
duced non-HCs in sensory epithelia.

AAV2/Anc80L65 and 8 also transduced non-
sensory cells, including Claudius cells outside the
sensory epithelial region. AAV2/Anc80L65 trans-
duced more cells in low and middle frequencies,
while AAVS8 had a higher transduction rate from
middle to high frequencies (Table 2).

It is known that in the neonatal cochlea, AAV
injected in one ear can migrate to the contralateral
side.?” To determine if AAVs delivered by cana-
lostomy in adults have similar features, the unin-
jected ear was examined for signs of infection 2
weeks after AAV injection to the contralateral ear.
In all AAV-injected animals, no GFP-positive cells

were observed by antibody labeling, even in the
AAV2- and AAV2/Anc80L65-injected animals with
high GFP expression level in the IHCs (Fig. 3SM-0).
Therefore, AAV does not migrate from the injected
side to the uninjected contralateral side in the first
2 weeks post injection in adults via canalostomy.

AAV adult delivery does not impair cochlear
functions or HCs

A total of 29 10-week-old C57BL/6J male mice
were injected with AAVs. All injected mice sur-
vived. Surgical wound infection, tympanitis, and
vestibular dysfunction were not observed 2 weeks
after canalostomy, an indication that it was overall
a safe and reliable surgical procedure. To study
how each AAV affects hearing, possibly due to
surgical procedure, AAV toxicity, or expression of
GFP, we performed ABR tests that measure the
sound-evoked neural output of the cochlea, as well
as DPOAE tests that measure the amplification
mediated by the OHCs.3!

Between injected and uninjected inner ears,
ABR thresholds were remarkably similar among
different AAVs, illustrating preservation of normal
hearing (Fig. 5). Only AAV9-infected inner ears



AAV2/Anc80L65

Figure 2. AAV vectors transduced diverse inner-ear cell types in adult cochleae. Two weeks after injection via canalostomy, whole-mount immunofluo-
rescence showed AAV infection in the sensory and non-sensory cells from the apical turn of the cochlea. Hair cells were labeled with MYQ7A (red). (A-C)
AAV2 infected most IHCs and some outer hair cells (OHCs). (D-F) AAV2/Anc80L65 infected most IHCs as well as most OHCs. (G-I) AAV8 infected most IHCs,
with weak expression in some OHCs. (J-L) AAVS infection was limited to some IHCs. Scale bars: 50 um.

AAVTh.39 Ad5-CMV-EGFP

_ L IMYOT7A/DAPI

Figure 3. AAV vectors transduced inner-ear cells in adult cochleae. Two weeks post injection through canalostomy, whole-mount immunofluorescence
showed AAV infection in the sensory and non-sensory cells from the apical turn of the cochlea. Hair cells were labeled with MYO7A (red). AAV1 (A-C), AAV6.2
(D-F), and AAVrh.39 (G-I) infected mostly IHCs, with moderate expression level. OHCs were not transduced. (J-K) Adult cochlea infected by Ad5-CMV-GFP
using the same procedure. Ad5-CMV-GFP injection killed most OHCs without infection of IHCs. Some non-HCs in the sensory region were GFP positive although
their cell types were unknown. (M-0) An example of an uninjected cochlea in which no GFP was detected, whereas the contralateral cochlea was injected

with AAVrh.43 that infected IHCs. Scale bars: 50 um.
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AAVrh.43 AAVSB AAV2/AncB0LES AAV2 AAV1

AAVE.2

Figure 4. Inner-ear cell subtypes infected by AAV vectors in adult mice.
Cross-sections (y—z) of the confocal images of whole-mount immunofluo-
rescence of the middle turn cochlea 2 weeks after AAV delivery by cana-
lostomy. (A) AAV1-infected IHCs, Deiters’ cells (DC), and HeCs. (B) AAV2-
infected IHCs, OHCs, and outer pillar cells (OPC). (C) AAV2/Anc80L65-infected
IHCs, OHCs, HeCs, and Claudius cells (CIdC). (D) AAV8-infected IHCs, HeCs,
and CIdC. (E) AAVrh.43-transduced IHCs and HeCs. (F) AAV6.2-infected IHCs
and inner border cells (IBC). (A-F) MYO7A—red, GFP—green, and DAPI—
blue. (G) An example of cross-section of an uninjected adult cochlea in which
HCs were labeled with a marker MYO7A (green) and SCs labeled with Sox2
(red). Scale bars: 20 um. IPhC, inner phalangeal cells; IPC, inner pillar cells.

showed significantly reduced ABR thresholds of
23 dB at 45.24 kHz (Fig. 5), an indication of better
auditory function in the injected ears that may be
mediated by GFP expression. DPOAE thresholds
were largely maintained after AAV injections, an

indication of preservation of OHC functions
(Fig. 6). A significant reduction of 16 dB in DPOAE
threshold at 45.24kHz was observed after AAV2
injection, again an indication of better OHC function
by GFP expression. Based on the data, it is con-
cluded that adult injection of AAVs by canalostomy
does not significantly affect normal hearing.

One microliter of AAVs was injected into the
adult inner ear without significant hearing im-
pairment. There could be a limit in the volume of
virus injected without impairing normal hearing.
To determine the upper limit of injection volume,
2 uL of AAV2/Anc80L65 was injected into the adult
mouse cochlea. Hearing tests 2 weeks later showed
significantly elevated ABR thresholds of 24-35dB
across the frequencies from 5.66 to 32kHz (Fig. 5;
AAV2/Anc80L65) and significantly elevated DPOAE
thresholds of 16-30dB from 11.32 to 32kHz (Fig. 6;
AAV2/Anc80L65). Thus, an injection volume of 1 uLL
is optimal for adult viral inner-ear delivery, and 2 uL
will likely impair normal hearing significantly.

No significant HC loss was observed in AAV-
injected cochleae 2 weeks after canalostomy. To de-
termine further if HCs survive long term and whe-
ther the level of transgene expression is maintained,
CD1 mice were studied 51 days after a 1 uLL injection
of AAV2/Anc80L65-GFP through canalostomy. No
significant difference was found in the number of
HCs between injected and uninjected ears (Fig. 7).
In the injected cochlea, the expression of GFP re-
mained at a level comparable to that 2 weeks af-
ter injection, prominent in all IHCs and weak in
some OHCs, demonstrating sustained expression of
genes mediated by AAV delivery. Interestingly, in
the uninjected contralateral cochlea, sporadic IHCs
were detected as having weak GFP signals (Fig. 7D),
an indication that AAV could migrate from injected
to uninjected side a long time after the initial in-
jection. It is thus concluded that the AAV delivery
method does not impair HCs, and the expression of
transgenes can be maintained long term.

Adenovirus damages HCs and impairs
cochlea functions

Adenovirus has been delivered to adult mam-
malian inner-ear SCs.?® It has been previously
shown that Ad5-CMV-EGFP could be effectively
delivered to neonatal ITHCs and OHCs without
damaging HCs.?® To study if Ad5-CMV-EGFP in-
fects adult cochlea, injection by canalostomy was
performed in 10-week-old C57BL/6J mice, fol-
lowed by ABR and DPOAE tests to assess auditory
functions 2 weeks after injection. After injection of
1 uL of Ad5-CMV-EGFP, two out of four injected
mice exhibited severe head tilting, but not circling
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Table 2. Efficiency of non-HC infection by AAV injection through canalostomy

AAV1 Sensory 4274221 3511120
Non-sensory 2574252 11.3+11.7
AAV?2 sensory 6.0+55 11.1£105
Non-sensory 0 0
AAV2/Anc80L65 Sensory 13.9+6.8 146+6.2
Non-sensory 33.0£16.2 375+135
AAV6.2 Sensory 30.7£51 67.3+28.2
Non-sensory 9.3+43 139483
AAVS Sensory 12.0+6.3 10.2+82
Non-sensory 179126 16.8£5.2
AAV9 0 0
AAVrh.39 Sensory 16.8+12.3 116+7.7
Non-sensory 0 0
AAVrh.43 Sensory 238+13 220+20
Non-sensory 421459 31.0+£130

19.1+£4.2 133+22 19.8+£39 11.9+16 8.0+11.8
52+73 53+59 48+47 39+34 0
45+30 14+13 04+0.7 0 0405
0 0 0 0 0
89+79 77£73 5.4%47 53+6.8 40+47
30.6+12.6 33.0£125 255+83 19.8+£16.5 2594215
42.3+10.6 53.0+15.0 51.3+78 60.0+31.8 31.0£295
0 0 0 0 0
221+114 140+7.3 17.3£12.1 6.8+76 145+10.0
20.8+5.6 27.8+45 26.0+2.0 196+7.4 20.3+9.1
0 0 0 0 0
79+13 1.7+03 32+09 30+15 24+10
0 0 0 0 0
26.7+0.3 17477 22.5%6.1 21.4+30 23.7+58
354+13.1 21.4£19.0 22.0£275 12.1+£155 10.0+8.6

The infected cells are indicated by the number per 200 um.

behavior, suggesting vestibular dysfunctions. An
average of >30dB elevation in ABR thresholds
was found across all frequencies in the injected
ears compared to the uninjected ears with normal
hearing (Fig. 5). Similarly, an average DPOAE
threshold elevation of 36 dB was detected in most
frequencies in the injected ears (Fig. 6). The re-
sults strongly suggest that Ad5-CMV-EGFP adult
injection by canalostomy is detrimental to normal
hearing and OHC function.

Further, immunolabeling was performed to
study cell types infected by Ad5-CMV-EGFP by
canalostomy. Near-complete OHC loss and some
THC loss were observed in the injected inner ears.
No MYO7A/GFP double-positive IHCs (Fig. 3J-L)
were detected, indicating Ad5-CMV-EGFP induces
OHC death and is unable to infect IHCs in adult
cochlea.

DISCUSSION

This study compared different AAV serotypes for
their specificities targeting the adult mouse co-
chlea by canalostomy, and determined that the
approach is efficient for gene delivery primarily
into the auditory HCs without impairing normal
hearing.

AAV-based gene therapy has been success-
fully used to treat diseases in animal models, and
it is currently being tested in clinical trials.?9~*2
The elaborate structure and exquisite functions of
the inner ear require coordinated action of diverse
inner-ear cell types, including the sensory HCs, SCs,
neurons, and stria vascularis, and gene defects in
any of these cell types can result in hearing loss. 3343
The availability of multiple AAV serotypes offers the
opportunity to target different inner-ear cell types.
AAV vectors have been extensively evaluated in the

neonatal mouse inner ear, and are shown to infect
a wide range of cochlear cell types. By cochleostomy,
neonatal HCs, SCs, auditory neurons, as well as
the stria vascularis were infected with different
AAVs with varying expression levels.'*?% Hearing
was maintained in adult mice after cochleostomy-
mediated delivery at the neonatal stage,'*?® but
was significantly impaired by injection at the adult
stage.'* Delivery of AAVs to inner-ear cell types at
the neonatal stage has resulted in successful hear-
ing rescue in genetic hearing loss mouse models of
autosomal recessive and dominant non-syndromic
hearing loss, including Vglut3,?° Keng1,?6 and Tmel,*
and of syndromic hearing loss models such as Usher
syndrome. 2

While most of the hearing rescue studies are
focused on the delivery in the neonatal animals,
successful gene therapy by AAV requires efficient
delivery and hearing rescue in mature inner ears.
Furthermore, due to high degrees of heterogeneities
of genetic hearing loss, it is important to evaluate
the cell types that can be targeted by AAV in addi-
tion to HCs in the mature inner ear. In human
newborns, the structure of the inner ear, differen-
tiation status of cell types, and auditory functions
are nearly identical to adults.** This is in contrast to
the neonatal mouse inner ear that still undergoes
development without recordable auditory func-
tions.*® Study of AAV delivery in the adult mouse
inner ear with terminally differentiated cells and
mature auditory functions is thus a necessary step
toward its potential applications in humans.

The procedures that lead to successful neonatal
delivery such as cochleostomy or RWM injection
may not be adequate for the mature inner ear, as
cochleostomy damages existing OHCs and induces
hearing loss,?® while the RWM approach was less
efficient in transducing inner-ear cells in addition
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Figure 5. AAV transduction in adults does not impair normal hearing. Among all the AAVs tested at 1 uL, auditory brainstem response (ABR) tests showed no
threshold shifts in the AAV-injected adult inner ears compared to the uninjected control ears 2 weeks after canalostomy. ABR thresholds were significantly
reduced (i.e., better auditory function) only in AAV9-injected cochleae at 45.24 kHz. When injected with 2 uL, AAV2/Anc80L65-injected cochleae showed
significant ABR threshold elevation across all frequencies compared to the 1 uL injection. In contrast, a 1 uL injection of Ad5-CMV-GFP by canalostomy caused
significant threshold elevation across all frequencies. Analysis of variance (ANOVA) test: *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

to causing hearing loss.?**% Canalostomy through
PSCC has been shown to be effective for the deliv-
ery into the vestibular system, but is less efficient
for the auditory organ.*”*® By canalostomy, the
virus can presumably access the endolymphatic
compartment through helicotrema and directly
infect cochlea cells immersed in endolymph. The
surgical procedure via PSCC avoids opening of the
middle ear and exposing the facial nerve, there-
fore minimizing potential injury to the nerve and
associated blood vessels. A recent study showed

that AAV2/Anc80L65 transduced all the IHCs
throughout the cochlea and the majority of OHCs
at the apex of the cochlea in adult mice by cana-
lostomy.?® While the study suggested the potential
by canalostomy for AAV-mediated gene delivery
into the adult mammalian inner ear, systematic
screening of different AAV serotypes and the opti-
mization of the procedure are likely required for
efficient adult inner-ear delivery.

By evaluating eight AAVs in the adult mouse
inner ear through canalostomy, it is shown that the
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Figure 6. AAV transduction by canalostomy in adult does not impair OHC function shown by distortion product otoacoustic emissions (DPOAE). Among all the
AAVs tested, there were no DPOAE threshold shifts in the AAV-injected adult inner ears compared to the uninjected control ears 2 weeks after canalostomy.
DPOAE thresholds were significantly reduced (i.e., better auditory function) only in AAV2-injected cochleae at 45.24 kHz. Moderately significant threshold
reduction was only observed in AAV2-injected cochleae at 45.24 kHz, again an indication of better OHC function by injection. In contrast, injection of Ad5-CMV-
GFP by canalostomy caused significant threshold shifts from 11.32 to 45.24 kHz. ANOVA test: *p<0.05; ****p<0.0001.

procedure is safe, as hearing is preserved in
the injected inner ears, similar to the uninjected
control inner ears. It is further shown that AAV1,
6.2, 9, rh.39, and rh.43 infect mostly IHCs. AAV2,
2/Anc80L65, and 8 infect IHCs with high ef-
ficiency and OHCs with generally lower effi-
ciencies. Anc80L65, consistent with the reports
in newborn mice via RWM injection and prior
reports in adult mice with canalostomy, demon-
strated overall the best combined IHC and OHC
transduction efficiencies. Different types of SCs

and non-sensory cells were also infected by AAV
subtypes.

There have been more than 100 causative genes
implicated in hearing loss, many of which affect HC
function.?®*° Delivery by AAV into mature HCs
would be ideal to target deafness genes of HC origin
in order to ameliorate the disease phenotypes. An
important observation from this study is that more
AAVs subtypes are able to infect diverse SCs when
injected in neonatal cochleae than in adults,?® an
indication that the developmental stages change
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the tropism of AAV transduction. The results em-
phasize the importance of evaluating AAV vectors
at appropriate developmental stages that are di-
rectly relevant to the human inner ear.

The studies also illustrate the consistency and
difference between AAV injections in adult and
neonatal inner ears. It has been shown previously
that by cochleostomy, AAV1, 2, 8, 9, and rh.43
infected neonatal and adult IHCs with differ-
ent efficiencies, and all of the AAVs damaged adult
OHCs.?® The current study demonstrated that
these AAVs also infect adult IHCs through cana-
lostomy while preserving all OHCs. Thus, OHC
death seen in adult injection by cochleostomy is
likely the result of the surgical procedure rather
than intrinsic properties of AAVs on adult OHCs.
AAV2, 8, 9, and rh43 infect 3-21% IHCs in neo-
natal cochleae and 13.2-61.6% IHCs in adult co-
chleae through cochleostomy.?> However, AAV2
infects 48.5-99.2% IHCs after injection into adult
cochleae through canalostomy (Fig. 2A-C). AAV2
infects neonatal OHCs with an efficiency of 3% in
the apex to 39% in the base,?® whereas it infects
only ~2% adult OHCs in the current study. AAV2/
Anc80L65 transduces up to ~90% of OHCs when
injected at neonatal stages through RWM injec-
tion,?” but infects 60-85% OHCs at 5.66-11.32 kHz
and 20-30% at other frequencies by canalostomy
in adults.?® The difference in infection efficiencies
between mature and developing OHCs is likely due
to the change of expression of virus entry receptors
on the HCs or the alteration of other barriers to
transduction during development.

Gene delivery by both AAV and adenovirus may
restore hearing in genetic deafness mouse models
by gene replacement or supplementation, although
AAV is considered safer and provides long-term
expression of the transgene. In the present studies,
AAVs infected cell types in the adult mouse inner
ear without damage to cells or impairment to
hearing. In contrast, the adenoviral vector tested
resulted in major OHC death in adult cochleae.
Thus, AAV is better tolerated than the adenovi-
ral vector in both HC survival and maintenance
of normal hearing after injection. Due to limited
inner-ear space, the volume of AAV that can be
safely administered has to be determined. Injection
of 1 uLi of AAV by canalostomy did not cause hear-
ing loss in any of the 29 injected ears or vestibular
dysfunction in mice. The results support that 1 uL
of AAV can be safely administered. However, after
2 ul. AAV injection, a significant elevation of ABR
and DPOAE thresholds was detected across all fre-
quencies. All the AAVs we used have similar titers,
of which AAV2/Anc80L65 has the lowest. The

number of viral particles in the injection of 2 uL. of
AAV2/Anc80L65 is not significantly higher than 1 uLL
of other AAVs. This suggests that there is an upper
limit of the volume of AAV (between 1 and 2 uL.) that
can be safely administered. However, the limit can
also be significantly affected by the variation in ac-
tual functional titers of different AAVs, and may have
to be determined separately for each individual AAV.

In the current study, 1 uL of adenovirus injection
in the adult inner ear severely attenuated auditory
functions, indicating a high degree toxicity of ade-
novirus in adult mouse inner ears. It has been re-
ported that delivery of 0.5 and 1 uL of adenovirus
did not cause major damage to the inner ear or
hearing threshold shifts in mice.*® The discrepancy
may be due to the injection procedure, different
responses to adenovirus by different mouse strains,
or the processes used to produce adenovirus. Our
adenovirus study also showed worse ABR/DPOAE
threshold shifts than previous studies in mouse*®
and rat,*” possibly because five-fold higher con-
centration of virus was used. (The titer of adeno-
virus in this study was 4 x 10'2 pfu/mL compared to
0.8x10'? pfu/mL in Kawamoto’s study). Adeno-
virus is known to elicit immune response,'* which
combined with its toxicity and short-term expres-
sion of transgenes makes adenovirus less ideal for
long-term expression of transgenes for gene ther-
apy to treat genetic deafness.

This study identifies multiple AAV vectors ca-
pable of infecting HCs, as well as some SCs and
non-sensory cells. To develop treatment for diverse
forms of genetic deafness, AAV vectors that effi-
ciently transduce other adult inner-ear cell types,
such as stria vascularis and auditory neurons, need
to be discovered. Thus, there is a need to continue
to identify new AAV subtypes.

This study demonstrates that AAV vectors are
useful tools for gene therapy to treat genetic deaf-
ness in the mature mouse inner ear. The approach
may establish an efficient and safe route for inner-
ear delivery in adults, without hearing impairment.
Combined with the information on the cochlear cell
types targeted, this represents an important step
toward developing treatment for different types of
genetic hearing loss.
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