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AAV8BP2 and AAV8 transduce the mammalian
cochlear lateral wall and endolymphatic
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Inner ear gene therapy using adeno-associated viruses (AAVs)
has been successfully applied to several mouse models of
hereditary hearing loss to improve their auditory function.
While most inner ear gene therapy studies have focused on
the mechanosensory hair cells and supporting cells in the organ
of Corti, the cochlear lateral wall and the endolymphatic sac
have not garnered much attention. The cochlear lateral wall
and the endolymphatic sac play critical roles in inner ear ionic
and fluid homeostasis. Mutations in genes expressed in the
cochlear lateral wall and the endolymphatic sac are present in
a large percentage of patients with hereditary hearing loss. In
this study, we examine the transduction patterns and effi-
ciencies of conventional (AAV2 and AAV8) and synthetic
(AAV2.7m8, AAV8BP2, and Anc80L65) AAVs in the mouse
inner ear. We found that AAV8BP2 and AAV8 are capable of
transducing the marginal cells and intermediate cells in the
stria vascularis. These two AAVs can also transduce the epithe-
lial cells of the endolymphatic sac. Our data suggest that
AAV8BP2 and AAV8 are highly useful viral vectors for gene
therapy studies targeting the cochlear lateral wall and the
endolymphatic sac.
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INTRODUCTION
Adeno-associated virus (AAV) is one of the most commonly used
viral vectors for gene therapy studies.1 Over the past few years, several
studies have shown that AAV-mediated gene therapy can be success-
fully applied to mouse models of hereditary hearing loss and dizziness
to improve the auditory and vestibular functions in these animals.2–17

While most studies on AAV-mediated inner ear gene delivery have
focused on transducing the mechanosensory hair cells and non-sen-
sory supporting cells in the organ of Corti, the cochlear lateral wall
and endolymphatic sac have not garnered as much attention.18 How-
ever, the cochlear lateral wall and the endolymphatic sac play critical
roles in regulating the ionic and fluid transports in the inner ear, in
order to maintain the volume and unique composition of the
endolymph (e.g., high potassium [K+] and low sodium [Na+] ion
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concentrations) necessary for proper inner ear function. The cochlear
lateral wall is located at the lateral border of the scala media. It con-
sists of the stria vascularis, the spiral prominence, and the spiral lig-
ament (Figure 1). The stria vascularis has three distinct cellular layers:
marginal, intermediate, and basal cell layers. Marginal cells form a
monolayer in the apical surface of the stria vascularis, and separate
the endolymph from the intrastrial space (Figure 1, inset). The
intermediate cells and basal cells occupy the basolateral side of the
intrastrial space. K+ ions are transported through the different layers
of the stria vascularis by ion transporters, such as KCNJ10, SLC12A2,
and KCNQ1/KCNE1, toward the endolymph.19,20 Mutations in
KCNQ1/KCNE1 and KCNJ10 are known causes of hereditary hearing
loss (OMIM: 612347, 600791, and 612780). In addition to the stria
vascularis, the fibrocytes in the spiral ligament and the root cells in
the spiral prominence also contribute to K+ recycling.21,22 The cells
in the cochlear lateral wall are connected to each other through an
extensive gap junction network.23,24 Mutations in the gap junction
gene GJB2 and deletions in the GJB2-GJB6 genomic region are among
the most common causes of hereditary hearing loss.25–30

The endolymphatic sac is a fluid-filled pouch that is part of the endo-
lymphatic system. It plays an important role in ion transport and fluid
absorption.32,33 It is composed of a monolayer of epithelial cells
composed of two main cell types classified by their appearance in
transmission electronmicroscopy: ribosome-rich cells andmitochon-
dria-rich cells.34 Ribosome-rich cells have abundant ribosomes, rough
endoplasmic reticulum, and a transcriptomic signature suggesting
that they play an important role in the expression and secretion of
extracellular proteins.33 Mitochondria-rich cells are characterized
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Figure 1. Cross-sectional anatomy of the scala media

The scala media contains the organ of Corti and the cochlear lateral wall. The endolymph, which bathes the hair bundles of the mechanosensory hair cells, has a high

concentration of potassium ions. The cochlear lateral wall consists of the stria vascularis, spiral ligament, and spiral prominence. The stria vascularis contains three cell layers:

the marginal, intermediate, and basal cell layers (inset). This figure was adapted from Faridi et al.31 IHC, inner hair cell; OHC, outer hair cell.

Molecular Therapy: Methods & Clinical Development
by numerous mitochondria and by microvilli covering their apical-
luminal surface. Mitochondria-rich cells express numerous proteins
required to maintain ionic homeostasis, including SLC26A4 and
ATP6V1B1.33 FOXI1 codes for the transcription factor FOXI1 and
is considered a specific marker for mitochondria-rich cells in the
endolymphatic sac. Recessive loss-of-function mutations of FOXI1,
SLC26A4, and ATP6V1B1 can all cause hereditary hearing loss. Given
the important roles that the cochlear lateral wall and the endolym-
phatic sac play in hereditary hearing loss, it is important to develop
effective gene therapies targeting cells in these regions. This requires
the identification of efficient viral vectors that can transduce the large
372 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
number of cell types in the cochlear lateral wall and the endolym-
phatic sac.

There are several published studies that used various AAV serotypes
to transduce the cochlear lateral wall and/or the endolymphatic sac.
Chang et al. used AAV2/1 to deliver Kcnq1 cDNA to the cochlear
lateral wall of the Kcnq1�/� mice to rescue their hearing.6 Wu et al.
also used AAV1 to delivery Kcne1 cDNA to the Kcne1�/� mice to
rescue their auditory and vestibular functions.17 Yu et al. used
AAV2/1 to deliverGjb2 cDNA to a conditionalGjb2 knockout mouse
model to restore its gap junction network in vivo.16 Similarly,
mber 2022



Figure 2. Cochlear lateral wall transduction patterns of different AAV serotypes

Representative confocal images of cross sections of the scala media in cochlear middle turn are shown (A–F). Enlarged images of the region of lateral wall are shown on the

right of each panel (A0–E0). Enlarged images of the spiral prominence are presented in (F). AAV8BP2-GFP (A and A0) and AAV8-GFP (B and B0) transduced cells in the stria

(legend continued on next page)
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Crispino et al. used bovine AAV to deliver Gjb2 and Gjb6 cDNAs to
restore connexin 26 (Cx26) and connexin 30 (Cx30) expression in
Cx26 and Cx30 conditional knockout mouse cochlear cultures
in vitro, respectively.35 Kim et al. used AAV2/1 to deliver Slc26a4
cDNA to the otocyst of E12.5 Slc26a4 mutant mice to improve their
hearing.36 SLC26A4 expression was detected in the endolymphatic
sac.36 While the results from these studies are promising, none of
these studies specifically examined the transduction pattern and
efficiency of a collection of different AAV serotypes for targeting
the cochlear lateral wall and the endolymphatic sac.

In a previous study, we examined the transduction pattern and
efficiency of two conventional AAVs (AAV2 and AAV8) and three
synthetic AAVs (AAV2.7m8, AAV8BP2, Anc80L65) in the neonatal
mouse sensory epithelium.37 In this study, we examine the transduc-
tion pattern and efficiency of the same group of AAVs in the neonatal
cochlear lateral wall. We find that AAV8BP2, AAV8, and Anc80L65
are capable of transducing various cell types in the cochlear lateral
wall. In particular, AAV8BP2 and AAV8 can efficiently transduce
the marginal cells and intermediate cells in the stria vascularis. We
also show that AAV8BP2 and AAV8 are capable of targeting the
mitochondria-rich cells and ribosome-rich cells of the endolymphatic
sac when delivered through the posterior semicircular canal. In addi-
tion, we show that the diverse cell populations in the organ of Corti
and the cochlear lateral wall can be successfully transduced by using
AAV2.7m8 and AAV8BP2 simultaneously. Taken together, our data
suggest that AAV8BP2 and AAV8 are highly useful viral vectors for
inner ear gene therapy studies that target the cochlear lateral wall
and the endolymphatic sac.

RESULTS
AAV8BP2, AAV8, and Anc80L65 transduce various cell types in

the cochlear lateral wall

The cochlear lateral wall plays an important role in the ionic homeo-
stasis of the cochlea.38,39 Since many types of hereditary hearing loss
are caused by mutations in genes expressed by cells in the cochlear
lateral wall, we are interested in finding AAV serotypes that can
efficiently target the various cell types in the cochlear lateral wall.
We injected each of two conventional AAV-GFPs (AAV2 at
5.69 � 109 GC and AAV8 at 1.66 � 1010 GC) and each of three
synthetic AAV-GFPs (AAV2.7m8 at 9.75 � 109 GC, AAV8BP2 at
1.10 � 1010 GC, Anc80L65 at 1.89 � 1010 GC) into neonatal
(P0-P5) CBA/J mice using the posterior semicircular canal (PSC)
approach.37,40 The transduction patterns of the cochlear lateral wall
were examined using cross-sectional images of the scala media at
�P30 (Figure 2). We found that AAV8BP2 transduced the stria vas-
cularis, spiral prominence, spiral limbus, and spiral ligament in the
cochlear lateral wall, as well as the cochlear hair cells. Examination
of the stria vascularis at higher magnification showed GFP expression
vascularis (thick white arrows). AAV8BP2-GFP (A and A0), AAV8-GFP (B and B0), and Anc

spiral prominence (white arrowhead). Minimal cochlear lateral wall transduction was see

media (G) and cochlear lateral wall (G0 ) are shown for illustration. All images were taken

50 mm. Scale bars for (F) represent 50 mm. SL, spiral ligament; SP, spiral prominence;
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in all three cellular layers. Examination of the spiral prominence
showed transduction of the root cells. AAV8 also transduced the
cochlear hair cells, spiral prominence, spiral limbus, stria vascularis,
and spiral ligament. Consistent with our previous data, AAV2.7m8
was capable of transducing the cochlear hair cells and supporting cells
in the sensory epithelium37; however, AAV2.7m8 had very limited
ability to transduce the cochlear lateral wall. Anc80L65 was able to
transduce the cochlear hair cells, spiral prominence, spiral limbus,
and spiral ligament; however, the transduction of stria vascularis
was limited. AAV2 was able to transduce the cochlear hair cells,
but transduction of the cochlear lateral wall was very limited. In sum-
mary, our data suggest that AAV8BP2 and AAV8 are capable of
transducing the stria vascularis, and AAV8BP2, AAV8, and
Anc80L65 are capable of transducing the spiral prominence and
spiral ligament in the cochlear lateral wall.

AAV8BP2 and AAV8 are capable of transducing the marginal

cells in the stria vascularis

The stria vascularis is located in the lateral side of scala media and
plays a critical role in K+ recycling and in the generation and mainte-
nance of endocochlear potential.38,39,41 The marginal cells take up K+

from the intrastrial space via the co-transporter SLC12A2 and
ATP1A1/ATP1B2 and secrete K+ into the endolymph via the trans-
porter KCNQ1/KCNE1 in the apical plasma membrane.38 In order
to quantify the transduction efficiency of marginal cells by AAVs,
whole-mount confocal microscopy images were acquired using
anti-SLC12A2 antibody as a marker for marginal cells at �P30. We
found that both AAV8BP2 and AAV8 were capable of transducing
the marginal cells, whereas AAV2.7m8, Anc80L65, and AAV2 trans-
duced marginal cells at very low levels (Figure 3A). The mean ± SEM
of marginal cell transduction efficiencies were 40.9% ± 8.49%,
11.17% ± 6.73%, 0.00% ± 0.00%, 0.46% ± 0.46%, and 1.02% ±

1.02% for AAV8BP2 (n = 9), AAV8 (n = 9), AAV2.7m8 (n = 4),
Anc80L65 (n = 6), and AAV2 (n = 4), respectively (Figure 3B). The
transduction efficiency for marginal cells was significantly higher
for AAV8BP2 than AAV8, AAV2.7m8, Anc80L65, and AAV2 (p =
0.006, 0.003, 0.0007, and 0.003, respectively, one-way ANOVA with
Bonferroni comparisons). We also examined the marginal cell trans-
duction efficiency of AAV8BP2 and AAV8 at the middle and basal
turns of the cochlea (Figure S1). We were unable to successfully
obtain the lateral wall specimens from the cochlear apex because
the cochlear perfusion process with paraformaldehyde was done
through the apex and frequently damaged the lateral wall region in
the cochlear apex. The marginal cell transduction rate of AAV8BP2
was 31.58% ± 13.69% at the middle turn (n = 4), and 48.35% ±

10.77% at the basal turn of the cochlea (n = 5). The difference in trans-
duction rates for AAV8BP2 between the middle and basal turns was
not statistically significant (p = 0.36, t test). The marginal cell trans-
duction rate of AAV8 was 19.01% ± 11.29% at the middle turn
80L65-GFP (D and D0) transduced cells in the spiral ligament (thin white arrows), and

n with AAV2.7m8-GFP (C and C0) and AAV2-GFP (E and E0). Schematics of the scala

at �P30. Scale bars for (A–E) represent 100 mm. Scale bars for (A0 to E0) represent
SV, stria vascularis.
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Figure 3. AAV8BP2-GFP and AAV8-GFP transduced the marginal cells in the stria vascularis

(A) Confocal images of the cochlear lateral wall at the level of the marginal cell layer are shown (single optical section). Anti-SLC12A2 antibody was used as a marginal cell

marker. AAV8BP2-GFP (n = 9) and AAV8-GFP (n = 9) transduced the marginal cells in the stria vascularis, but AAV2.7m8-GFP (n = 4), Anc80L65-GFP (n = 6), and AAV2-GFP

(n = 4) showed minimal marginal cell transduction. All images were taken at �P30. Surgeries were performed in P0–5 animals and the average surgery age was P2.0. The

scale bar represents 50 mm for the lower-magnification images, and 10 mm for themagnified images.White dashed squares indicate areas wheremagnified images are taken.

(B) Quantification of the marginal cell transduction efficiency with various AAV serotypes. Both individual (open circles) and average results are presented. **p < 0.01,

***p < 0.001. Error bars represent SEM.
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(n = 5), and 1.39% ± 1.39% at the basal turn of the cochlea (n = 4). The
difference in transduction rates for AAV8 between the middle and
basal turns was not statistically significant (p = 0.21, t test). Our re-
sults suggest that, among the group of AAVs that we tested,
AAV8BP2 and AAV8 transduce marginal cells most efficiently.

AAV8BP2 and AAV8 are capable of transducing the intermediate

cells of the stria vascularis

The intermediate cells are located between the marginal cells and
basal cells in the stria vascularis (Figure 1, inset). The intermediate
cells secrete K+ into the intrastrial space via KCNJ10 channels, which
is then taken up by the marginal cells and secreted into the endo-
lymph.38 We quantified the intermediate cell transduction efficiency
Molecular The
of AAVs using anti-KCNJ10 antibody as a marker for intermediate
cells at �P30. We found that AAV8BP2 and AAV8 were capable of
transducing the intermediate cells efficiently, whereas AAV2.7m8,
Anc80L65, and AAV2 transduced intermediate cells at very low levels
(Figure 4A). The mean ± SEM of intermediate cell transduction effi-
ciency for AAV8BP2 (n = 9), AAV8 (n = 9), AAV2.7m8 (n = 4),
Anc80L65 (n = 5), and AAV2 (n = 4), were 26.0% ± 6.85%,
9.32% ± 6.25%, 0.00% ± 0.00%, 1.51% ± 1.01%, and 0.00% ±

0.00%, respectively (Figure 4B). The mean intermediate cell transduc-
tion efficiency for AAV8BP2 was not significantly different from that
of AAV8 (p = 0.12), but it was significantly higher than those of
AAV2.7m8, Anc80L65, and AAV2 (p = 0.04, p = 0.04, p = 0.04,
respectively, one-way ANOVA with Bonferroni comparisons). We
rapy: Methods & Clinical Development Vol. 26 September 2022 375
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Figure 4. AAV8BP2-GFP and AAV8-GFP transduced the intermediate cells in the stria vascularis

(A) Confocal images of the cochlear lateral wall at the level of the intermediate cell layer are shown (single optical section). Anti-KCNJ10 antibody was used as an intermediate

cell marker. AAV8BP2-GFP (n = 9) and AAV8-GFP (n = 9) transduced the intermediate cells in the stria vascularis, but AAV2.7m8-GFP (n = 4), Anc80L65-GFP (n = 5), and

AAV2-GFP (n = 4) showed minimal intermediate cell transduction. All images were taken at �P30. Surgeries were performed in P0–5 animals and the average surgery age

was P1.9. The scale bar represents 50 mm for the lower-magnification images, and 10 mm for the magnified images. White dashed squares indicate areas where magnified

images are taken. (B) Quantification of the intermediate cell transduction efficiency with various AAV serotypes. Both individual (open circles) and average results are pre-

sented. *p < 0.05. Error bars represent SEM.

Molecular Therapy: Methods & Clinical Development
also examined the intermediate cell transduction efficiency of
AAV8BP2 and AAV8 at the middle and basal turns of the cochlea
(Figure S2). The intermediate cell transduction rate of AAV8BP2
was 23.11% ± 12.72% at the middle turn (n = 4), and 28.32% ±

8.35% at the basal turn of the cochlea (n = 5). The difference in trans-
duction rates for AAV8BP2 between the middle and basal turns was
not statistically significant (p = 0.73, t test). The intermediate cell
transduction rate of AAV8 was 15.76% ± 10.79% at the middle
turn (n = 5), and 1.27% ± 1.27% at the basal turn of the cochlea
(n = 4). The difference in transduction rates for AAV8 between the
middle and basal turns was not statistically significant (p = 0.28,
t test). Our results demonstrate that AAV8BP2 and AAV8 are capable
of transducing the intermediate cells in the stria vascularis.
376 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
AAV8BP2 and AAV8 are capable of transducing the cells of the

endolymphatic sac

Since AAV8BP2 and AAV8 could transduce cells in the cochlear
lateral wall efficiently, we sought to determine if these vectors
could also transduce cells in the endolymphatic sac. For this exper-
iment, the Tg(ATP6V1B1-Cre):Ai14/+ mice were used to facilitate
visualization of the endolymphatic sac, since cells of the endolym-
phatic sac show a mosaic expression of the tdTomato reporter.32

AAV8BP2-GFP (n = 5) and AAV8-GFP (n = 4) were injected
into the inner ear using the PSC approach at P0, and the endolym-
phatic sac was dissected for analysis at �P30. We used anti-FOXI1
antibody as a marker for the mitochondria-rich cells in the
endolymphatic sac. We found that both AAV8BP2 and AAV8
mber 2022



Figure 5. AAV8BP2-GFP and AAV8-GFP transduced

cells of the endolymphatic sac

(A) Confocal images of the endolymphatic sac are shown.

Anti-FOXI1 antibody was used as a marker for the mito-

chondria-rich cells in the endolymphatic sac. AAV8BP2-

GFP (n = 5) and AAV8-GFP (n = 4) are both capable of

transducing FOXI1-positive and FOXI1-negative cells in

the endolymphatic sac. Surgeries were performed in P0

animals. The scale bar represents 50 mm for the lower-

magnification images, and 20 mm for the magnified im-

ages. White dashed squares indicate areas where magni-

fied images are taken. All images were taken at �P30. (B)

Quantification of the endolymphatic sac transduction effi-

ciency with AAV8BP2-GFP and AAV8-GFP. Both individ-

ual (open circles) and average results are presented. Error

bars represent SEM.
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were capable of transducing the cells of the endolymphatic
sac with and without FOXI1 immunoreactivity (Figure 5). The
mean endolymphatic sac transduction rates ± SEM were
19.86% ± 2.06% and 18.68% ± 3.93% for AAV8BP2 and AAV8,
respectively (p = 0.79, t test). These results suggest that
AAV8BP2 and AAV8 are both capable of transducing mitochon-
dria-rich cells and ribosome-rich cells of the endolymphatic sac
when injected via the PSC approach in the neonatal mouse
inner ear.

Injection of AAV8BP2 at a lower concentration resulted in

transduction of cochlear lateral wall without ABR threshold shift

In a previous study, we showed that neonatal CBA/J mice that under-
went AAV8BP2-GFP injection (1.10 � 1010 GC) developed a 10–25
dB auditory brainstem response (ABR) threshold elevation and a
small but statistically significant increase in circling behavior
compared with non-injected control mice.37 We also found that
this effect on auditory and vestibular functions could be eliminated
by decreasing the viral titer to 5.50 � 109 GC.37 When we injected
5.50 � 109 GC of AAV8BP2-GFP into neonatal CBA/J ears using
the PSC approach, we found that it was able to transduce themarginal
cells and intermediate cells in the stria vascularis (Figure 6A). The
mean transduction rates ± SEM for the marginal cells and the inter-
mediate cells were 10.32% ± 9.47% (n = 4) and 5.61% ± 4.83% (n = 4),
respectively. The transduction rates were lower compared with the
mice that received 1.10 � 1010 GC of AAV8BP2-GFP. Consistent
with our previous results, mice that received 5.50 � 109 GC of
AAV8BP2-GFP did not have any significant ABR threshold elevation
(Figure 6B) or increased circling behavior (Figure 6C) compared with
non-injected control mice. These results suggest that at lower viral
concentration, AAV8BP2 is still capable of transducing the marginal
cells and intermediate cells in the stria vascularis, albeit at lower
efficiencies.
Molecular The
Combined AAV2.7m8 and AAV8BP2 gene delivery is capable of

transducing a diverse cell population in the cochlea

Since some of the most common causes of hereditary hearing loss are
caused by mutations in genes that are expressed in diverse cell popu-
lations in the cochlea (e.g., GJB2), we decided to test if we could use
the combination of AAV2.7m8 and AAV8BP2 to target the organ
of Corti and the cochlear lateral wall simultaneously. We combined
0.5 mL of AAV2.7m8-GFP (4.88 � 109 GC) and 0.5 mL of
AAV8BP2-GFP (5.50 � 109 GC) and injected this viral mixture
into the inner ear of neonatal (P0-P5) CBA/J mice via the PSC
approach. Examination of the cochlea at �P30 showed transduction
of a diverse cellular population, including the inner and outer hair
cells, supporting cells, cells in the stria vascularis, spiral ligament, spi-
ral prominence, and spiral limbus (Figure 7A). The average marginal
cell transduction rate was 20.99% ± 5.68% (n = 9), and the average
intermediate cell transduction rate was 19.57% ± 7.68% (n = 9).

We tested the auditory and vestibular functions in mice that under-
went the combined AAV2.7m8-GFP and AAV8BP2-GFP gene de-
livery. The auditory function was assessed using ABR at �P30.
ABRs showed no significant difference in the injected mice
compared with non-injected controls, indicating the preservation
of the auditory system (two-way ANOVA with Bonferroni’s multi-
ple comparison, Figure 7B). The vestibular function was assessed by
examining the circling behavior in these animals at �P30. Mice that
underwent combined AAV2.7m8-GFP and AAV8BP2-GFP gene
delivery showed no significant increase in circling behavior, indi-
cating the preservation of the vestibular system (unpaired t test, Fig-
ure 7C). Our results demonstrate that the combination of
AAV2.7m8 and AAV8BP2 can target a diverse cellular population
in both the organ of Corti and the cochlear lateral wall simulta-
neously, while preserving the auditory and vestibular functions in
these animals.
rapy: Methods & Clinical Development Vol. 26 September 2022 377
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Figure 6. Lowered AAV8BP2-GFP titer transduced

the cochlear lateral wall without causing ABR

threshold elevation

(A) Confocal images of the marginal cell layer (top row) and

the intermediate cell layer (bottom row) of the stria vas-

cularis in mice are shown. Transduction of the marginal

cells and intermediate cells are seen in these animals,

despite at lower viral concentration (5.50� 109 GC). Scale

bar represents 50 mm. (B) ABR thresholds of mice that

were injected with 5.50 � 109 GC of AAV8BP2-GFP are

shown (labeled “AAV8BP2 (5.5E9),” n = 5). No significant

ABR threshold elevation was seen in these animals

compared with non-injected control mice (labeled “Non-

surgery control,” n = 10). (C) Circling behavior of mice

that were injected with 5.50 � 109 GC of AAV8BP2-

GFP (labeled “Injected,” n = 5) is shown. No significant

elevation in circling behavior was observed in these ani-

mals compared with non-injected control mice (labeled

“Control,” n = 6). Surgeries were performed in P0–5 ani-

mals and the average surgery age was P4.4. Error bars

represent SEM.
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DISCUSSION
The cochlear lateral wall consists of the stria vascularis, spiral promi-
nence, and spiral ligament, and it plays an important role in potassium
recycling and the generation andmaintenance of endocochlear poten-
tial.38,39 Tight control of endocochlear potential is critical for the
proper functioning of the cochlea.42 Mutations in genes expressed
by cells in the cochlear lateral wall, such as KCNQ1/KCNE1,
KCNJ10, SLC26A4, andCLDN14, account for a large portion of hered-
itary hearing loss.26,43 In addition, the cochlear lateral wallmay play an
important role in age-related hearing loss, which is by far the most
common type of hearing loss.44 It has been shown that the stria vascu-
laris undergoes degeneration with aging.45 It has also been shown that
the expression of KCNJ10, an inwardly rectifying potassium channel
found in the intermediate cells in the stria vascularis, undergoes signif-
icant alteration with aging, suggesting that the potassium recycling
process mediated by the stria vascularis may be impaired with aging.46

Given the importance of the cochlear lateral wall at maintaining
proper cochlear function, and its involvement with multiple types of
hearing loss, it is critical to identify viral vectors that can effectively
target various cell types in the cochlear lateral wall for potential inner
378 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
ear gene delivery as a treatment for diseases
affecting these cell types. Our study showed
that AAV8BP2 and AAV8 are capable of trans-
ducing the marginal cells and intermediate cells
efficiently. This suggests that AAV8BP2 and
AAV8 may be useful for AAV-mediated inner
ear gene therapy studies targeting mutations
affecting genes expressed in the stria vascularis,
such as KCNQ1/KCNE1 and KCNJ10.

Our study also showed that in addition to the
stria vascularis, AV8BP2 and AAV8 are capable
of transducing the spiral prominence and endolymphatic sac simulta-
neously, when injected through the PSC. These results suggest that
AAV8BP2 and AAV8 may be good viral vectors for inner ear gene
therapy studies targeting genes such as SLC26A4. SLC26A4 encodes
pendrin, which is an anion exchanger transporting Cl� and
HCO3� in the inner ear. Mutations in SLC26A4 cause the non-syn-
dromic autosomal recessive hereditary hearing loss DFNB4, as well
as Pendred syndrome, which is one of the most common types of syn-
dromic hereditary hearing loss.47,48 In a previous study by Kim et al.,
AAV2/1 was used to deliver Slc26a4 cDNA to the otocyst of E12.5
Slc26a4 mutant mice to improve their hearing.36 However,
SLC26A4 expression was only detected in the endolymphatic sac,
but not in the cochlea and the vestibular organs. The auditory func-
tion remained unstable and the vestibular function was not restored
in these mice.36 Our results suggest that both AAV8BP2 and AAV8
are potentially useful viral vectors for inner ear gene therapy studies
in mouse models of Pendred syndrome.

Previously, we showed that AAV8BP2-GFP at high viral titer
(1.10 � 1010 GC) can lead to a small but significant ABR threshold



Figure 7. Combined AAV2.7m8-GFP and AAV8BP2-GFP injection trans-

duced diverse cell types throughout the cochlea

(A) Confocal images of a cross section of the scalamedia of amouse that underwent

combined AAV2.7m8-GFP (4.88 � 109 GC) and AAV8BP2-GFP (5.50 � 109 GC)

inner ear injection via the PSC approach. Enlarged images of the regions of the

cochlear lateral wall (right) and the organ of Corti (below) are also shown. GFP

expression is seen in the inner/outer hair cells (IHC/OHC), supporting cells, stria vas-

cularis, spiral prominence, and spiral ligament. The scale bar for the lower-magnifi-

cation image (upper left) represents 100 mm, and the scale bars for the higher-

magnification images (labeled “Organ of Corti” and “Lateral wall”) represent

50 mm. (B) ABR thresholds of mice injected with both AAV2.7m8-GFP and

AAV8BP2-GFP (labeled “AAV2.7m8+AAV8BP2,” n = 8) were compared with non-

surgery animals (labeled “Non-surgery control,” n = 10). There are no statistically

significant differences in ABR thresholds between the two groups of animals at all

four frequencies tested (4 kHz p = 0.39, 8 kHz p = 0.69, 16 kHz p > 0.99, 32 kHz

p > 0.99). (C) Circling behavior in mice that were injected with both AAV2.7m8-

GFP and AAV8BP2-GFP (labeled “Injected,” n = 9) was compared with non-surgery

mice (labeled “Control,” n = 6). No significant increase in circling was seen in the in-

jected animals compared with non-injected control mice, p = 0.29. Surgeries were

performed in P0–5 animals and the average surgery age was P3.7. Error bars repre-

sent SEM.
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elevation and increased circling.37 In this study, we showed that
AAV8BP2-GFP at lower titer (5.50� 109 GC) can transduce the mar-
ginal cells and intermediate cells in the stria vascularis without any
significant ABR threshold elevation or increase in circling behavior.
However, the transduction rates were lower in both cell types
compared with mice that received higher titer of the viral vector
(1.10 � 1010 GC). It is important to point out that AAV-mediated
GFP overexpression has been shown to cause toxicity.49 Therefore,
it is possible that AAV8BP2 can be an effective viral vector for gene
delivery if the transgene overexpression does not cause toxicity in
the inner ear. In addition, the transgene expression may also be
modulated using various promoters, thereby lessening the potential
toxicity caused by AAV8BP2-mediated inner ear gene delivery.

Over the past few years, several studies have shown that inner ear gene
therapy can be successfully applied to various mouse models of
hearing loss and dizziness to improve the auditory and vestibular
functions in these animals.18,50,51 Most of these studies focused on
genes that are only expressed in a single cell type in the cochlea
(e.g., VGlut3 and inner hair cells). However, some of the most com-
mon forms of hereditary hearing loss are caused by mutations in
genes that are expressed by a large number of cell types in the cochlea,
such as GJB2. Therefore, we examined if we could use the combina-
tion of AAV2.7m8 and AAV8BP2 to transduce the diverse cellular
population in the organ of Corti and the cochlear lateral wall
simultaneously. We leveraged AAV2.7m8’s ability to target the
cochlear inner and outer hair cells and supporting cells, and
AAV8BP2’s ability to target the different cell types in the cochlear
lateral wall, and showed that combined AAV2.7m8 and AAV8BP2
gene delivery could transduce a wide variety of cell types in the organ
of Corti and the cochlear lateral wall (Figure 7A). Interestingly, we
found that the marginal cell and intermediate cell transduction rates
for combined AAV2.7m8-GFP and AAV8BP2-GFP gene delivery
were higher (20.99% ± 5.68%, and 19.57% ± 7.68%, respectively)
than AAV8BP2-GFP alone (10.32% ± 9.47%, and 5.61% ± 4.83%,
respectively), even though the viral genome copies delivered in both
cases were the same (5.50� 109 GC).While the reason for this finding
is unclear, one possible explanation is that when AAV8BP2 is
delivered alone, it transduces the cochlear hair cells and the cochlear
lateral wall; however, when AAV8BP2 and AAV2.7m8 are delivered
simultaneously into the inner ear, AAV2.7m8 preferentially trans-
duces the cochlear hair cells, thereby allowing more AAV8BP2 viral
particles to transduce the cells in the cochlear lateral wall. Our results
show that by understanding the tropisms of various AAV serotypes,
one could apply this knowledge to use different combinations of
AAVs to target different cell populations in the mammalian inner
ear to achieve cell-specific transgene expression mimicking the
endogenous expression of the gene targeted. This strategy can
complement other strategies for cell-specific targeting, such as the
use of cell-type specific promoters, which may enhance the efficacy
and safety of inner ear gene therapy.

To our knowledge, our study is the first dedicated study to examine
multiple AAV serotypes for targeting the mammalian cochlear lateral
rapy: Methods & Clinical Development Vol. 26 September 2022 379
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wall. We also show that AAV8BP2 and AAV8 are capable of trans-
ducing the cells in the endolymphatic sac when injected through
the PSC. In addition, the use of AAV2.7m8 and AAV8BP2 to target
a large number of cell types in themammalian cochlea simultaneously
is also novel. It is our hope that these results will help to expand the
application of inner ear gene therapy to the diverse cell populations in
the mammalian inner ear.

MATERIALS AND METHODS
AAV vector construction

The AAV2.7m8-CAG-eGFP (9.75� 1012 GC/mL), AAV8BP2-CAG-
eGFP (1.10 � 1013 GC/mL), AAV2-CAG-eGFP (5.69 � 1012

GC/mL), AAV2/8-CAG-eGFP (1.66 � 1013 GC/mL), and
Anc80L65-CAG-eGFP (1.89 � 1013 GC/mL) were produced by the
Research Vector Core at the Center for Advanced Retinal and Ocular
Therapeutics (University of Pennsylvania). The production method
for these viruses has been previously described.52 All viruses were
produced using the same transgene construct, consisting of the
CAG promoter derived from InvivoGen pDRIVE CAG plasmid
(InvivoGen, San Diego, CA), the cDNA encoding enhanced GFP
(eGFP) protein, and the bovine growth hormone (bGH) polyadeny-
lation signal. The viral particles delivered to each animal is calculated
by multiplying the viral concentration of each AAV serotype by the
injection volume delivered. All viral vectors used in this study under-
went endotoxin testing. The endotoxin levels were 0.20 EU/mL for
AAV2.7m8, 0.23 EU/mL for AAV8BP2, 0.14 EU/mL for AAV2,
0.26 EU/mL for AAV2/8, and 0.22 EU/mL for Anc80L65.

Animal surgery

Animal surgery was approved by the joint Animal Care and Use
Committee of the National Institute of Neurological Diseases and
Stroke and the National Institute on Deafness and Other Communi-
cation Disorders (NIDCD ASP1378). All animal procedures were
done in compliance with the ethical guidelines and regulations set
forth by the Animal Care and Use Committee at NIDCD. CBA/J,
B6; CBA-Tg(ATP6V1B1-Cre)1Rnel/Mm, and B6.Cg-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J (Ai14) (Jackson Laboratory, Bar Harbor,
ME) mice were used in this study. For neonatal mice (P0–P5), hypo-
thermia was used to induce andmaintain anesthesia. Surgery was per-
formed only in the left ear of each animal. For inner ear gene delivery
via the PSC approach, a post-auricular incision was made, and tissue
was dissected to expose the PSC. Care was taken to avoid the facial
nerve during the dissection. A Nanoliter Microinjection System
(Nanoliter2000, World Precision Instruments, Sarasota, FL) was
used in conjunction with a glass micropipette to load AAV-eGFP
into the glass micropipette. A total of 1 mL of AAV-eGFP was injected
over approximately 40 s. Incision was closed with 5-0 Vicryl sutures
and tissue glue.

Auditory brainstem response

ABR testing was used to evaluate hearing sensitivity at�P30. Animals
were anesthetized with ketamine (100 mg/kg) and dexmedetomidine
(0.375 mg/kg) via intraperitoneal injections and placed on a warming
pad inside a sound booth (ETS-Lindgren Acoustic Systems, Cedar
380 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
Park, TX). The animal’s temperature was maintained using a closed
feedback loop and monitored using a rectal probe (TC-1000; CWE
Incorporated, Ardmore, PA). Sub-dermal needle electrodes were
inserted at the vertex (+) and test-ear mastoid (�) with a ground
electrode under the contralateral ear. Stimulus generation and ABR
recordings were completed using Tucker-Davis Technologies
hardware (RZ6 Multi I/O Processor, Tucker-Davis Technologies,
Gainesville, FL) and software (BioSigRx, v.5.1). ABR thresholds
were measured at 4, 8, 16, and 32 kHz using 3-ms, Blackman-gated
tone pips presented at 29.9/s with alternating stimulus polarity. At
each stimulus level, 512 to 1,024 responses were averaged. Thresholds
were determined by visual inspection of the waveforms and were
defined as the lowest stimulus level at which any wave could be reli-
ably detected. A minimum of two waveforms were obtained at the
threshold level to ensure repeatability of the response. Physiological
results were analyzed for individual frequencies, and then averaged
for each of these frequencies from 4 to 32 kHz.

Circling behavior

The circling behavior of mice that underwent inner ear gene delivery
was quantified using optical tracking and the ANY-maze tracking
software (version 4.96; Stoelting Co., Wood Dale, IL). A
38 cm � 58-cm box was attached to a video camera (Fujinon
YV5X2.7R4B-2 1/3-inch 2.7–13.5mm F1.3 Day/Night Aspherical
Vari-Focal Lens). The ANY-maze video tracking software was set
to track the head of mice placed within the box. Each mouse was
placed into the box and allowed to acclimate to the new environment
for 2 min. Complete rotations were recorded and quantified for the
next 2 min, followed by a 1-min “cool-down” period where rotations
were not tracked. Each mouse was assessed three times, and the
average was taken.

Immunohistochemistry and quantification

After completion of functional testing, mice were euthanized by CO2

asphyxiation followed by decapitation. Temporal bones were har-
vested and fixed with 4% paraformaldehyde diluted in phosphate-
buffered saline (PBS), followed by decalcification in 120 mM EDTA
for 4 to 7 days. The cochlear tissues were micro-dissected into base,
middle, and apical turns. The basal and middle turns of the cochlear
lateral wall were dissected out separately (we were unable to success-
fully obtain the lateral wall specimens from the cochlear apex because
the cochlear perfusion process with paraformaldehyde frequently
damages this region of the lateral wall). Tissues were washed in
PBS, and blocked/permeabilized with 2% BSA and goat serum with
0.5% Triton X-100 in PBS for 2 h. Incubation with primary antibody
was performed overnight at 4�C. The dissection of the endolymphatic
sac has been previously described.32 After washing with PBS, endo-
lymphatic sac was blocked/permeabilized with 5% normal donkey
serum and 0.5% Triton X-100 in PBS. For the primary antibodies,
SLC12A2 antibodies were used to label marginal cells (1:100, Cat#
sc21545; Santa Cruz Biotech, Dallas, TX), and KCNJ10 antibodies
for intermediate cells (1:100, Cat# APC-035; Alomone Labs, Jerusa-
lem, Israel).53 Antibodies directed against FOXI1 were used to label
mitochondria-rich cells in the endolymphatic sac (1:200, Cat#
mber 2022
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ab20454; Abcam, Cambridge, MA). Phalloidin (1:50, Phalloidin-Atto
390, Cat#50556; Sigma-Aldrich, St. Louis, MO), Alexa Fluor 546,
donkey anti-goat immunoglobulin (Ig)G (Cat# A-11056; Invitrogen,
Carlsbad, CA), Alexa Fluor 647, donkey anti-rabbit IgG (Cat#
A-31573; Invitrogen), were applied for 2 h at room temperature for
lateral wall tissues. Alexa Flour 647, donkey anti-goat IgG (Cat#
A-21447; Invitrogen) were applied for 1 h at room temperature for
the endolymphatic sac. Hoechst stain was used to label nuclei
(1:300, Cat# 62,249; Life Technologies, Carlsbad, CA). Primary and
secondary antibodies were diluted in PBS. For cross sections, cochleae
were collected and fixed overnight with 4% paraformaldehyde diluted
in PBS, followed by decalcification in EDTA for 4 to 5 days and
embedded in SCEM freezing media (Cat# C-EM001; Section-Lab
Co, Kanagawa, Japan); 12-mm sections were collected using Leica
CM3050S cryostat. Images were obtained using z stack with Zeiss
LSM880 confocal microscope (Zeiss Microimaging, Inc, Jena, Ger-
many) at Plan-Neofluar �10/0.30 and Plan-Neofluaromat �40/1.3
Oil DIC M27 for cochlea and Plan-Neofluaromat �40/1.3 Oil DIC
M27 for lateral wall, and Plan-Neofluar�10/0.30 and Plan-Neofluar-
omat �20/0.8 for cross sections.

Marginal cells were identified as hexagon-shaped cells forming a sin-
gle layer in the z-stack images and confirmed by their expression of
SLC12A2 and counted. Marginal cell transduction rate was obtained
by manually counting the number of GFP-positive cells co-labeled
with SLC12A2, and dividing this number by the total marginal cell
count. The average from two locations in each specimen was taken.
Since the intermediate cells are polymorphous in shape, quantifica-
tion of total intermediate cell count was performed by manually
counting the number of cells whose nuclei were surrounded by
KCNJ10 expression using z-stack images. Intermediate cell transduc-
tion rate was calculated by counting the number of GFP-positive cells
that co-labeled with KCNJ10 and dividing this number by the total
intermediate cell count. The average from two locations of each spec-
imen was taken. It is important to note that marginal cells and inter-
mediate cells project toward each other and SLC12A2 and KCNJ10
expressions partially overlapped. We only counted intermediate cells
that expressed GFP and KCNJ10 starting where a minimal amount of
SLC12A2 expression was seen and counted nuclei surrounded by
KCNJ10 signals using z-stack images. Images of the whole endolym-
phatic sac were obtained as maximal intensity projections of z stacks
at �40 magnification. The endolymphatic sac has multiple folds, and
this method ensures that the entire endolymphatic sac is visualized.
For transduction rate quantification in the endolymphatic sac,
GFP-positive cells were counted and compared with the total number
of cellular nuclei identified using Hoechst stain throughout the z
stack.

Statistics

GraphPad Prism version 9.2.0. was used for statistical analysis.
Ordinary one-way ANOVA with multiple comparisons was used to
assess the differences in transduction rate for marginal cells and inter-
mediate cells among various virus serotypes. Two-way ANOVA with
multiple comparisons was used to assess the differences in ABR
Molecular The
thresholds. Two-tailed unpaired t test was used for the circling
behavior and endolymphatic sac transduction. A p-value < 0.05 indi-
cates statistical significance.
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