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AAV-mediated gene therapy is a promising approach for treat-
ing genetic hearing loss. Replacement or editing of the Tmc1
gene, encoding hair cell mechanosensory ion channels, is effec-
tive for hearing restoration in mice with some limitations. Effi-
cient rescue of outer hair cell function and lack of hearing re-
covery with later-stage treatment remain issues to be solved.
Exogenous genes delivered with the adeno-associated virus
(AAV)9-PHP.B capsid via the utricle transduce both inner
and outer hair cells of the mouse cochlea with high efficacy.
Here, we demonstrate that AAV9-PHP.B gene therapy can pro-
mote hair cell survival and successfully rescues hearing in three
distinct mouse models of hearing loss. Tmc1 replacement with
AAV9-PHP.B in a Tmc1 knockout mouse rescues hearing and
promotes hair cell survival with equal efficacy in inner and
outer hair cells. The same treatment in a recessive Tmc1 hear-
ing-loss model, Baringo, partially recovers hearing even with
later-stage treatment. Finally, dual delivery of Streptococcus
pyogenes Cas9 (SpCas9) and guide RNA (gRNA) in separate
AAV9-PHP.B vectors selectively disrupts a dominant Tmc1
allele and preserves hearing in Beethoven mice, a model of
dominant, progressive hearing loss. Tmc1-targeted gene thera-
pies using single or dual AAV9-PHP.B vectors offer potent
and versatile approaches for treating dominant and recessive
deafness.
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INTRODUCTION
Congenital hearing loss is a major health issue affecting 1 in 500 new-
borns, having a profound impact on early speech and language acqui-
sition, which often affects social development and extends throughout
adult life.1,2 More than 50% of congenital hearing-loss cases have a ge-
netic basis,3 accounting for �60% of all deafness over the course of a
lifetime.1 Due to the direct surgical accessibility of the cochlea, as well
as its relatively contained fluid environment, gene therapy is a prom-
ising approach for treatment of sensory hearing loss. In recent years, a
few studies have approached gene therapy for hearing loss4 with stra-
tegies including gene replacement with adeno-associated viruses
(AAVs),5–7 gene suppression with antisense oligonucleotides and
Mol
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RNA interference,8,9 and gene and base editing with CRISPR-Cas9-
based tools.10,11

A number of gene-therapy studies have targeted the Tmc1 gene,
which encodes a mechanosensitive ion channel in hair cells of the in-
ner ear and mediates the conversion of mechanical stimulation from
sound into electrical signals for hearing sensation.12–14 Mutations in
Tmc1 cause dominant DFNA36, and recessive DFNB7/11, deafness15

and lead to 3%–8% of all inherited hearing-loss conditions.16 TMC1 is
located at the tips of stereocilia of inner hair cells (IHCs) and outer
hair cells (OHCs), two types of sensory cells of the inner ear. In
mice, the lack of functional TMC1 results in loss of mechanosensory
transduction, profound hearing deficits, and hair cell death.13,17 Hair
cells are organized in a tonotopic gradient along the organ of Corti,
transducing high frequencies at the base and low frequencies at the
apex. IHCs are responsible for signal transduction to afferent type I
spiral ganglion neurons and transmission to the brain, whereas
OHCs are necessary to amplify and tune the response to sound
stimuli.

In mouse models of hearing loss, lack of mechanosensory transduc-
tion causes hair cell death, which progresses from the base to apex,
with OHCs degenerating earlier than IHCs. Prior reports of partial
hearing restoration using viral-mediated gene therapy coincide with
levels of hair cell survival.5,11 One major challenge that must be ad-
dressed with developing AAV tools for hearing loss is understanding
how to effectively minimize this spatiotemporal pattern of degenera-
tion. This requires efficient and specific viral transduction into both
IHCs and OHCs, as well as a sufficiently broad therapeutic window
for exogenous gene expression in surviving hair cells.
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Figure 1. AAV2/9-PHP.B-Tmc1 Mediates Hearing Restoration in Tmc1D/D Mice

(A) Representative ABR waveform families recorded from mice at 4 weeks or 4 weeks postinjection for each indicated condition, using 11.3 kHz tone bursts at incrementally

increasing sound-pressure levels. Thresholds were determined by the detection of peak 1 and are indicated by colored traces. Scale bar applies to all families. (B) Mean ABR

(top) and DPOAE (bottom) thresholds of 4-week-old mice plotted as a function of stimulus frequency for wild-type (WT) C57BL/6 (black; n = 6), Tmc1D/D uninjected controls

(red; n = 5), and Tmc1D/Dmice injected with PHP.B-Tmc1 at P1 (blue; n = 28) with five best performers (green) tested at 4 weeks old. Lighter traces show individual responses.

Average data shown asmean ± SEM. (C) Mean ABR (top) and DPOAE (bottom) thresholds plotted as a function of stimulus frequency for Tmc1D/Dmice injected with PHP.B-

Tmc1 at P1, tested at 4, 8, and 12weeks after injection (n = 6). Average data shown asmean ±SEM. (D) Mean ABR (top) and DPOAE (bottom) thresholds plotted as a function

of stimulus frequency for Tmc1D/D mice injected with PHP.B-Tmc1 at P7, tested at 4 weeks after injection (n = 19). Lighter traces show individual responses. Average data

shown as mean ± SEM. (E) Representative 10� (top panels) and 63� (bottom panels) confocal images from middle-apical cochlear sections of indicated experimental

(legend continued on next page)
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Recently, the synthetic AAV9-PHP.B capsid was identified to enable
enhanced gene transduction in the central nervous system (CNS)
following intravenous adiministration.18 Our lab found that
AAV9-PHP.B, when combined with an injection directly into the
utricle, an inner-ear vestibular organ, was able to transduce both
IHCs and OHCs along the entire length of the cochlea with near-
100% efficacy even when injected at later postnatal ages.19 This
demonstrates a notable improvement from other tested capsids
and previous studies in which OHC transduction was limited, and
transduction efficacy in IHCs decreased from apex to base.19,20

Additionally, two other studies showed that round window mem-
brane administration of AAV9-PHP.B allows for near-complete
transduction of hair cells in nonhuman primates as well.6,21 One
of these studies also used AAV9-PHP.B to deliver CLRN1 to a
mouse model of Usher syndrome type 3A and demonstrated mod-
erate hearing restoration.6

Here, we sought to characterize the extent of hearing recovery in three
different Tmc1-deficient mouse models for hearing loss with the use
of AAV9-PHP.B delivery via the utricle. We tested the efficacy of
Tmc1 gene replacement in two different forms of recessive hearing
loss, as well as the efficacy of dual vector delivery of a CRISPR-
Cas9 system to treat a form of dominant hearing loss. Due to the un-
precedented efficacy of viral transduction in hair cells using AAV9-
PHP.B, we hypothesized that we would see improved recovery of
hearing and decreased levels of cell death.

We found that AAV9-PHP.B was able to effectively induce transgenic
expression or modify native genes in hair cells and prevent hearing
loss for all three mouse strains tested, in some cases, to a greater extent
than previously reported with other AAV strategies. Additionally, we
found that treatment at older ages in different mouse strains revealed
possible limitations to gene therapy in hair cells. Finally, we demon-
strated that AAV9-PHP.B enables robust dual vector delivery, thus
expanding the tool kit for AAV-based gene therapy.

RESULTS
PHP.B-Tmc1 Mediates Hearing Restoration in Tmc1D/D Mice

Restoration of hearing in mouse models for congenital hearing loss
has been explored with the use of AAV-mediated gene
delivery.5,6,10,11,20,22 Notably, our group has recently demonstrated
that delivery of Tmc1 with the synthetic AAV-Anc80L65 capsid can
restore hearing in a mouse model for human recessive deafness
DFNB7/11, in some cases, to near-wild-type (WT) thresholds of hear-
ing.5 Additionally, we have also recently reported that the AAV9-
PHP.B capsid, delivered through a novel injection route to the utricle,
can transduce nearly 100% of both IHCs and OHCs throughout all
cochlear turns with EGFP, even when injected as late as postnatal
day 7 (P7).19 Here, we asked if a combination of these strategies could
conditions, immunostained against myosin VIIa at 12 weeks of age. Scale bars, 100 mm a

(IHCs and OHCs, respectively) for WT C57BL/6 (n = 3), Tmc1D/D uninjected controls (n

100 mm sections of the apex, middle, and basal cochlear turns. Individual samples are s

comparison test for respective measurements, i.e., Tmc1D/D apex versus injected apex
yield an even more robust recovery of hearing in a Tmc1D/D mouse
line, a model of DFNB7/11.

To address this question, we packaged mouse Tmc1ex1 driven by the
cytomegalovirus (CMV) promoter and followed by a woodchuck
hepatitis virus (WHP) post-transcriptional regulatory element
(WPRE) sequence into the AAV9-PHP.B capsid: AAV2/9-PHP.B-
CMV-TMC1-WPRE (PHP.B-Tmc1 for brevity). We then injected
1 mL (5.64E+10 gc) into the left utricle of P1 Tmc1D/D mice. After
4 weeks, we recorded auditory brainstem responses (ABRs) and
distortion product otoacoustic emissions (DPOAEs) from injected
and uninjected mice to evaluate the extent of hearing recovery across
frequencies ranging from 5.6 kHz to 32 kHz.

At P28–P30, Tmc1D/D mice were profoundly deaf, with no recorded
ABRs or DPOAEs evoked by up to 110 decibels (dB) or 80 dB
sound-pressure level (SPL), respectively (Figures 1A and 1B).
PHP.B-Tmc1-injected mice, however, showed significant hearing re-
covery, with an �60-dB SPL average auditory threshold across tested
frequencies (at 11.3 kHz, Tmc1D/D: 110 ± 0 dB, n = 5; injected: 56.3 ±
3.8 dB, n = 28) (Figures 1A and 1B). The five best performers out of 28
injected mice, identified by mean ABR threshold across all fre-
quencies, recovered hearing thresholds as low as 20–40 dB, similar
to those of WT C57BL/6 mice (at 11.3 kHz, WT: 25.8 ± 0.8 dB, n =
6; injected: 31.0 ± 1.9 dB, n = 5) (Figures 1A and 1B). Recovery at
higher frequencies was more modest and is consistent with the
more rapid degradation of hair cells toward the basal turn of the co-
chlea in mouse models for hearing loss (Figure 1B). DPOAEs, a mea-
sure of OHC function, recorded from injected mice, were, on average,
nearly indistinguishable from WT mice at low frequencies up to 11.3
kHz and showed substantial improvements at higher frequencies
compared to previous reports of gene-therapy strategies for hearing
loss (at 11.3 kHz, Tmc1D/D: 80 ± 0 dB n = 5; injected: 45.5 ± 3.0
dB, n = 28) (Figure 1B). The five best performers had DPOAE thresh-
olds near or equal to those of WT mice across all frequencies (at 11.3
kHz, WT: 38.3 ± 1.7 dB, n = 6; injected: 30.0 ± 1.6 dB, n = 5) (Fig-
ure 1B). Additionally, recovery of both ABRs and DPOAEs was
robust when mice were tested 8 and 12 weeks following injection,
demonstrating the long-term durability of this gene-delivery strategy
(ABRs at 11.3 kHz, 4 weeks: 59.2 ± 10.4 dB; 8 weeks: 58.3 ± 10.0 dB;
12 weeks: 60.8 ± 9.3 dB, n = 6) (Figure 1C).

Previously, we observed that injection of AAV-Anc80L65-Tmc1 at
later ages resulted in progressively less effective recovery of hearing,
as the postnatal injection age increased.5 Because we have shown that
the AAV9-PHP.B capsid can efficiently transduce EGFP in hair cells
of P7 C57BL/6 WT mice, we asked if delivery of Tmc1 using PHP.B-
Tmc1 could improve hearing recovery at later injection time points.
When injected at P7 and measured 4 weeks postinjection, 12/19
t 10� and 20 mmat 63�. (F) Mean cell counts of inner (left) and outer (right) hair cells

= 5), and P1-injected Tmc1D/D conditions (n = 6) at 12 weeks of age measured from

hown as a scatterplot (***p% 0.001; one-way ANOVA followed by Sidak’s multiple

).
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Figure 2. AAV9-PHP.B-Mediated Hearing Recovery in the Recessive Hearing-Loss Model, Baringo

(A) Representative ABR waveform families recorded from mice at 4 weeks or 4 weeks postinjection for indicated conditions, using 11.3 kHz tone bursts at incrementally

increasing sound-pressure levels. Thresholds were determined by the detection of peak 1 and are indicated by colored traces. Scale bar applies to all families. (B) Mean ABR

(top) and DPOAE (bottom) thresholds of 4-week-old mice plotted as a function of stimulus frequency for Tmc1Y182C/+ (black; n = 5), Baringo uninjected controls (red; n = 4),

and Baringomice injected with PHP.B-Tmc1 at P1 (blue; n = 8) with three best performers (green) tested at 4 weeks old. Lighter traces show individual responses. Average

data shown as mean ± SEM. (C) Mean ABR (top) and DPOAE (bottom) thresholds plotted as a function of stimulus frequency for Baringomice injected with PHP.B-Tmc1 at

P7, tested at 4 weeks after injection (n = 13). Lighter traces show individual responses. Average data shown as mean ± SEM. (D) Representative 10� (left panels) and 63�
(right panels) confocal images from middle-apical cochlear sections of indicated experimental conditions, immunostained against myosin VIIa at 4 weeks of age or 4 weeks

(legend continued on next page)
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mice showed very modest levels of hearing recovery measured by ABR,
averaging�100 dB thresholds, with the best performer reaching 80 dB
thresholds at higher frequencies (at 11.3 kHz, 100.5 ± 2.2 dB, n = 19)
(Figure 1D). DPOAEs were detected in only 3/19 injected mice at 70
dB, a small improvement from earlier studies in which DPOAEs
were never detected at P7 and older injections (at 11.3 kHz, 79.2 ±

0.6 dB, n = 19) (Figure 1D).5 In contrast, no ABRs or DPOAEs were
detected when mice were injected at P14 (data not shown; n = 5).

Because hair cells degenerate rapidly over time in Tmc1D/Dmice17, we
asked if hair cells lacking TMC1 at later ages presented a cellular state
that is less amenable to AAV transduction. We injected AAV2/9-
PHP.B-CMV-eGFP-WPRE (PHP.B-EGFP for brevity) in P7
Tmc1D/Dmice and harvested cochlear tissue 2–4 weeks after injection.
We observed that whereas hair cells had begun to degenerate starting
at the basal region, EGFP expression was still expressed widely in both
IHCs and OHCs throughout all cochlear sections, suggesting that lack
of hearing recovery at later age injections was not due to loss of AAV
transduction efficacy (Figure S1).

Following ABR and DPOAEmeasurements, we dissected the organ of
Corti from cochleas of tested mice to assess hair cell survival. At
12 weeks old, Tmc1D/D mice exhibit substantial loss of both IHCs
and OHCs throughout the entire length of the cochlea, with most re-
gions having no surviving hair cells, as identified by immunostaining
against the hair cell marker myosin VIIa (Myo7a) and hair cell counts
in 100 mm cochlear sections (for apical IHCs, WT: 12.3 ± 0.3 cells,
n = 3, Tmc1D/D: 3.0 ± 0.6 cells, n = 5; OHCs, WT: 39.3 ± 1.3 cells,
Tmc1D/D: 3.6 ± 1.7 cells) (Figures 1E and 1F). For mice injected at
P1 with PHP.B-Tmc1, cochleas were harvested at 12 weeks of age
and showed a significant increase in hair cell survival in both IHCs
and OHCs, comparable in some instances to WT levels (for apical
IHCs, 8.5 ± 0.9 cells; OHCs, 34.7 ± 2.6 cells, n = 6) (Figures 1E and
1F). For OHCs, survival decreased along the length of the cochlea
in a gradient fashion toward the basal turn, consistent with previous
reports.5 For P1-injected mice, cochleas harvested at 4 weeks of age
had similar levels and patterns of hair cell survival (for apical IHCs,
10.0 ± 0.4 cells; OHCs, 38.6 ± 0.7 cells, n = 5) (Figures S2A and S2B).

Mice that were injected at P7 also had substantial IHC survival
throughout and OHC survival at the apical cochlear turn when har-
vested at 4 weeks postinjection (for apical IHCs, 11.0 ± 0.2 cells;
OHCs, 35.7 ± 1.5 cells, n = 7), despite having little to no hearing recov-
ery at low frequencies (Figure 1D; Figures S2A and S2B). This could be
partially explained by the observation that hair cell loss in uninjected
Tmc1D/D mice is not complete at 4 weeks old, so the number of
Myo7a-positive hair cells does not necessarily reflect the number of
functional cells at this stage of the disease (Figure S2A). Together, these
data show that PHP.B-Tmc1 delivered at P1 through utricle injection
postinjection. Scale bars, 100 mm at 10� and 20 mm at 63�. (E) Mean cell counts of IHC

P1-injected Baringo (n = 9), and P7-injected Baringo (n = 9) conditions at 4 weeks of a

Individual samples are shown as a scatterplot (not significant [ns] R 0.05, ***p % 0.0

measurements, i.e., Baringo apex versus injected apex).
can prevent hair cell loss inTmc1D/Dmice and recover hearing, whereas
later-stage injections may be insufficient for full hearing recovery
despite being able to efficiently transduce hair cells.

Hearing Recovery with PHP.B-Tmc1 in the Recessive Hearing-

Loss Model Baringo

Gene-replacement strategies present a promising option for treating
recessive forms of hearing loss. The Baringo mouse strain harbors a
single recessive loss-of-function point mutation (p.Y182C) in Tmc1
(Tmc1Y182C/Y182C), while still expressing mutant TMC1 protein in a
pattern similar to that of WT.23 We hypothesized that expression of
mutant Tmc1 as opposed to a complete knockout may form an intact
but nonfunctional, mechanosensory complex and provide a more sta-
ble and therapeutically relevant setting for introduction of exogenous
Tmc1, potentially leading to stronger hearing recovery.

Previously, our group used a split cytosine base editor delivered with
dual AAV-Anc80L65 vectors to restore high-threshold ABRs in Bar-
ingo mice but showed no recovery of DPOAEs.10 Here, we injected
PHP.B-Tmc1 into the utricles of P1 Baringo mice (Tmc1Y182C/Y182C).
We thenmeasured ABRs andDPOAEs at 4 weeks of age. Heterozygous
(Het) mice (Tmc1Y182C/+) retained normal hearing compared to WT
C57BL/6 mice (at 11.3 kHz, ABR: 27.0 ± 1.2 dB; DPOAE: 24.0 ± 1.0
dB, n = 5) (Figures 2A and 2B). Uninjected Baringomice had no detect-
able ABRs or DPOAEs evoked by 110 dB or 80 dB sound intensities,
respectively, as reported previously (Figures 2A and 2B).10 Injected
mice, however, had significantly lower ABR thresholds at low to mid
frequencies, with the best performers responding at as low as 40 dB,
roughly only 10 dB higher than that of TMC1Y182C/+ mice (at 11.3
kHz, ABR: 66.9 ± 6.7 dB, n = 8) (Figures 2A and 2B). Notably, DPOAE
thresholds were recovered significantly, with the average three best per-
formers indistinguishable from TMC1Y182C/+ at 5.6 to 11.3 kHz fre-
quencies (at 11.3 kHz, all mice: 39.4 ± 8.2 dB, n = 8; best performers:
26.7 ± 4.4 dB, n = 3) (Figure 2B). As with injections in Tmc1D/D

mice, recovery at higher frequencies was more modest, likely because
degradation of hair cells in Baringo mice follows a similar temporal
and spatial pattern as in Tmc1D/D.

Surprisingly, Baringo mice injected with PHP.B-Tmc1 at P7 resulted
in stronger recovery of both ABR and DPOAE thresholds compared
to Tmc1D/D mice. 8/13 P7-injected Baringo mice recovered ABR
thresholds, with multiple mice exhibiting as low as 70 dB at lower fre-
quencies. The most striking difference from P7-injected Tmc1D/D

mice was observed in DPOAE thresholds. DPOAEs were detected
in 6/13 Baringomice injected at P7, with 3 mice having thresholds be-
tween 40 and 50 dB at lower frequency stimulations (at 11.3 kHz,
ABR: 96.9 ± 4.4 dB; DPOAE: 72.3 ± 2.9 dB, n = 13) (Figure 2C). Bar-
ingo mice injected at P14 had no detectable ABR or DPOAE thresh-
olds (data not shown, n = 11).
s (left) and OHCs (right) for Tmc1Y182C/+ (n = 4), Baringo uninjected controls (n = 5),

ge, measured from 100 mm sections of the apex, middle, and basal cochlear turns.

01; one-way ANOVA followed by Sidak’s multiple comparison test for respective
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Figure 3. Coexpression of GFP and RFP by Dual Injection of AAV9-PHP.B Vectors

Representative 10� confocal images (left andmiddle images) frommiddle-apical cochlear sections showing GFP (green) and RFP (red) coexpression in IHCs andOHCs. 63�
magnification of 100 mm sections (right images) showing GFP and RFP expression in individual hair cells, merged, and stained against myosin VIIa (blue). Scale bars, 100 mm

at 10� and 20 mm at 63�.
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Following functional testing, we then dissected the organ of Corti and
immunostained hair cells of tested mice as before. At 4 weeks of age,
we observed modest IHC loss in middle and basal turns of the cochlea
in uninjected Baringo mice, consistent with prior observations (for
middle IHCs, Het: 13.0 ± 0 cells, n = 4, Baringo: 8.4 ± 0.7 cells, n =
5; base IHCs, Het: 10.8 ± 0.5 cells, Baringo: 8.3 ± 0.9 cells) (Figures
2D and 2E). P1- and P7-injected mice had similarly reduced IHC
counts, suggesting that rescue of hearing was mainly due to the rein-
troduction of functional TMC1 rather than the rescue of hair cell sur-
vival (for middle IHCs, P1: 7.8 ± 1.3 cells, n = 9, P7: 10.4 ± 0.3 cells,
n = 9; base IHCs, P1: 8.0 ± 0.6 cells, P7: 7.5 ± 0.6 cells) (Figures 2D and
2E). On the other hand, OHCs in uninjected Baringo mice were sub-
stantially reduced in number in the middle and basal cochlear turns,
and remaining hair cells were notably unorganized (for middle
OHCs, Het: 41.5 ± 0.9 cells, n = 4, Baringo: 11.0 ± 1.6 cells, n = 5;
base OHCs, Het: 36.8 ± 0.8 cells, Baringo: 10.8 ± 2.0 cells) (Figures
2D and 2E). P1-injected Baringo mice had significantly greater
OHC survival in the middle and basal cochlear turns, with some
mice appearing indistinguishable from Tmc1Y182C/+ (for middle
OHCs, P1: 31.5 ± 4.5 cells, n = 9, P7: 29.8 ± 4.0 cells, n = 9; base
OHCs, P1: 29.3 ± 3.0 cells, P7: 9.9 ± 1.7 cells) (Figure 2E). Interest-
ingly, P7-injected mice also had a significantly increased survival
rate of OHCs in the apical and middle cochlear turns, whereas
OHC survival remained low in the basal turn (apical: 38.9 ± 0.9 cells;
middle: 29.8 ± 4.0; base: 9.9 ± 1.7, n = 9) (Figure 2E). This observation
is in contrast to that seen in P7-injected Tmc1D/D mice, where there
was still substantial hair cell death in the middle cochlear turn. This
effect may account for the difference seen in DPOAE thresholds be-
tween P7-injected Tmc1D/D and Baringo mice.

Coexpression of Different Genes by Dual Injection of AAV9-

PHP.B Vectors

Delivery of large gene sequences to the inner ear is limited by the ca-
pacity of AAV vectors (%5 kb).24–26 In addition, many gene-therapy
studies require two vectors to deliver multiple genetic elements.22,24,27
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Whereas dual delivery of large sequences to IHCs has yielded partial
success,22,28 the efficiency of dual delivery to OHCs has been
limited.29 The increased efficacy of gene delivery with AAV9-
PHP.B presents an opportunity to improve gene expression of two
vectors delivered simultaneously, while being limited by total volume
and titer. Perhaps the most impactful of such applications is the de-
livery of CRISPR-Cas9 systems with AAVs.

To first test the efficacy of dual vector delivery with AAV9-PHP.B,
we generated AAV2/9-PHP.B-CMV-turbo red fluorescent protein
(RFP)-WPRE (PHP.B-RFP) and coinjected this vector with
AAV2/9-PHP.B-CMV-EGFP-WPRE at a 1:1 gc ratio in a total vol-
ume of 1 mL into the utricle of WT C57BL/6 mice at P1 (1.3E+9 gc
each). At P14, mice were harvested, immunostained against Myo7a,
and imaged with confocal microscopy for expression of GFP and
RFP in hair cells. We observed that among three tested mice, on
average, 60% of IHCs and 79% of OHCs coexpressed both GFP
and RFP when normalized to total hair cells indicated by Myo7a-
positive cells. In one mouse, as high as 93% of IHCs and 90% of
OHCs coexpressed both GFP and RFP, although expression level
was variable among cells (Figure 3). This result suggests that coin-
jection of dual AAV9-PHP.B vectors could be a successful strategy
for delivering separately encoded elements, such as guide RNA
(gRNA) and Cas9 nucleases.

Identification of gRNAs Selective for the Beethoven (Bth) Allele

Using the Streptococcus pyogenes Cas9 (SpCas9) Nuclease

Recent studies have shown the protective effects of allele-specific
RNA-guided nuclease targeting the mutant Tmc1 gene causing
DFNA36-dominant deafness.11,30 Such an approach has recently
been achieved using the KKH variant of SaCas9 nuclease (from Staph-
ylococcus aureus) and a gRNA encoded by a single AAV-Anc80L65
vector.11 The extension of AAV delivery to other nucleases, such as
SpCas9, may allow targeting a larger repertoire of genes and muta-
tions. As the coding sequence for SpCas9, gRNA, and promoters
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Figure 4. Screening of gRNAs for Selective Disruption of the Bth Allele Mediated by the SpCas9 Nuclease

(A) Dual AAV vector constructs for expression of the gRNA and SpCas9 nuclease (tracrRNA, trans-activating CRISPR RNA; b-gl int, beta-globin intron; pA, 30 UTR and

polyadenylation signal; ITR, AAV2-inverted terminal repeats). (B) Design of gRNA sequences targeting the Bthmutation. Aligned sequences of the mouse Tmc1 and human

TMC1 genes are shown in the lower boxes. The PAM sequence is depicted in blue and the nucleotides corresponding to theBthmutation in red. For some gRNA sequences,

a G (shown in green) was added to the 50 end to facilitate the activity of the RNA polymerase. (C) Representative sequencing chromatograms of the Tmc1 gene in MEF cells.

Asterisk (*) indicates the position corresponding to the T-to-A Bth point mutation. Note the predominant T in this position in Bth/+ cells transfected with gRNA 15, which

indicates selective SpCas9-mediated cleavage of theBth allele. The arrowhead shows the SpCas9 cleavage site. (D) TIDER quantification of gRNA-induced cleavage efficacy

based on the relative presence of theWT or Bth sequence inBth/+ MEF cells transfected with each of the gRNA-expressing constructs. Note the significant selectivity for the

Bth allele of gRNA 12 and 15 (ns R 0.05, **p % 0.01, ***p % 0.001; multiple t tests with Holm-Sidak method). Data shown as mean ± SD. (E) Representative sequencing

chromatograms of the TMC1 gene in HAP TMC1+ and TMC1Bth cells. Note that indels (arrowhead) are present only in the SpCas9-expressing HAP TMC1Bth cells

transfected with gRNA 16. (F) TIDE analysis of gRNA-induced cleavage efficacy based on indel frequency in HAP cells transfected with each of the gRNA-expressing

constructs. Data shown as mean ± SD. Note the significant selectivity of gRNA 16 for the Bth allele (*p % 0.05; multiple t tests with Holm-Sidak method).
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exceed the packaging capacity of AAV (%5 kb), methods based on
the coinjection of two AAV vectors separately encoding the gRNA
and SpCas9 nuclease need to be optimized.
In order to address this question, we devised a dual AAV system to
express SpCas9 and the gRNA using two separate AA9-PHP.B vectors
(Figure 4A). We first sought to identify gRNA sequences that could
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provide allele-specific targeting of the Bth mutation in Tmc1 (T to A
mutation encoding M412K amino acid substitution). Six different 20
nt-long gRNAs were designed with full homology to mouse Tmc1
mRNA (GenBank: NM_028953.2) in the region corresponding to
nt 1376–1414, which contains the Bth mutation (Figure 4B). These
gRNAs were chosen to be contiguous to a protospacer adjacent motif
(PAM) of SpCas9, corresponding to the canonical NGG sequence for
gRNA 11–13 and to the noncanonical NAG sequence for gRNA 14
and 15. In gRNA 21, only the Bth-mutated allele carries a noncanon-
ical GAA PAM sequence, which might provide allele-specific
targeting.

To identify candidate gRNAs, we screened them for their ability to
induce SpCas9 activity at the target Bth sequence while preserving
the WT allele. Constructs expressing each of the gRNAs and GFP
were transfected in diploid mouse embryonic fibroblasts (MEFs)
derived from Bth/+ mice. The MEF cells, previously transduced to
constitutively express SpCas9, were sorted for GFP fluorescence
and sequenced. To assess the integrity of the gDNA sequence by
Sanger sequencing, a PCR amplicon was amplified using primers
flanking the Bthmutation. As expected, sequencing revealed the pres-
ence of the mutation in the Bth/+ MEF cells, with a mixed A/T signal
in position 1398 (Figure 4C). To determine the selectivity of each
gRNA, the chromatograms obtained from Tmc1+/+ or Bth/+ MEF
cells were compared to chromatograms fromMEF cell cultures trans-
fected with each of the U6-gRNA constructs. The software Tracking
of Insertions, Deletions and Recombination Events (TIDER) was used
to assess the frequency of the presence of the T nucleotide in position
1398 (Figure 4D).31 Quantification revealed that only the gRNA 12
and 15 had a significant preference for disrupting the Bth allele as
compared to the WT allele (Figure 4D). gRNA 15 was selected for
further in vivo experiments, as it was found to be more selective for
the mutated allele than gRNA 12.

Next, we performed a similar analysis using human cells to identify
gRNAs displaying similar selectivity for the mutated TMC1 allele
(M418K) in the human genome. In this case, we used two separate
human haploid (HAP) cell lines derived from the KBM7 cell line
and genetically modified to contain either the WT (HAP TMC1+)
or the Bth TMC1 genomic sequence (HAP TMC1Bth). Both HAP
cell lines were transduced for constitutive SpCas9 expression. We de-
signed six different 20 nt-long gRNAs fully homologous to nt 1964–
2002 of the human TMC1mRNA (GenBank: NM_138691.3), using a
strategy similar to the one previously described for the mouse Tmc1
sequence (Figure 4B). HAP cells transfected with the U6-gRNA con-
structs were sorted based onGFP expression. To analyze gDNA integ-
rity, an amplicon containing the Bth mutation was amplified for
Sanger sequencing. For both HAP TMC1+ and HAP TMC1Bth, we
compared chromatograms of both nontransfected and gRNA-trans-
fected cells (Figure 4E). For each gRNA, the presence of insertions
and deletions (indels) was analyzed using Tracking of Indels by
Decomposition (TIDE) in order to quantify the efficacy of SpCas9-
mediated cleavage (Figure 4F).32 In human HAP cells, gRNA 16
showed clear activity at the TMC1Bth allele, whereas no significant in-
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dels were induced in the WT TMC1+ HAP cells. However, the gRNA
20, which is the most similar to mouse gRNA 15, showed only low-
cleavage efficacy on the TMC1Bth allele. Therefore, the gRNA
sequence with highest selectivity for the Bth mutation appeared to
be different in the context of the mouse and human genomes, with
gRNA 15 (mouse Tmc1) and 16 (human TMC1) being the most effi-
cient candidates.

Dual Vector System for SpCas9/gRNA Targeting the Bth Allele

Preserves Hearing

Next, we sought to test the efficacy of coinjecting vectors encoding
SpCas9 and the gRNA15 into the inner ear of Bth mice (Tmc1Bth/+),
a mouse strain that models the progressive hearing loss of DFNA36.33

To do so, we first packaged each construct into the AAV9-PHP.B
capsid: AAV2/9-PHP.B-CMV-SpCas9 (PHP.B-SpCas9) and AAV2/
9-PHP.B-U6-gRNA15-CMV-GFP (PHP.B-gRNA15-GFP) to maxi-
mize cotransduction efficacy in vivo. Bth mice were injected through
the utricle at P1 with a 1:1 volumetric ratio of viral gRNA15 to SpCas9
(1.35E+11 gc each), and mice were left to recover for at least 4 weeks
before testing.

To validate in vivo editing specificity, we performed targeted deep
sequencing on genomic DNA from whole cochlear tissue of injected
Bth mice and quantified indel events (Figures S3A and S3B). 30 days
after injection, wemeasured editing efficiency of the Bth allele of 0.6 ±
0.7% (n = 8), which was�15-fold greater than the editing efficiency of
theWT allele, 0.04 ± 0.02% (n = 8). Since hair cells account for a small
fraction of all cells harvested from whole cochleas and since it has
been previously demonstrated that PHP.B-EGFP efficiently and
almost exclusively transduces IHCs and OHCs,19 we suspect most
of the editing in the cochlea occurred in hair cells. As such, the
data suggest high-specificity disruption of the Bth allele with negli-
gible activity in the WT allele. Figure S3 examines the allele-specific
indel formation of the injected mouse with the highest editing per-
centage for the Bth allele. The indel profile spanning the length of
the cochlea reveals that about 95% of CRISPR-induced variants are
deletions, with the most frequent being a two-nucleotide deletion in
the mutant allele (Figure S3B).

To explore the functional consequences of targeted disruption of the
Bth allele, ABRs and DPOAEs were recorded from dual-injected Bth
mice at 4, 6, 12, and 24 weeks following injection. At 4 weeks of age,
uninjected Bthmice retained decreasing levels of hearing from low to
mid frequencies and had little to no detectable ABRs at higher fre-
quencies evoked by up to 110 dB (at 11.3 kHz, 4 weeks: 54.5 ± 8.9
dB, n = 7) (Figures 5A and 5B). DPOAEs of Bth mice, on average,
were only recorded above a 70-dB threshold for all frequencies tested
(at 11.3 kHz, 4 weeks: 71.7 ± 8.3 dB, n = 7) (Figure 5B). As age
increased for Bthmice, hearing loss progressed, as seen by increasing
ABR thresholds, and by 24 weeks of age, virtually no ABRs or
DPOAEs were evoked by up to 110 dB or 80 dB, respectively (Fig-
ure 5B). Bth mice dual injected with PHP.B-SpCas9 and PHP.B-
gRNA15-GFP, on the other hand, retained hearing at low to mid fre-
quencies and was robust up to at least 24 weeks, with low-frequency
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Figure 5. In VivoDual Vector System for SpCas9/gRNA Targeting of the Bth

Allele

(A) Representative ABR waveform families recorded from mice at 24 weeks for

indicated conditions, using 11.3 kHz tone bursts at incrementally increasing sound-

pressure levels. Thresholds were determined by the detection of peak 1 and are

indicated by colored traces. Scale bar applies to all families. (B) Mean ABR (left)- and

DPOAE (right)-threshold mice plotted as a function of stimulus frequency for Bth

uninjected controls (red, n = 6 at 4 weeks; n = 3 at 6 weeks; n = 9 at 12 weeks; n = 9

at 24 weeks old) and Tmc1Bth/+ mice dual injected with PHP.B-SpCas9 and PHP.B-

gRNA15-GFP (blue, n = 9 at 4 weeks; n = 13 at 6 weeks; n = 9 at 12 weeks; n = 8 at

24 weeks old). Lighter traces show individual responses. Average data shown as
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sounds eliciting ABRs at about 60 dB. These results are similar to
those observed with single AAV vector injections in Tmc1D/D and
Baringo mice, as well the previous report delivering SaCas9 and
gRNA in a single vector11 (at 11.3 kHz, 4 weeks: 57.2 ± 0.4 dB, n =
9; 6 weeks: 66.7 ± 4.4 dB, n = 13; 12 weeks: 73.9 ± 6.3 dB, n = 9;
24 weeks: 73.8 ± 5.2 dB, n = 8) (Figure 5B). DPOAEs were also signif-
icantly recovered at all ages tested, with thresholds returning to WT
levels at approximately 35 dB for 11.3 kHz frequencies at 4 weeks
of age and elevating to intermediate recovery of about 50 dB at later
ages, leveling off when retested at 12 and 24 weeks (at 11.3 kHz,
4 weeks: 36.1 ± 5.8 dB, n = 9; 6 weeks: 48.8 ± 4.9 dB, n = 13; 12 weeks:
56.1 ± 5.3 dB, n = 9; 24 weeks: 54.4 ± 5.3 dB, n = 8) (Figure 5C).

We then asked if hair cell survival also coincided with hearing recovery,
as with previous mouse models. As before, we dissected the organ of
Corti from cochlea of injected and uninjected Bth mice and stained
against Myo7a to observe hair cell survival and organization. At
24 weeks of age, Bth mice have widespread loss of hair cells, with
only minimal and disordered cells remaining in apical regions and
none toward the middle and basal cochlear turns (for IHCs, apex:
5.0 ± 1.5 cells, middle: 3.3 ± 0.7 cells, and base: 0 ± 0 cells; for
OHCs, apex: 15.7 ± 4.3 cells, middle: 0 ± 0 cells, and base: 0 ± 0 cells,
n = 3) (Figures 6A and 6B). Dual-injected Bth mice, however, have
notably greater levels of survival for both IHCs and OHCs at 24 weeks
in the apical and middle cochlear turns, whereas hair cell recovery in
the basal turn was limited to IHCs (for IHCs, apex: 8.8 ± 1.9 cells, mid-
dle: 8.7 ± 1.1 cells, and base: 4.7 ± 0.9 cells; for OHCs, apex: 31.5 ± 4.7
cells, middle: 10.8± 4.7 cells, and base: 2.5± 2.5 cells, n = 6) (Figures 6A
and 6B). This pattern is consistent with the robust rescue of DPOAEs at
low to mid frequencies in dual-injected Bth mice, whereas the lack of
ABRs andDPOAEs detected at high frequencies suggests that IHC sur-
vival alone is not sufficient for hearing recovery. To confirm that hear-
ing recoverywas correlated to hair cell survival, we plotted the total per-
centage of surviving IHCs and OHCs combined at sections of each
cochlear turn against ABR thresholds at roughly corresponding fre-
quencies, according to a previously reported tonotopic map.5 By fitting
a linear regression, we found that these data were significantly corre-
lated, confirming that rescued hearing broadly correlates with rescued
hair cell survival (r = 0.624, p = 0.013) (Figure 6C).

Because the gRNA15 was packaged with a separate GFP cassette in
the same vector, we also imaged GFP expression in dual-injected
Bth mice and observed that in a best-case scenario, more than 50%
of surviving cells also expressed detectable amounts of GFP (Fig-
ure 6A). By plotting %GFP+ cells along different cochlear sections
against ABR thresholds at corresponding frequencies, we found
that a significant linear regression could be fit to these measurements
as well (r = 0.592; p = 0.020) (Figure 6C). Given that dual injection of
mean ± SEM. (C) DPOAE thresholds at 11.3 kHz, measured in (B), plotted as a

function of age from 4, 6, 12, and 24weeks (for 4, 6, 12, and 24weeks, respectively,

WT, n = 8, 9, 9, 6; Tmc1Bth/+, n = 6, 3, 9, 9; dual-injection SpCas9 + gRNA15-GFP,

n = 9, 13, 9, 8) (*p % 0.05, **p % 0.01, ***p % 0.001; multiple t tests with Holm-

Sidak method). Average data shown as mean ± SEM.
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Figure 6. PHP.B-SpCas9/gRNA Dual Vector Transduction Preserves Hair Cell Survival

(A) Representative 63� confocal images of 100 mm sections from the apex, middle, and basal cochlear turns of WT C57BL/6 and uninjected Tmc1Bth/+ mice (right two

columns) or Tmc1Bth/+ mice dual injected with PHP.B-SpCas9 and PHP.B-gRNA15-GFP immunostained against myosin VIIa at 24 weeks of age. Scale bar, 20 mm. (B) Mean

cell counts of IHCs (left) and OHCs (right) for WT C57BL/6 (n = 3), Bth uninjected controls (n = 3), and Bthmice dual injected with PHP.B-SpCas9 and PHP.B-gRNA15-GFP

(n = 6) at 24 weeks of age, measured from 100 mmsections of the apex, middle, and basal cochlear turns. Individual samples are shown as a scatterplot (**p% 0.01, one-way

ANOVA; *p% 0.01, Student’s t test). Data shown as mean ± SEM. (C) Percentage of surviving hair cells (left) and percentage of GFP-positive hair cells (right) at 24 weeks of

age correlated to ABR thresholds measured with 8, 11.3, and 16 kHz tone bursts from Bthmice dual injected with PHP.B-SpCas9 and PHP.B-gRNA15-GFP (n = 5 mice; 15

measurements). Data fit with linear regression with r = �0.62 (p = 0.013) for % surviving hair cells and r = �0.59 (p = 0.020) for % GFP+ hair cells.
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PHP.B-GFP and PHP.B-RFP yielded a high percentage of coexpress-
ing hair cells, we reasoned that most GFP+ cells from mice dually in-
jected with PHP.B-SpCas9 and PHP.B-gRNA15-GFP had a high like-
lihood of expressing both constructs as well. Together, these data
show that dual vector delivery of SpCas9/gRNA with AAV9-PHP.B
can effectively and selectively target the Bth allele for nuclease activity
and preserve hearing function.

DISCUSSION
In this study, we demonstrated that efficient gene delivery into hair
cells with the synthetic AAV9-PHP.B capsid was able to rescue hear-
ing in three different mouse models for hearing loss. Originally iden-
982 Molecular Therapy Vol. 29 No 3 March 2021
tified for its dramatically improved CNS tropism and ability to cross
the blood brain barrier, AAV9-PHP.B has recently been used success-
fully in a number of gene-delivery approaches for disease, ranging
from synucleinopathy34 to retinitis pigmentosa.35 Recently, our group
demonstrated that when combined with the CMV promoter and a
novel injection route into the inner ear, AAV9-PHP.B also transduces
both IHCs and OHCs with higher efficacy than seen with other AAV
serotypes.19 Although prior studies have explored AAV-mediated
gene therapy for hereditary hearing loss, they have been met with
different limitations to hearing recovery,5,6,10,20 including variable
OHC transduction efficiency with different AAV serotypes, variable
experimental conditions, and variability among viral production
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facilities.19,29,36–38 A major advantage of AAV9-PHP.B is its ability to
transduce OHCs with the same high efficacy as IHCs, as evidenced by
side-by-side comparisons with other AAV serotypes of the same titer
and AAV production parameters.19 Therefore, it is important to char-
acterize the potential for further improved hearing preservation with
AAV9-PHP.B.

Gene replacement with PHP.B-Tmc1 in the Tmc1D/D model of
DFNB7/11 resulted in similar recovery of ABRs compared to a previ-
ous report using the AAV-Anc80L65 capsid in the same strain, where
near-WT thresholds were observed in the best-performing mice.5

However, a notable difference that emerged in this study was further
improved restoration of DPOAE thresholds over those previously
observed, indicating greater recovery of OHC function. OHCs
amplify auditory information, and DPOAEs can be used to assess
OHC integrity. Therefore, our results are consistent with the notion
that improved transduction and subsequent survival of OHCs with
PHP.B-Tmc1 resulted in lower DPOAE thresholds, suggesting
OHC functional recovery and an improved rescue of hearing sensi-
tivity and frequency discrimination. In some cases, DPOAE thresh-
olds were even lower than those of WT mice, raising the interesting
possibility that overexpression of TMC1may enhance OHC function,
possibly through increased TMC1 protein stability or turnover.

Based on our previous report for enhanced transduction of OHCs
with PHP.B-EGFP at P7, we explored the potential for increased hear-
ing recovery with injection of PHP.B-Tmc1 at P7 in Tmc1D/D mice.19

Contrary to expectations, ABR thresholds remained high and compa-
rable to results with Anc80L65, and only very modest improvements
in DPOAEs were observed in a subset of mice.We therefore tested the
efficacy of AAV9-PHP.B gene therapy in Baringomice, which model
a recessively inherited sensorineural deafness. Baringo mice carry a
novel point mutation in Tmc1 that results in loss of function but
are thought to express the TMC1 protein,23 whereas the Tmc1D/D

mouse carries a frameshift mutation inducing in premature stop
codon and likely no protein product. Taking this into consideration,
we proposed that TMC1-Y182C in Baringo mice assembles into the
macromolecular sensory transduction complex in the stereocilia
tips, thus creating a more stable and intact architecture for the incor-
poration of exogenous functional TMC1 protein, perhaps leading to
improved hearing recovery. Indeed, we did see notable improvement
in ABRs and especially DPOAEs in a subset of Baringo mice
injected at P7. However, because the Baringo mice were generated
in a different background strain, BALB/cJ rather than C57BL/6, it re-
mains possible that improvements observed could be due to innate
differences in hair cell integrity or affinity for AAV9-PHP.B. Interest-
ingly, Balb/CJ mice have been reported to have reduced AAV9-PHP.B
transduction in the CNS, due to low expression of the Ly6a receptor
which facilitates AAV9-PHP.B transduction across the blood brain
barrier.39 Presumably, hair cells do not require the Ly6a receptor
for viral transduction since hair cells of both C57BL/6 and Balb/CJ
can be targeted by AAV9-PHP.B with similar efficacy. Non-human
primates also lack the Ly6a receptor but show robust viral transduc-
tion in hair cells with AAV9-PHP.B.6,21
The question remains as to why injections at P7 do not recover hear-
ing to the same extent as P1-injected mice, despite similar capacity for
viral transduction at both ages. In Tmc1D/D mice, P7 injection of
PHP.B-EGFP shows that efficient transduction is still possible.
Furthermore, IHCs and apical OHCs of P7-injected Tmc1D/D mice
qualitatively maintain cell survival levels similar to those of P1-in-
jected Tmc1D/D mice that recovered a greater extent of hearing.
This suggests that hair cell survival is not necessarily an indicator
of functional preservation and that the therapeutic window for
AAV-mediated gene delivery in Tmc1 mutant mouse strains may
be limited to the first postnatal week. Although Tmc1 expression in
mice begins during the first postnatal week and persists through
adulthood,17 it is possible that trafficking and assembly of sensory
transduction occur during a narrow window that limits the efficacy
of later introduction of functional TMC1 to the cell. The therapeutic
window is likely to be different in humans, as is the progression of
hearing onset and loss, which are delayed in patients with TMC1mu-
tations relative tomice. Likewise, the Bthmouse strain has progressive
hearing loss beginning at 1 month of age, whereas DFNA36 patients,
who carry similar dominant TMC1 mutations, begin to lose their
hearing in the mid-teen years.40 Further study is necessary to under-
stand the developmental factors that impact the efficacy of AAV-
mediated gene therapy for Tmc1/TMC1 and other forms of genetic
hearing loss.

Bth mice cannot be effectively treated with gene replacement due to
dominant Tmc1 mutations, suggesting that the case may be similar
for humans with dominant TMC1mutations. Alternatively, gene-ed-
iting strategies with CRISPR-Cas9-based systems for hearing loss
have been explored previously with some success.11,30 In the current
study, AAV9-PHP.B presented the opportunity for dual delivery of
two vectors with a smaller chance of decreased efficacy by dilution.
We found that by injecting dual AAV9-PHP.B vectors encoding a
gRNA and SpCas9 targeting the Bth allele, hearing could be preserved
with thresholds similar to those of Tmc1D/D and Baringomice treated
with single AAV9-PHP.B vectors and Tmc1 gene replacement. For all
threemousemodels, the rescue of hearing was durable out to 12 weeks
postinjection, the latest time point tested.

We noticed that the expression of GFP, indicative of cells transduced
with PHP.B-gRNA15-GFP, was variable among cells. Roughly 50%
of IHCs and OHCs were GFP positive, substantially less than the
near-100% efficacy of single vector PHP.B-GFP transduced alone,
seen in our previous study,19 yet hearing recovery remained as effec-
tive as previous single vector experiments. This might suggest that
only minimal amounts of transgene expression (less than that
needed to produce a detectable GFP signal) are necessary for suc-
cessful gene editing. It is also possible that a full complement of
hair cells may not be needed to recover partial hearing, as detected
by ABR and DPOAE thresholds. Alternatively, because gene editing
may persist well after the initial injection of the CRISPR-Cas9 sys-
tem,11 the 1.1% editing efficiency, measured at 1 month, may have
underestimated the number of functional hair cells edited at later
stages.
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In vivo editing efficiency in the current study was comparable to that
of other recent gene-editing attempts that targeted the Bth allele and
reported editing efficiencies of 1.8%30 and 1.6%.11 The slightly lower
efficiency for the current study may be due to the requirement for
dual transduction. Nonetheless, we found the in vivo specificity for
the Bth allele over the WT allele to be �15-fold, apparently sufficient
for preservation of hearing thresholds over the course of this study.
However, over the long term, off-target effects that disrupt the WT
allele may accumulate and lead to dysfunction. Future studies may
focus on the specificity and efficacy of later-stage treatment in pro-
gressive hearing-loss models with the improved AAV9-PHP.B capsid
delivery.

The level of hearing preservation achieved in this dual vector exper-
iment provides a framework not only for future dual vector studies
that require multiple gene-editing elements that cannot be packaged
into a single AAV vector but also for dual vector gene replacement of
large gene sequences expressed in hair cells and more broadly for
gene-therapy approaches in more complicated disease states in which
multiple genes may be affected.

In each of the three mouse strains tested in this study, analysis of hair
cell survival after injection supports the notion that gene therapy slows
or stops the progression of hair cell death in these hearing-loss models.
Tmc1 deficiency interferes with the biophysical maturation of hair cells,
characterized by decreased outward K+ currents, which may lead to the
accumulation of intracellular K+ and ultimately hair cell degenera-
tion.41 Hair cell death begins from the base and moves toward the
apex, and OHCs degenerate faster than IHCs. The efficacy of gene-
therapy targeting Tmc1 may reflect how far along the degenerative
pathway cell loss was halted or how soon the native developmental pro-
gression was restored by therapeutic intervention. Better understand-
ing of this degenerative path in humans will facilitate development of
effective strategies for AAV-mediated inner-ear gene therapy.

In conclusion, we demonstrate that the AAV9-PHP.B capsid is an
effective and improved tool for gene delivery in various models of
hearing loss. Additionally, its improved efficacy may aid in under-
standing the biologically relevant pathways that are targeted by
AAV-meditated therapy in the inner ear. AAV9-PHP.B is therefore
a strong candidate for future clinical applications in treating genetic
hearing loss as well as a tool for understanding the basic biology
necessary to continue improving gene-therapy tools for inner-ear
applications.

MATERIALS AND METHODS
Animals

WT mice were C57BL/6J (Jackson Laboratory). For Tmc1D/D experi-
ments, mutant mice were of genotype Tmc1D/D; Tmc2+/+ on a
C57BL/6J background, as previously described.17 For Baringo experi-
ments, genotypes used were: Tmc1Y182C/Y182C;Tmc2+/+ and
Tmc1Y182C/+;Tmc2+/+ on a BALB/c background, as previously
described.10 The Tmc1 p.Y182C “Baringo” mice were obtained from
MurdochChildren’s Research Institute (The Royal Children’s Hospital,
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Australia). For Bth experiments, mutant mice were of genotype
Tmc1Bth/+;Tmc2+/+ on a C57BL/6J background, as previously
described.33 For all studies, both male and female mice were used in
approximately equal proportions. All mice were kept in a 12-h light/
12-h dark cycle with food and water ad libitum. Mice, ages P1, P7,
and P14, were used for in vivo delivery of AAV vectors, according to
protocols approved by the Institutional Animal Care andUse Commit-
tee (protocols #18-01-3610R and #20-02-4149R) at Boston Children’s
Hospital (BCH).
Plasmids and AAV Preparation

For generation of AAV vectors, Tmc1ex1, EGFP, and turboRFP were
each cloned into theAAV2vector driven by theCMVpromoter and fol-
lowed with a WPRE site. SpCas9 was cloned into the AAV2 vector
driven by CMV without a WPRE site, whereas CMV-GFP and U6-
gRNA15 were cloned as separate cassettes into the AAV2 vector.
AAV vectors were packaged into the AAV9-PHP.B capsid by the Viral
Core at BCH and were used under the authority of the BCH Institu-
tional Biosafety Committee (protocol #IBC-P00000447). AAVs were
purifiedby iodixanol gradientultracentrifuge, followedby ion-exchange
chromatography. For injection in Bthmice, the vectors were produced
at the Bertarelli Foundation Gene Therapy Platform (EPFL; Lausanne,
Switzerland). The titers of genome-containing particles were deter-
mined for each of the AAV2/9-PHP.B vectors using TaqMan quantita-
tive PCR (qPCR) detecting an amplicon located in the inverted terminal
repeats (ITRs), as previously described.42 Titers were calculated by
qPCR with GFP primers (F50-AGAACGGCATCAAGGTGAAC-30, R
50-GAACTCCAGCAGGACCATGT-30), ITR primers (F 50-GACCT
TTGGTCGCCCGGCCT-30, R 50-GAGTTGGCCACTCCCTCTCT
GC-30), human growth hormone (hGH) primers (F 50-TGGGAAGA
CAACCTGTAGGG-30, R 50-TGAAACCCCGTCTCTACCAA-30), or
WPRE primers (F 50-CACTGACAATTCCGTGGTGT-30, R 50-GA
GATCCGACTCGTCTGAGG-30). The titers of each AAV were as fol-
lows: AAV2/9-PHP.B-CMV-TMC1ex1-WPRE: 3.91E+13 gc/mL,
AAV2/9-PHP.B-CMV-EGFP-WPRE: 1.88E+14 gc/mL, AAV2/9-
PHP.B-CMV-turboRFP-WPRE: 2.53E+12 gc/mL, AAV2/9-PHP.B-
CMV-SpCas9: 5.4E+14 gc/mL, and AAV2/9-PHP.B-U6-gRNA15-
CMV-GFP: 5.8E+14 gc/mL. Vectors were aliquoted, stored at �80�C,
and thawed immediately prior to use.
Inner-Ear Utricle Injections

Injections into the utricular vestibule were performed as approved by
the Institutional Animal Care and Use Committees at BCH (protocols
#18-01-3610R and #17-03-3396R), as previously described.19 Briefly,
mice from P1 to P7 were anesthetized with hypothermia, and older
mice were anesthetized with isoflurane. Upon anesthesia, postauricu-
lar incision was made to expose the semicircular canals, visualized
with a stereo microscope (Zeiss; Stemi 2000). A small puncture was
made into the temporal bone surrounding the utricle at the base of
the horizontal canal, and injections of 1 mL AAV were performed
by inserting a glass micropipette into the puncture site and manually
applying light pressure through a syringe. Standard postoperative
care was applied after the injection.
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ABR

ABR recordings were performed, as previously described.5 Mice were
anesthetized via intraperitoneal injection with 0.5 mg of ketamine +
0.15 mg xylazine per 10 g body weight. Skin and cartilage that typically
obscure the entrance of the external auditory meatus were trimmed
away with dissecting scissors, and subcutaneous needle electrodes
were inserted at the pinna (active electrode), vertex (reference), and
rump (ground). Acoustic stimuli were delivered directly to the studied
ear through a custom probe tube speaker/microphone assembly (EPL
PXI Systems) consisting of two electrostatic earphones (CUIMiniature
Dynamics) to generate primary tones and a Knowles miniature micro-
phone (Electret Condenser) to record ear-canal sound pressure. In a
sound-proof chamber, mice were presented 5 ms pure tone stimuli
of 5.6, 8, 11.3, 16, 22.6, or 32 kHz at SPLs between 10 and 115 dB in
5 dB steps until a threshold intensity that evoked a reproducible
ABR waveform with an identifiable peak 1. With the use of an alter-
nating polarity stimulus, 512 responses were collected and averaged
for each SPL. Waveforms with amplitude larger than 15 mV (peak to
trough) were discarded by an artifact-reject function. Sound pressure
at the entrance of the ear canal was calibrated for each individual test
subject at all stimulus frequencies. ABR potentials were amplified
(10,000�), band-pass filtered (0.3–10 kHz), and digitized using custom
data acquisition software (LabVIEW) from the Eaton-Peabody Labora-
tories Cochlear Function Test Suite. Sound stimuli and electrode
voltage were sampled at 40 ms intervals using a digital input-output
(I-O) board (National Instruments) and stored for offline analysis.

DPOAEs

DPOAEs were recorded, as previously described, under the same con-
ditions and recording session as for ABRs.5 Primary tones were pro-
duced at a frequency ratio of 1.2 (f2/f1) for the generation of DPOAEs
at 2f1–f2, where the f2 level was 10 dB SPL below f1 level for each f2/f1
pair. The f2 levels were swept in 10 dB steps from 20 to 80 dB. Wave-
form and spectral averaging were used at each level to increase the
signal-to-noise ratio of the recorded ear-canal sound pressure. The
amplitude of the DPOAE at 2f1–f2 was extracted from the averaged
spectra, along with the noise floor at nearby points in the spectrum.
Iso-response curves were interpolated from plots of DPOAE ampli-
tude versus sound level. Threshold was defined as the f2 level required
to produce DPOAEs above 0 dB.

Tissue Dissection and Immunohistochemistry

Temporal bones were dissected, punctured at the round and oval win-
dows and the apical bone, and immersed in 4% paraformaldehyde for
1 h at room temperature for fixation. Temporal bones were then de-
calcified in 120 mM EDTA for 20 h for 4-week-old mice and up to
1.5 days for 12- and 24-week-old mice. The organ of Corti was micro-
dissected in PBS. Tissues were then permeabilized in 0.01% Triton X-
100 for 1 h, blocked in 2.5% normal donkey serum and 2.5% bovine
serum albumin diluted in PBS (blocking solution) for 1 h, and subse-
quently stained with a rabbit anti-Myo7a primary antibody (Proteus
Biosciences; product #25-6790; 1:500 dilution in blocking solution) at
4�C overnight. Tissues were washed with PBS and then incubated
with an anti-rabbit secondary antibody conjugated to Alexa Fluor555
(Life Technologies; 1:200) and phalloidin-Alexa Fluor647 (Molecular
Probes; 1:40–1:200) for up to 5 h at room temperature in the dark.
Samples were mounted on glass coverslips with Vectashield
mounting medium (Vector Laboratories) and imaged at 10� or
63� magnification using a Zeiss LSM800 confocal microscope. GFP
and RFP fluorescence was imaged without additional immunohisto-
chemistry. Image analysis was performed in ImageJ.

Cloning and Vector Generation for Expression of gRNAs and

SpCas9

Original AAV constructs for expression of SpCas9 and gRNA were
generously provided by Dr. D. Grimm (Heidelberg University).43

For SpCas9 expression in cochlear hair cells, we used a pAAV2-
CMV-SpCas9 vector. A second pAAV2 vector was used for expres-
sion of the individual gRNAs under the control of the U6 promoter.
This construct was modified by introducing a RSV-driven GFP-ex-
pressing cassette, which was used for the sorting of the transfected
cells by fluorescence-activated cell sorting (FACS). The gRNAs for
the selective targeting of the mouse and human sequences of Tmc1
were synthetized (BD Biosciences, UK) and introduced in the
gRNA-expressing vector using standard cloning procedures. We
used a trans-activating CRISPR RNA (tracrRNA), which stabilized
the assembly with Cas9, as previously described.44 The different
gRNAs are shown in Figure 4. The lentiviral construct for constitutive
expression of SpCas9 in HAP1 and MEF cells was obtained from
Addgene (lentiCas9-Blast; #52962) and packaged in vesicular stoma-
titis virus G protein (VSV-G)-pseudotyped particles using HEK293T
cells, according to standard procedures. Vector titer was determined
using a p24 ELISA assay (ZeptoMetrix, NY).

MEF Cell Culture and Transfection

MEFs derived from Bth/+ mice were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich), supplemented with 10%
fetal bovine serum (FBS) and nonessential amino acids (1� concen-
tration). The cells were maintained at 37�C as a monolayer in regular
culture conditions with 5% CO2. Bth/+ MEF cells were infected with
the lentiviral vector encoding SpCas9, and transduced cells were
selected in the presence of blasticidin to generate stable lines of
SpCas9-expressing cells.

Analysis of gRNA Efficacy in Mouse Bth/+MEF Cells

pAAV2 constructs encoding each of the six different gRNAs were
tested for the formation of indels on SpCas9-expressing diploid
MEFBth/+ cells, carrying one copy of each allele. For transfection with
the gRNA-expressing constructs, we used Lipofectamine 3000
(Thermo Fisher Scientific) and followed the manufacturer’s instruc-
tions. After plasmid transfection, gDNA was isolated from GFP-posi-
tive MEF cells sorted by FACS. A PCR amplicon was amplified with
primers flanking the Bth mutation, followed by Sanger sequencing.
In order to quantify cleavage efficiency in the Sanger chromatograms,
we used the software TIDER.31 TIDER is a freely accessible web tool to
estimate the frequency of nucleotide changes introduced by CRISPR,
when using a template DNA allowing for homology-directed repair.
Moreover, TIDER provides information regarding the spectrum and
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frequency of indels. To determine the cleavage frequency of each gRNA
on the WT allele, a +/+ chromatogram was used as control, whereas a
Bth/Bth chromatogram was used as reference. On the contrary, to
assess cleavage frequency on the Bth allele, a Bth/Bth chromatogram
was used as control sample, whereas a +/+ chromatogram was used
as reference sample. Results of this analysis were expressed as gRNA
efficiency, which reflects for each allele the fraction of the gDNAunder-
goingCas9-mediated cleavage. TIDERwas used to compare the control
sample (nontransfected MEFBth/+-Cas9 cells) with the test samples
(MEFBth/+-Cas9 cells transfected with each of the gRNA-expressing
constructs).
Human HAP Cell Line Cell Culture

Human HAP cells carrying the Bth TMC1 mutation encoding the
M418K amino acid substitution were generated from the HAP1
parental cell line, which is derived from the chronic myelogenous leu-
kemia KBM7 cell line (Horizon Genomics, Vienna, Austria).45 Briefly,
a T-to-A point mutation was introduced in exon 16 of the TMC1 gene
(ENSG00000165091; genomic location: chr9: 72,791,914). To insert the
mutation by gene editing, the HAP1 cell line was modified with the
CRISPR-Cas9 nuclease using gRNA sequences for targeted gDNA
cleavage (50-CAT CGC TTT GAA ATG GCT AC-30 and 50-AAC
CATGTT CAT CTA CAAGG-30), and a 1-kb donor template homol-
ogous to TMC1 exon 16 was used to introduce the T-to-A Bth muta-
tion. The presence of the mutation was verified by Sanger sequencing
of a PCR amplicon. The parental and BthHAP1 cell lines were cultured
as a monolayer at 37�C in a humidified atmosphere with 5% CO2. As
culture medium, we used Iscove’s modified Dulbecco’s medium
(IMDM) plus GlutaMAX (Gibco), supplemented with 10% FBS,
100 U/mL penicillin, and 100 mg/mL streptomycin. Parental and Bth
HAP1 cells were infected with the lentiviral vector encoding SpCas9,
and transduced cells were selected in the presence of blasticidin to
generate stable lines of SpCas9-expressing cells.
Analysis of gRNA Efficacy in Human HAP Cells

Six different gRNAs were tested on human HAP1 cells constitutively
expressing Cas9. For transfection, the cells grown in 6-well plates up
to 70% confluency were transfected with plasmid DNA using Turbo-
Fectin 8.0 (OriGene), following the manufacturer’s instructions.
2 days after transfection, the cells were collected for gDNA extraction
(NucleoSpin Tissue Kit; Macherey-Nagel AG, Switzerland). gDNA
was isolated from GFP-positive cells sorted by FACS, and a PCR was
performed with primers flanking the Bthmutation, followed by Sanger
sequencing. In order to quantify cleavage efficiency by CRISPR-Cas9,
the web tool TIDE was used to quantify the formation of indels at a
target locus.32 To determine cleavage frequency, we compared the con-
trol sample transfected with the Cas9-expressing plasmid only with test
samples cotransfected with the Cas9- and gRNA-expressing plasmids.
To assess gRNA cleavage efficiency on WT and Bth HAP1 cells, we
used as controls chromatograms from either nontransfected WT
HAP1 cells or nontransfected Bth HAP1 cells, respectively. Results of
this analysis were expressed as gRNA efficiency, which reflects the per-
centage of the gDNA with modifications.
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Mouse Genomic DNA Isolation and Sequencing

Genomic DNA was isolated from injected and uninjected murine
cochlear tissue, as previously described.11 Cochlear tissue was har-
vested and dissociated with 1 � collagenase I/5 � dispase (Gibco)
for 40 min in cell dissociation buffer (Gibco). Organs were further
dissociated by passing through a 20G needle, ten times. DNA and
RNA from cochlear tissue were isolated using a QIAGEN AllPrep
DNA/RNA Micro Kit. To amplify the Tmc1 gene, we used the
following primers: 50-TAAAGGGACCGCTCTGAAAA-30 (F) and
50-CCATCAAGGCGAGAATGAAT-30 (R). PCR products were visu-
alized on a 1% agarose gel using and purified on a column (PCR Pu-
rification Kit; QIAGEN). CRISPR sequencing was provided by the
Massachusetts General Hospital (MGH) DNA Core using 400 ng pu-
rified genomic DNA.
Allele-Specific CRISPResso2 Indel Analysis

To separately analyze CRISPR action on both the Tmc1Bth and
Tmc1WT alleles, FASTQ files were split into read 1 and read 2 and
then merged using Flash version (v.)1.2.11, as previously described.11

The reads from Het samples were segregated based on the presence of
WT sequence (“50-TGGGACAGAACA-30” and its R complement
“50-TGTTCTGTCCCA-30”) and mutant sequence (“50-TGGGACA-
GAACT-30” and its R complement “50-AGTTCTGTCCCA-30”; mu-
tation site is underlined), using a custom Python script (v.3.4.2). Sub-
sequent to segregation, CRISPResso2 was run separately on Tmc1Bth
and Tmc1WT reads with the following parameters: -r1 <fastq_file>
-w 5 -c–ignore_substitutions <protein_coding_sequence> -a <ampli-
con_sequence> -g <gRNA_sequence>.
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