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Abstract

Normal hearing and synaptic transmission at afferent auditory
inner hair cell (IHC) synapses require otoferlin. Deafness DFNB9,
caused by mutations in the OTOF gene encoding otoferlin, might
be treated by transferring wild-type otoferlin ¢cDNA into IHCs,
which is difficult due to the large size of this transgene. In this
study, we generated two adeno-associated viruses (AAVs), each
containing half of the otoferlin cDNA. Co-injecting these dual-
AAV2/6 half-vectors into the cochleae of 6- to 7-day-old otoferlin
knock-out (Otof /) mice led to the expression of full-length
otoferlin in up to 50% of IHCs. In the cochlea, otoferlin was selec-
tively expressed in auditory hair cells. Dual-AAV transduction of
Otof '~ IHCs fully restored fast exocytosis, while otoferlin-depen-
dent vesicle replenishment reached 35-50% of wild-type levels.
The loss of 40% of synaptic ribbons in these IHCs could not be
prevented, indicating a role of otoferlin in early synapse matura-
tion. Acoustic clicks evoked auditory brainstem responses with
thresholds of 40-60 dB. Therefore, we propose that gene delivery
mediated by dual-AAV vectors might be suitable to treat deafness
forms caused by mutations in large genes such as OTOF.
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Introduction

Mutations in the OTOF gene cause profound congenital non-
syndromic autosomal recessive hearing loss (DFNB9, Yasunaga
et al, 1999). Otof /~ mice or animals with deleterious point

mutations in this gene are profoundly deaf (Roux et al, 2006; Longo-
Guess et al, 2007; Pangrsic et al, 2010; Reisinger et al, 2011). The
OTOF gene encodes otoferlin, a large multi-C,-domain protein
predominantly expressed in inner hair cells (IHCs), the genuine
sensory cells in the cochlea. ITHCs transform mechanical acoustic
vibrations into a neural code via synaptic transmission to auditory
neurons. Studies using Otof/~ and Otof knock-in mouse models
revealed that this protein plays an essential role in IHC exocytosis
and vesicle replenishment, and is involved in vesicle reformation
and endocytosis (Roux et al, 2006; Pangrsic et al, 2010; Duncker
et al, 2013; Jung et al, 2015; Strenzke et al, 2016). To date, over one
thousand pathogenic mutations have been identified within this
gene, affecting 2.3-10% of patients from various ethnicities suffering
from hereditary non-syndromic hearing loss (Rodriguez-Ballesteros
et al, 2008; Choi et al, 2009; Iwasa et al, 2013; Van Camp & Smith).
In contrast to many other deafness or Usher genes, otoferlin seems
dispensable for auditory hair cell (HC) development (Roux et al,
2006). Given the normal inner ear morphology in these patients, a
postnatal transfer of otoferlin cDNA into the inner ear is predicted to
ameliorate this hearing loss. Gene therapy might outperform the
otherwise necessary cochlear implantation, which transmits only
part of the acoustic information. Cochlear implant users often report
difficulties in speech understanding during noise and in perceiving
vocal emotions, and typically cannot experience music as a person
without hearing impairment (Fu et al, 1998; Nelson et al, 2003;
McDermott, 2004; Luo et al, 2007; Most & Aviner, 2009; Oxenham &
Kreft, 2014; Chatterjee et al, 2015; Paquette et al, 2018). Yet, no
delivery method for large genes, like electroporation or viral trans-
duction via adenoviruses, lentiviruses, or semliki forest viruses,
transferred cDNA into HCs in the postnatal inner ear with high effi-
ciency. Recombinant adeno-associated viruses (AAVs) are a safe and
promising gene therapy tool to treat hearing impairment (reviewed
in Ref. Géléoc & Holt, 2014). Prenatal injections of AAVs into the
developing otocyst or postnatal cochlear injections have been proven
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to efficiently transduce IHCs in animal models (Liu et al, 2005;
Bedrosian et al, 2006). However, the limited AAV cargo capacity of
approximately 4.7-5 kb presents an obstacle for the transfer of large
coding sequences (CDS) such as the 6 kb-long otoferlin cDNA.
Split-AAV vectors, each containing a fragment of the large transgene
expression cassette, have been developed to circumvent this prob-
lem. This technique takes advantage of the intrinsic ability of the
AAV genome to form tail-to-head concatemers by end-joining of its
inverted terminal repeats (ITRs) (Duan et al, 1998). In the “trans-
splicing (TS)” strategy, the ITRs are spliced out after transcription by
introducing artificial splice donor (SD) and acceptor (SA) sites before
and after the ITRs in the respective half-vectors. The reconstitution of
the large transgene can also be mediated through homologous recom-
bination of overlapping sequences placed at the 3’-end of the first
AAV half-vector and at the 5-end of the second in the “overlap”
split-AAV strategy. The “hybrid” strategy is a combination of both
previous strategies (Ghosh et al, 2008). The correct reassembly of
the full-length expression cassette in the nuclei of target cells results
in the production of full-length mRNA and protein (Yan et al, 2000;
Duan et al, 2001; Chamberlain et al, 2016). To date, dual- and triple-
AAV vectors have demonstrated efficacy in photoreceptors and
muscle cells (Duan et al, 2001; Ghosh et al, 2008; Trapani et al, 2014;
Maddalena et al, 2018), but have not been established for IHCs.

Results and Discussion

In this study, we investigated whether the delivery of full-length
otoferlin cDNA into IHCs via dual-AAV vectors can restore defective
[HC and auditory functions in Otof ”~ mice. We aimed for a rather
late time point of treatment, since the early development of the
inner ear does not seem to require otoferlin (Roux et al, 2006),
making gene therapy of mature Otof /~ IHCs feasible in theory.
AAVs were injected into the cochlea at postnatal day 6-7 (P6-7)
because the auditory bulla structure covering the round window
membrane (RWM) is still soft enough at this developmental stage to
be penetrated well with an injection glass pipette. We chose AAVs
with ITRs from serotype 2 and capsid proteins from serotype 6
(AAV2/6) as they can be produced with an excellent transducing-
unit to vector-genome ratio (Grieger et al, 2016). This prevents
administration of excess protein bolus into the delicate structure of
the inner ear. To test whether this AAV serotype transduces IHCs
efficiently, we injected single AAV2/6 viruses coding for eGFP
through the RWM into the scala tympani of the left cochlea of
CD1xC57BL/6N-F1 (CD1B6F1) wild-type mice. eGFP fluorescence
was observed in [HCs, outer hair cells (OHCs), supporting cells, and
spiral ganglion neurons (SGNs), indicating that the AAV2/6 has no
specific IHC tropism and targets a variety of different cell types
within the organ of Corti (Fig EV1A). 34-99% of IHCs (aver-
age = 77 + 4%, mean =+ standard error of the mean (s.e.m., n =7
cochleae) exhibited eGFP fluorescence, revealing a high IHC trans-
duction efficiency of the AAV2/6. This finding contrasts recent
reports showing that AAV2/6 failed to transduce IHCs if injected at
P1-2 (Shu et al, 2016). We assume that vector quality, titer, the
injection procedure itself, and the animal age at the time of surgery
are all factors influencing IHC transduction efficiency.

For gene replacement therapy in Otof /~ mice, we used mouse
otoferlin transcript variant 4 cDNA (NM_001313767), coding for the

2 of 13 EMBO Molecular Medicine 9396 | 2018

Dual-AAV transduction of otoferlin ~ Hanan Al-Moyed et al

1977 amino acid-long protein and previously confirmed to be
expressed endogenously in wild-type cochleae (Strenzke et al,
2016). We designed otoferlin dual-AAV-trans-splicing (dual-AAV-TS)
and dual-AAV-hybrid (dual-AAV-Hyb) half-vectors, both containing
the N-terminal otoferlin CDS in the 5-AAV half-vector and the
C-terminal CDS in the 3’-AAV vector (Fig EV2). Expression from the
5’AAV is driven by a human B actin promoter/CMV enhancer and
additionally codes for a separately translated eGFP-fluorescent
reporter to identify transduced cells in acutely isolated organs of
Corti. These split-AAV vectors were co-injected through the RWM
into the left cochlea of P6-7 CD1B6F1-Otof ™ mice. Organs of Corti
from these animals were isolated at P18-30 and immunolabeled with
two otoferlin antibodies, one binding within the N-terminal part of
otoferlin and the other one binding after the transmembrane domain
close to the C-terminus of otoferlin (Figs 1A-C and EV3,
Appendix Fig S1-S3). Upon dual-AAV injection into Otof ™/~
cochleae, we found otoferlin immunofluorescence to be restricted to
auditory HCs, with stronger expression in IHCs and much weaker in
sparsely transduced OHCs (Appendix Fig S3), resembling otoferlin
expression in wild-type animals (Roux et al, 2006; Beurg et al,
2008). eGFP fluorescence, on the contrary, was also found in other
cell types (Figs 1A and EV1B, Appendix Fig S3), although the expres-
sion of both proteins is driven by the same promoter and they are
translated from the same mRNA (Fig EV2). Neither eGFP nor otofer-
lin expression could be detected in contralateral non-injected ears
(Fig 2A, Appendix Fig S1 and S2). We presume that a yet unknown
mechanism such as post-transcriptional regulation or targeted
protein degradation restricts the expression of otoferlin to auditory
HCs. A similar finding was reported for AAV1 postnatal RWM
injections (P1-3 and P10-12), where Vglut3 expression was found
selectively in IHCs despite the broad cell type tropism of this AAV
serotype (AKil et al, 2012). The restricted expression of otoferlin to
HCs would be very beneficial for human gene therapy applications to
avoid potential off-target effects due to expression of exogenous
otoferlin in non-sensory cells in the inner ear.

The number of IHCs immunolabeled with both N-terminal and C-
terminal otoferlin antibodies along the entire cochlea ranged from
12 to 51% in dual-AAV-TS (average: 30 + 4%, n = 10 animals) and
from 5 to 34% in dual-AAV-Hyb (average: 19 + 3%, n = 9 animals)
injected Otof/~ mice (Fig 1D). Approximately 10% of IHCs were
solely labeled by the N-terminal otoferlin antibody, likely indicating
no correct reassembly of the two virus half-vectors in on average
one out of four transduced cells (Figs 1D and EV3). We did not find
any IHC showing only a C-terminal otoferlin immunofluorescence
signal, which was expected since the 3’-AAV half-vector does not
contain a separate promoter. A previous study indicated that 70%
of intact IHCs suffice for proper auditory function (Wang et al,
1997). Further studies will reveal if optimizing the virus administra-
tion procedure into the cochlea (e.g., as in ref. Yoshimura et al,
2018) might increase the otoferlin IHC transduction rate.

In order to examine whether the split full-length otoferlin expres-
sion cassette reassembled to produce the correct full-length mRNA
in the target cells, we isolated mRNA from transduced Otof~ /=
organs of Corti (P26-29) and amplified otoferlin cDNA fragments
spanning the dual-AAV split-site (Fig EV4). From dual-AAV-trans-
duced Otof /'~ organs of Corti and wild-type control samples, we
amplified a PCR product with the size expected for full-length
otoferlin ¢cDNA (1,753 bp) that was absent in non-injected Otof"/_
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Figure 1. Dual-AAV-mediated otoferlin expression is restricted to auditory hair cells in the cochlea.

A Low magnification views of a CDl—Otof“/’ organ of Corti (P23)-transduced with otoferlin dual-AAV-TS vectors. IHCs: inner hair cells, OHCs: outer hair cells.

B, C High magnification views of CD1B6F1-Otof '~ IHCs transduced with otoferlin dual-AAV-TS (P26) (B) and dual-AAV-Hyb (P26) (C) vectors. Individual eGFP and
otoferlin immunostainings are depicted as color lookup tables in (A-C) with warmer colors representing higher pixel intensities. See Fig EV3 for comparison to
wild-type IHCs.

D Percentage of N- and C-terminal otoferlin labeled IHCs in dual-AAV-TS (n = 10 mice)- and dual-AAV-Hyb (n = 9 mice)-injected CD1B6F1-Otof /~ mice (P18-30).

E Average N-terminal and C-terminal otoferlin immunofluorescence levels in dual-AAV-transduced Otof/’ and wild-type IHCs (P23-30). Otoferlin levels were
normalized to immunofluorescence levels in non-transduced B6 wild-type IHCs for each antibody separately.

Data information: In (A-C), maximum intensity projections of confocal optical sections. Scale bars: 100 pum (A), 10 um (B, C). In (D), individual animals are depicted with
open symbols. In (E), the number of quantified IHCs is indicated inside the bars. In (D, E), data are displayed as mean + s.e.m., ns P > 0.05; *P < 0.05; **P < 0.01;

***Pp < 0.001, [Wilcoxon matched-pair signed rank test (D), unpaired t-test with Welch’s correction (D), and Kruskal-Wallis test followed by Dunn’s multiple comparison
test (E)].
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Figure 2.

organ of Corti samples (Fig EV4A and B). Amplicons from wild-
type, control Otof /™, and dual-AAV-TS-transduced Otof /~ samples
were subcloned and representative clones were subjected to Sanger
sequencing (n = 2 clones/4 clones/5 clones, respectively; Fig EV4B
and C). This confirmed the correct reconstitution of the full-length
transgene from the two otoferlin AAV half-vectors and the presence
of an artificially introduced Acclll restriction site found only in
the dual-AAV-transduced Otof /~ samples (Fig EV4C). In cDNA
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samples of dual-AAV-injected and non-treated Otof /~ organs of
Corti, we amplified three otoferlin cDNA fragments of 1,379, 1,480,
and 1,679 bp, all lacking exons 14 and 15 (Fig EV4B and C). The
larger amplicons originate from incomplete splicing of the mutant
mRNA (Fig EV4C). These splice variants might be translated into
shorter fragments, the presence of which we assessed by Western
blot (Fig EV4D). In wild-type organs of Corti, we detected two
specific bands of ~210-230 kDa, likely corresponding to full-length
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Figure 2. Otoferlin dual-AAV injection at P6-7 partially restores synaptic function in Otof" IHCs.

A High magnification views of IHCs immunolabeled for otoferlin and synaptic ribbons (CtBP2) from wild-type (B6: P27, CD1B6F1: P29), dual-AAV-injected CD1B6F1-
Otof '~ (dualAAV-TS: P26, dualAAV-Hyb: P28), and their contralateral non-injected ears. (*) Transduced cells. Maximum intensity projections of optical confocal

sections. Scale bars: 5 um.

B Synaptic ribbon numbers quantified from IHCs in apical cochlear turns of wild-type (B6: n = 48 IHCs, CD1B6F1: n = 108 IHCs), transduced Otof /= (dualAAV-TS:
n = 59 IHCs, dualAAV-Hyb: n = 37 IHCs), and non-transduced Otof /= IHCs from injected (-AAV-injected ear, n = 65 IHCs) and contralateral non-injected (-AAV

non-injected ear, n = 46 IHCs) ears (P25-29).

C IHC synapses labeled with CtBP2 and the postsynaptic marker Shankla in B6 wild-type and Otof /= P6 and P14 organs of Corti. Maximum intensity projections of

optical confocal sections. Scale bars: 5 um.

D Synapse numbers quantified from IHCs in apical cochlear turns (C) of B6 wild-type (P6: n = 53 IHCs; P14: n = 73 IHCs) and B6-Otof /= (P6: n = 62 IHCs; P14:

n = 65 IHCs) mice at two different developmental stages (P6 and P14).

E Ca”*-current-voltage relationship of control CD1B6F1 wild-type (n = 6 IHCs), dual-AAV-TS-transduced (n = 8 IHCs), and non-transduced CD1B6F1—Otof‘/’ (n =10

IHCs) IHCs (P14-18).

F Representative Ca**-currents (lc,) and IHC plasma membrane capacitance increments (AC.,) of a wild-type control, transduced, and non-transduced Otof "~ IHC in
response to a 20 ms depolarization pulse at maximum Ca*-current potentials (typically —14 mV).

G, H Average exocytosis level measured as AC, (G) and corresponding Ca®*-current integrals (Qcaz.) (H) in wild-type [CD1B6F1: n = 6 IHCs; B6: n = 11 IHCs (B6 data
replotted from Strenzke et al, 2016)], dual-AAV-TS-transduced Otof“/’ (n = 8 IHCs), and non-transduced (n = 11 IHCs) Otof“/’ IHCs. Individual dual-AAV-TS
transduced Otof /~ IHCs expressing eGFP, that had exocytosis (thinner red lines) and almost no exocytosis (broken red lines; not included into the average), are

depicted.

Data information: In (B, D), individual animals are depicted with open symbols. In (G), individual transduced Otof '~ IHCs are displayed with thinner or broken red lines.
In (B, D, E, G, H), data are displayed as mean + s.e.m., ns P > 0.05; **P < 0.01; ***P < 0.001 (Kruskal-Wallis test followed by Dunn’s multiple comparison test).

otoferlin, which were absent in Otof~ /= controls. However, due to a
strong unspecific band at ~100 kDa, the presence of smaller otofer-
lin fragments that might interfere with the function of full-length
otoferlin could not be excluded.

To quantify full-length otoferlin protein expression levels, we
measured the fluorescence intensity of the C-terminal otoferlin anti-
body in transduced Otof/~ IHCs and normalized it to the C-term-
inal immunofluorescence in wild-type C57BL/6J (B6) IHCs (Figs 1E
and EV3). Dual-AAV-mediated gene transfer into Otof /~ IHCs led
to the expression of full-length otoferlin protein with 31-37% of
wild-type levels (Fig 1E). We found the intracellular pattern of N-
and C-terminal otoferlin immunolabeling in transduced Otof /= IHCs
to be similar to wild-type IHCs (Fig EV3). Non-transduced Otof ™/~
IHCs from contralateral non-injected ears displayed very weak N-
terminal and C-terminal background otoferlin fluorescence signals of
3 £0.0% and 6 £+ 0.0% of wild-type levels, respectively (Fig 1E,
Appendix Fig S1 and S2). In dual-AAV-TS-transduced wild-type THCs,
the eGFP fluorescence signal was weaker than in those cells trans-
duced with the single AAV2/6.eGFP virus (Figs EV1 and EV3).

An earlier study reported that Otof /~ IHCs have normal ribbon
synapse numbers at P6, but only 60% of their synapses persist after
P15 (Roux et al, 2006). By counting the number of CtBP2-labeled
synaptic ribbons, we examined whether re-expressing otoferlin via
dual-AAV vectors could reverse this loss (Fig 2A and B). At P26-29,
Otof /= THCs from contralateral non-injected ears have 10 + 0.3
synaptic ribbons (n = 46 IHCs), similar to non-transduced Otof~ /=
IHCs in injected ears (9 + 0.3 ribbons, n = 65 IHCs). This is ~40%
less than the 15 + 0.3 synaptic ribbons in CD1B6F1 wild-type IHCs
(n =108 IHCs) and 15 =+ 0.5 synaptic ribbons in B6 wild-type IHCs
(n = 48 THCs). Upon dual-AAV-mediated otoferlin expression, we
found 10 + 0.2 synaptic ribbons in dual-AAV-TS-transduced Otof /~
IHCs (n = 59 IHCs) and 10 + 0.3 synaptic ribbons in dual-AAV-Hyb-
transduced Otof /= IHCs (n = 37 IHCs), which is virtually identical
to the ribbon numbers in Otof /~ IHCs from contralateral non-
injected ears. Thus, otoferlin gene delivery at P6-7 is apparently too
late to prevent or reverse any synapse loss in Otof /= IHCs. Accord-
ingly, we re-assessed IHC synapse numbers in B6-Otof /™ and wild-type
mice at P6 and P14 (Fig 2C and D). THC synapses were identified as

© 2018 The Authors

CtBP2-labeled synaptic ribbons adjacent to Shankla immunolabeled
postsynaptic boutons (Huang et al, 2012). We found more synapses in
P6 Otof /= IHCs (49 + 0.7 synapses; n = 62 IHCs) than in wild-type
IHCs (39 + 0.3 synapses; n = 53 IHCs). In the second postnatal week,
synapse numbers decreased, reaching comparable numbers at P14 for
Otof /= mice (15 + 0.3 synapses; nn = 65 IHCs) and wild-type mice
(16 £ 0.2 synapses; n = 73 IHCs, Fig 2D) pointing to a developmental
delay in synapse loss compared to the Otof /~ mice assessed in Roux
et al (2006). Notably, Shankla labeled postsynaptic structures
appeared larger in Otof /~ than in wild-type IHCs (Fig 2C). These find-
ings, together with the failure to rescue synapse numbers by otoferlin
re-expression from P6-7 on, point toward a yet undescribed role of
otoferlin in IHC synapse maturation.

In rodents, SGNs diversify in the first four postnatal weeks into
low, medium, and high spontaneous rate fibers to encode different
sound intensities (Liberman & Liberman, 2016). In mature Vglut3’/ -
mice lacking ~40% of SGNs (Seal et al, 2008), almost all low sponta-
neous rate fibers and half of the medium rate fibers are missing
(Shrestha et al, 2018). Similarly, aging or mild noise trauma result
in the selective loss of low spontaneous rate fibers, which does not
affect auditory thresholds, but likely impairs speech comprehension
(Furman et al, 2013; Wu et al, 2018). It is currently unclear which
type of auditory nerve fibers might be affected by the synapse loss in
Otof ™~ mice, whether synapse loss occurs at all in human patients
and if so whether this would affect hearing after gene therapy. While
SGN subtypes in Otof /~ mice could be identified by their molecular
markers as in Shrestha et al (2018), future animal studies will be
required to characterize spontaneous and sound-evoked firing rates
of auditory nerve fibers in dual-AAV-treated Otof /~ mice. Co-
administration of neurotrophic factors could additionally be tested
to rescue these synapses (Wan et al, 2014; Suzuki et al, 2017).

By using cellular electrophysiological recordings, we investigated
whether dual-AAV-mediated otoferlin gene transfer can rescue
otoferlin-dependent fast exocytosis and synaptic vesicle replenish-
ment in Otof/’ IHCs (Roux et al, 2006; Pangrsic et al, 2010;
Fig 2E-H). Transduced IHCs in acutely isolated organs of Corti
(P14-P18) were identified by their eGFP fluorescence and measured
via perforated patch-clamp. Here, we found no difference in
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voltage-gated Ca®*-currents between dual-AAV-TS-transduced
Otof /= (n = 8 IHCs), non-transduced Otof /~ (n = 10 IHCs), and
control CD1B6F1 wild-type IHCs (n = 6 IHCs, Fig 2E and H). Ca*t-
triggered exocytosis of the readily releasable synaptic vesicle pool
(RRP) was measured as IHC plasma membrane capacitance incre-
ments (ACy,) after short depolarization pulses (5-20 ms) eliciting
Ca** influx. Dual-AAV-mediated re-expression of otoferlin fully
restored fast exocytosis of the RRP in Otof /~ IHCs (for 20 ms
depolarization: wild-type CD1B6F1: 16.8 + 1.4 fF, dual-AAV-TS-
transduced Otof /~: 13.5 + 1.3 fF; wild-type B6: 15.3 + 1.6 fF
(from Strenzke et al, 2016); P = 0.3, one-way ANOVA; non-trans-
duced Otof/’: 14 + 0.8fF, P=1x 107" two-tailed t-test for
transduced vs. non-transduced Otof /~ IHCs; Fig 2F and G). In
agreement with our finding that around one out of four eGFP-fluor-
escent IHCs only expressed the N-terminal part of otoferlin (Figs 1D
and EV3), we recorded two (out of ten) eGFP-expressing IHCs with
hardly any Ca®*-triggered exocytosis (broken red lines), similarly
to non-transduced Otof /~ IHCs (Fig 2G). Presumably, the correct
reassembly of the full-length otoferlin expression cassette in the
right orientation did not take place in these two transduced IHCs.
The lack of exocytosis in these cells is in agreement with earlier
results (Reisinger et al, 2011), demonstrating that AAV-mediated
co-expression of eGFP and synaptotagmin-1 neither rescued exocy-
tosis in Otof /= IHCs nor restored hearing in injected Otof ™~ mice.
Therefore, it can be ruled out that the AAV itself and/or the eGFP
are able to recover exocytosis in the absence of otoferlin.

In contrast to the full rescue of fast exocytosis, sustained THC
exocytosis measured upon longer depolarization pulses (20—
100 ms) and requiring otoferlin-dependent synaptic vesicle replen-
ishment was only partially restored (Fig 2G). The estimated number
of synaptic vesicles undergoing exocytosis between 20 and 100 ms
of continuous depolarization in an average IHC synapse increased
from 50 + 13 synaptic vesicles/second/active zone (SV/s/AZ) in
non-transduced Otof /= (n = 9 IHCs) to 247 + 20 SV/s/AZ in trans-
duced Otof /~ IHCs (n =7 IHCs) (P < 0.0001, two-tailed t-test).
Still, these vesicle replenishment rates were 50 or 65% lower than
in CD1B6F1 wild-type (522 + 59 SV/s/AZ, n = 5 IHCs) or B6 wild-
type IHCs (698 + 60 SV/s/AZ, n = 8 IHCs) (P = 0.0005 for dual-
AAV-TS vs. CDIB6F1 and P < 0.0001 for dual-AAV-TS vs. B6,
Sidak’s multiple comparisons test).

Otoferlin knock-out mice are profoundly deaf, and no auditory
brainstem responses (ABRs) can be evoked by broadband click or
tone burst sound stimuli (Roux et al, 2006; Pangrsic et al, 2010).
Nevertheless, distortion product otoacoustic emissions (DPOAEs),
measuring OHC amplification, and electrically evoked brainstem
responses (eEBRs), measuring signal transmission through the
afferent auditory pathway, are both normal in these mice and indi-
cate that the impairment is specifically caused by a defect in the
IHCs (Roux et al, 2006). We examined whether the dual-AAV strat-
egy is able to restore auditory function in these animals by measur-
ing ABRs in response to broadband clicks and tone bursts at
different sound pressure levels (SPL) in 3- to 4-week-old (P23-30)
dual-AAV-TS- (n =17 mice) and dual-AAV-Hyb- (n =8 mice)
injected Otof /~ animals (Figs 3 and EV5). The characteristic ABR
waveforms were partially rescued in all animals treated with otofer-
lin dual-AAV vectors (Figs 3A and B, and EV5A). Particularly, ABR
waves II-V were clearly identifiable and served to determine ABR
thresholds. In contrast, no ABRs could be elicited in non-treated
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(-AAV) Otof /= control littermates (n = 38 mice). Otoferlin dual-
AAV injections restored auditory function with click-evoked ABR
thresholds of 49 + 1 dB SPL in dual-AAV-TS and 51 + 1 dB SPL in
dual-AAV-Hyb-transduced Otof /~ animals (range: 40-60 dB SPL;
Fig 3C). In comparison, we measured click ABR thresholds of
32 + 2 dB SPL in CD1B6F1 wild-type control animals injected with
AAV2/6.eGFP (n = 12 mice) and 32 & 2 dB SPL in otoferlin dual-
AAV-TS-transduced wild-type mice (n =6 mice; range: 2040 dB
SPL). In agreement with previous observations (Roux et al, 2006;
Longo-Guess et al, 2007; Pangrsic et al, 2010; Reisinger et al, 2011),
we recorded a prominent summating potential (SP) in non-treated
Otof’~ mice evoked by the concerted depolarization of inner and
outer HCs in response to broadband clicks (Figs 3A and B, and
EV5A). The larger size of the SP compared to normal hearing
animals is likely caused by the absence of efferent OHC inhibition,
which requires auditory signal transmission along the afferent path-
way (Fuchs & Lauer, 2018). In some dual-AAV-TS- and dual-AAV-
Hyb-injected Otof /~ mice, the SP amplitude was similar to normal
hearing mice, where AAV injection did not change the SP ampli-
tude. Even though injection-induced HC loss cannot be excluded in
Otof /~ mice, it seems plausible that the rescue of auditory signal
transmission has activated the medial superior olivary nucleus
(MSO), which hyperpolarizes OHCs by inhibitory synaptic contacts.

Tone burst ABR thresholds in dual-AAV-treated Otof /™ mice
were generally much more variable between individual animals
than click ABR thresholds (Figs 3D and EVS5B). The discrepancy
between consistently low ABR click thresholds compared to on aver-
age higher tone burst thresholds was also reported for Vglut3™/~
mice rescued with a single AAV1 Vglut3-expressing virus (AKkil et al,
2012). In our best mice, 8 and 12 kHz tone bursts of 50 dB SPL
elicited ABRs (Figs 3D and EV5B). These frequencies are sensed in
the apical half-turn of the mouse cochlea, where we found the high-
est IHC transduction rates (Fig 1D). The high variability can be
explained as low SPL tone bursts induce a sharply tuned vibration
of the basilar membrane only activating few IHCs that need to be
transduced in order to evoke an ABR. Higher sound pressure levels
cause a broader vibration peak of the basilar membrane and thus
activate more IHCs, especially if the levels are high enough that
OHC amplification is suppressed. In contrast, click sound stimuli
contain a broadband of frequencies that activate IHCs along the
entire cochlea, eliciting a measurable ABR as long as some IHCs
have been transduced. In fact, we found no correlation between
full-length otoferlin IHC transduction rates (entire cochlea, C-term
otoferlin, Fig 1D) in dual-AAV-TS-treated animals and their individ-
ual click ABR thresholds (n = 8 mice; r = —0.41, P = 0.5, Spearman
correlation test; Fig EV5C). Apparently, a click ABR threshold of
~50 dB can be established by very few dual-AAV-transduced IHCs.
Improving dual-AAV vectors to gain higher otoferlin protein levels
might result in even lower ABR thresholds, because synapses
contacting low threshold SGNs might require a high vesicle reple