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Abstract

Hearing loss can result from a variety of factors, including chronic diseases, ear
infections, and genetic mutations. One genetic contributor is the OTOF gene, which
encodes the protein otoferlin, essential for synaptic transmission from auditory inner
hair cells (IHCs) to spiral ganglion neurons (SGNSs), the first neurons in the auditory
pathway. Mutations in OTOF cause autosomal recessive prelingual hearing

impairment, classified as DFNB9, which is typically severe to profound in degree.

Otoferlin contains multiple C2 domains and a C2-FerA domain which forms a flexible
superhelix composed of four a-helices and has been shown to bind calcium ions (Ca?*)

and phospholipids. However, its specific role in auditory function remains unclear.

In this thesis, a novel mouse line, designated Otof-p. KL>M, was characterized. This
line carries a three-base pair deletion resulting in the substitution of lysine 824 and
leucine 825 with a methionine, predicted to shorten one a-helical structure within the
C2-FerA domain. Auditory brainstem response (ABR) measurements revealed that
homozygous Otof-p. KL>M mice exhibit reduced ABR wave amplitudes at a young age
and develop significant age-related hearing loss. By twelve months of age, these mice
displayed elevated hearing thresholds reaching 90 dB sound pressure level (SPL) at

the most sensitive frequency (4 kHz).

As anticipated, the Otof-p. KL>M mutation did not affect distortion product otoacoustic
emissions (DPOAEs), indicating preserved outer hair cell (OHC) function.
Consistently, the number of OHCs remained unchanged across all ages. In contrast,
an age-dependent loss of IHCs was observed throughout all cochlear turns in Otof-p.

KL>M mice. Moreover, IHCs in mutant mice demonstrated reduced otoferlin

\
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expression with increasing age compared to wild-type controls. Collectively, these
findings highlight a critical role for the otoferlin C2-FerA domain in maintaining IHC

integrity and function.

Several gene therapy strategies targeting the otoferlin coding gene have been
investigated in otoferlin-deficient mouse models and early-stage clinical trials. These
studies have shown that dual-adeno-associated virus (AAV) gene therapy can
effectively deliver a functional OTOF sequence to the inner ear. Nonetheless,
optimization of these approaches remains necessary. One avenue of improvement
involves engineering novel AAV capsids with enhanced tropism and transduction
efficiency for both IHCs and OHCs. In this thesis, a novel in vitro AAV transduction
method was developed using explanted organs of Corti to facilitate pre-screening of
AAV serotypes. Initial testing of various GFP-expressing AAV serotypes identified
PHP.eB (produced in-house) and AAV2 PT (provided by AG Michalakis, LMU Munich)
as having the highest transduction efficiencies and specificity in hair cells.
Furthermore, three AAV capsids were evaluated for dual-AAV transduction in in vitro
experiments using otoferlin knockout organ of Corti cultures. Among these, the PHP.B
serotype yielded the most promising results, demonstrating successful transduction of
both IHCs and OHCs. These findings validate the utility of the newly developed in vitro
method for assessing dual-AAV strategies. Importantly, this approach offers a time-
efficient method to pre-screen AAV serotypes in vitro and thereby reducing the number

of animals required.

In addition to OTOF, other genes also play vital roles in auditory function. In five
patients from Tubingen and Heidelberg presenting with progressive hearing loss, a
dominantly inherited point mutation in the RAB4B gene, encoding the Ras-related

protein RAB4B, was identified. These individuals exhibit increasing difficulty with
VI
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speech comprehension, despite only moderately elevated hearing thresholds. To date,
RAB4B has not been associated with auditory disorders. To investigate Rab4b
expression in the auditory system, immunohistochemistry and RNA Scope in situ
hybridization were performed on wild-type mouse inner ears. Both Rab4b protein and
MRNA were detected, with expression localized to IHCs, OHCs, and strongly in SGNs.
Subsequently, genetically engineered mice carrying the same point mutation as the
human patients were generated to assess the functional consequences of the variant.
The results presented in this thesis offer initial insights into the potential role of Rab4b

in auditory physiology and pathophysiology.

Vi



Zusammenfassung

Zusammenfassung

Horverlust kann durch eine Vielzahl von Faktoren verursacht werden, darunter

chronische Erkrankungen, Ohreninfektionen und genetische Ursachen.

Das Protein Otoferlin ist essenziell fur die synaptische Signalubertragung von den
auditorischen Haarzellen zu den Spiralganglienzellen, den ersten Neuronen der
Horbahn. Mutationen im OTOF-Gen, welches fur Otoferlin kodiert, fuhren zu einer
autosomal-rezessiv vererbten pralingualen Horstorung (DFNB9), die meist schwer bis
hochgradig ausgepragt ist. Das Protein besteht aus mehreren C2-Domanen sowie
einer C2-FerA-Domane, die eine flexible Superhelix aus vier a-Helices bildet und Ca**
und Phospholipide binden kann. lhre genaue Funktion im Horvorgang ist jedoch

bislang ungeklart.

Im Rahmen dieser Arbeit wurde eine Mauslinie mit der Bezeichnung Otof-p. KL>M
charakterisiert, die eine Deletion von drei Basenpaaren tragt, welche zum Austausch
der Aminosauren Lysin 824 und Leucin 825 durch Methionin fuhrt. Diese Mutation
verkurzt, Strukturvorhersagen zufolge, eine a-Helix der C2-FerA-Domane. Mittels
Messungen der auditorisch evozierten Hirnstammpotenziale (ABR) konnte festgestellt
werden, dass homozygote Otof-p. KL>M-Mause im jungen Alter reduzierte ABR-
Wellenamplituden aufweisen und mit zunehmendem Alter einen signifikanten
Horverlust entwickeln. Zwolf Monate alte Otof-p. KL>M-Mause zeigten bei der besten
Frequenz von 4 kHz Horschwellen von 90 dB Schalldruckpegel (SPL). Wie erwartet
hatte die Mutation keinen Einfluss auf die otoakustischen Emissionen (OAE).
Entsprechend wurde in keiner Altersgruppe ein Unterschied in der Anzahl aul3erer
Haarzellen festgestellt. Im Gegensatz dazu wiesen Otof-p. KL>M-Mause einen

altersabhangigen Verlust innerer Haarzellen in allen Windungen des Corti-Organs auf.
VIl
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Daruber hinaus zeigten innere Haarzellen dieser Mause mit zunehmendem Alter eine
geringere Proteinexpression im Vergleich zu Wildtyp-Mausen. Insgesamt verdeutlicht
dieser Teil der Arbeit die entscheidende Rolle der C2-FerA-Doméane von Otoferlin fur

die Funktion und das Uberleben innerer Haarzellen.

Verschiedene Gentherapieansatze an Otoferlin-Mausmodellen sowie erste klinische
Studien mit Betroffenen, die OTOF-Mutationen tragen, haben gezeigt, dass die duale
AAV-Gentherapie erfolgreich zur Einflhrung einer korrekten OTOF-Sequenz im
Innenohr eingesetzt werden kann. Dennoch besteht weiterhin Optimierungspotenzial.
So werden beispielsweise AAV-Kapside mit verbesserter Effizienz und hoherer
Spezifitat fur innere und auliere Haarzellen entwickelt. In dieser Arbeit wird eine
neuartige in vitro-AAV-Transduktionsmethode am Corti-Organ vorgestellt, die als
Vorscreening fur verschiedene AAV-Serotypen dient. Zunachst wurden verschiedene
GFP-exprimierende AAV-Serotypen getestet, wobei PHP.eB (aus selbst produzierten
AAVs) und AAV2 PT (aus der AG Michalakis, LMU Munchen) die hochsten
Transduktionsraten und die beste Spezifitat fur innere und aulRere Haarzellen zeigten.
Daruber hinaus wurden drei verschiedene Kapside hinsichtlich ihrer Eignung fur die
duale AAV-Transduktion an Otof-Knockout-Corti-Organen untersucht. Dabei zeigte
der Serotyp PHP.B die vielversprechendsten Ergebnisse, da beide AAVs erfolgreich
in IHCs und OHCs eindrangen, was die Machbarkeit der dualen Transduktion mit der
neuen in vitro-Methode bestatigt. Insgesamt stellt die entwickelte Methode ein
effektives Vorscreening-Tool fur die AAV-Gentherapie des Innenohrs dar, das
gegenuber in vivo-Experimenten erhebliche Zeit spart und den Bedarf an

Versuchstieren reduziert.

Neben OTOF spielen auch andere Gene eine wesentliche Rolle im Horvorgang. Bei

funf Patient:innen aus Tubingen und Heidelberg mit progredientem Horverlust wurde
IX
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eine dominant vererbte Punktmutation im RAB4B-Gen identifiziert, das fur das Ras-
verwandte Protein RAB4B kodiert. Die Betroffenen zeigten zunehmende
Schwierigkeiten beim Sprachverstehen, obwohl inre Horschwellen nur moderat erhoht
waren. Bisher wurde RAB4B nicht mit Horstorungen in Verbindung gebracht. Zur
weiteren Charakterisierung der Funktion von Rab4b wurden Immunfarbungen und
RNA Scope-Analysen am Innenohr von Wildtyp-Mausen durchgefuhrt. Dabei konnte
nachgewiesen werden, dass sowohl Rab4b-RNA als auch das entsprechende Protein
im Innenohr exprimiert werden, insbesondere in innere und aulRere Haarzellen und
sehr ausgepragt in den Spiralganglienneuronen. Zudem wurden genetisch veranderte
Mause erzeugt, die dieselbe Punktmutation wie die betroffenen Patient:innen tragen,
um zu prufen, ob diese Mutation auch bei Mausen zu Horverlust fuhrt.
Zusammenfassend liefert diese Arbeit erste Hinweise auf die potenzielle Bedeutung

von Rab4b fiur das Innenohr.
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Introduction

4. Introduction

4.1 The hearing process

The auditory process comprises a series of distinct steps that convert sound waves
into electrical signals that can be interpreted by the brain. Initially, sound waves are
collected by the outer ear and travel through the ear canal to reach the tympanic
membrane, or eardrum. The vibration of the eardrum causes motion in the ossicles,
comprising the malleus, incus, and stapes, within the middle ear, which ensures that
the vibration force from the air is effectively transferred to the liquid (Fig. 1). These
vibrations are transmitted to the cochlea in the inner ear, where they induce fluid
movement, generating a traveling wave along the basilar membrane. This wave motion
causes the stereocilia of cochlear sensory cells, known as hair cells, to deflect (Fig. 2).
The deflection of the stereocilia stretches the tip links connecting them, resulting in the
opening of mechanically gated ion channels. The opening of these channels allows
potassium and calcium ions to enter the hair cells, leading to depolarization and the
subsequent release of neurotransmitters at the base of the hair cells. This entire
process, by which mechanical energy is converted into electrical signals, is referred to
as mechanoelectrical transduction. The electrical signals are then transmitted via the

auditory nerve to the brain, where they are interpreted as sound.
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Figure 1 - Anatomical overview of the human ear, illustrating the external, middle, and inner ear
compartments.

The external ear comprises the auricle and the external auditory meatus, which direct sound waves
toward the tympanic membrane (eardrum). The middle ear contains the ossicular chain (malleus, incus,
and stapes) which transmits mechanical vibrations from the tympanic membrane to the oval window.
The inner ear includes the cochlea, responsible for auditory transduction, and the semicircular canals,

which contribute to balance. Adapted from biorender.com.
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Figure 2 - Structural organization of the inner ear, highlighting the cochlear anatomy and a cross-
section of the cochlear duct.
The upper part of the image displays the membranous and bony labyrinth of the inner ear, including the
semicircular canals (anterior, posterior, and lateral), the vestibular organs (utricle and saccule) and the
cochlea. The cochlear duct (scala media) is shown within the coiled cochlear structure.
The lower part of the image presents a detailed cross-sectional view of the cochlea, illustrating the three
fluid-filled chambers: the scala vestibuli, scala media, and scala tympani. The organ of Corti contains
mechanosensory hair cells which are essential for auditory transduction. Key anatomical features
include Reissner's membrane, the basilar membrane, the tectorial membrane, and the cochlear nerve,

which transmits auditory signals to the brain. Adapted from biorender.com.
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4.2 Hearing disorders

Over 5% of the global population, approximately 430 million individuals, including 34
million children, require rehabilitation for the management of disabling hearing loss.
Projections indicate that by 2050, this number will exceed 700 million, representing

approximately one in every ten individuals worldwide (WHO, 2025).

A person is considered to have hearing loss if their auditory thresholds are at least 20
dB (decibel) higher than on average (i.e. 20 dB hearing level (HL)) in one or both ears,
compared to an individual with normal hearing. Hearing loss can be classified into
several degrees of severity: mild (difficulty hearing soft sounds; 20 to <35 dB HL
(Hearing Level)), moderate (difficulty understanding normal speech; 35 to <50 dB HL),
moderately severe (difficulty with loud speech; 50 to <65 dB HL), severe (limited
perception of sounds, only hearing very loud noises; 65 to <80 dB HL), or profound
(near-total deafness, relying on visual communication or implants; 80 to <95 dB HL)
(Olusanya et al, 2019; WHO, 2021). The condition may affect one or both ears and
can significantly hinder the ability to hear conversational speech or even loud sounds.
The term "hard of hearing" is used to describe individuals with hearing loss ranging
from mild to severe. These individuals often communicate using spoken language and
may benefit from hearing aids, cochlear implants, assistive devices, or captioning
services (WHO, 2025). On the other hand, individuals classified as "deaf" generally
experience profound hearing loss, characterized by little or no ability to hear. Although
some may benefit from cochlear implants, many rely on sign language as their primary

mode of communication (WHO, 2025).

Hearing loss and deafness can arise from a variety of causes across the lifespan.
Prenatal causes include genetic disorders and intrauterine infections. In childhood,

4
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common contributing factors include chronic ear infections and meningitis. In
adulthood and older age, prolonged noise exposure, age-related degeneration
(presbycusis), Meniere’s disease, and otosclerosis are frequent causes of hearing
impairment. Furthermore, lifelong risk factors such as head trauma, exposure to
ototoxic medications, smoking, and chronic conditions like diabetes can also lead to
hearing loss (WHO, 2025). Untreated hearing loss is associated with an increased risk
of social isolation, cognitive decline, and dementia. Preventive strategies include the
use of hearing protection in noisy environments, appropriate vaccination (e.g., against
rubella), and the avoidance of ototoxic medications when alternatives are available

(WHO, 2025; Healthline, 2025).

4.3 Genetic hearing disorders

Genetic hearing loss can be broadly categorized into syndromic and non-syndromic
forms, depending on the presence or absence of additional clinical features.
Approximately 70% of hereditary hearing loss cases are non-syndromic, whereas the

remaining 30% are syndromic (Shearer et al, 1999).

4.3.1. Syndromic hearing loss

Syndromic hearing loss is characterized by additional clinical features affecting other
organs or systems. These conditions are genetically heterogeneous and often involve
mutations in genes expressed in multiple tissues. For instance, mutations in the
USHZ2A gene are associated with Usher syndrome, which presents with both
sensorineural hearing loss and progressive vision loss due to retinitis pigmentosa
(Kimberling et al, 1990, 1995). Similarly, mutations in PAX3 cause Waardenburg

syndrome, which is characterized by pigmentary abnormalities and sensorineural
5



Introduction

deafness (Read & Newton, 1997). Another example is Treacher Collins syndrome,
which results from mutations affecting craniofacial development, leading to conductive

hearing loss due to malformations in the external and middle ear (Trainor et al, 2009).

4.3.2. Non-Syndromic hearing loss

Non-syndromic hearing loss occurs without associated abnormalities in other organ
systems. A significant portion of these cases is linked to mutations in the GJB2 gene,
which encodes connexin 26, a protein crucial for potassium ion recycling within the
cochlea. Recessive mutations in GJB2 disrupt this process, leading to sensorineural
hearing loss (Kelsell et al, 1997). Non-syndromic hearing loss can vary in severity and
is typically inherited in either an autosomal recessive or dominant manner. Some
genes, like MYO7A can be inherited in recessive (DFNB2) and in dominant (DFNA11)
manner (Chen et al, 2021; Kabahuma et al, 2021). Another rather common gene
implicated in non-syndromic hearing loss is STRC, which encodes stereocilin, a protein
essential for the structural integrity of the hair bundles in cochlear outer hair cells.
Deletions in STRC are often associated with high-frequency hearing loss, but it can
also affect all frequencies equally (Sloan-Heggen et al, 2016). Nevertheless, most

other forms of genetic deafness apart from GJB2 and STRC are relatively rare.

4.3.3. Inheritance patterns in non-syndromic hearing loss

Non-syndromic hearing loss, which occurs without additional associated clinical
features, can follow various genetic inheritance patterns, including autosomal
recessive, autosomal dominant, X-linked, and mitochondrial inheritance.

Approximately 75-80% of non-syndromic hearing loss cases are inherited in an
6
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autosomal recessive manner (Smith et al, 2005). This pattern requires two copies of
the mutated gene, one inherited from each parent, for the condition to manifest.
Typically, both parents are asymptomatic carriers of the mutation. A well-known
example of this is mutations in the GJB2 gene. When both parents are carriers of
GJBZ2 mutations, there is a 25% chance that their child will be affected (Denoyelle et

al, 1997).

Approximately 15-20% of non-syndromic hearing loss cases are inherited in an
autosomal dominant manner (Shearer & Smith, 2012). In this inheritance pattern, a
single copy of the mutated gene is sufficient to cause hearing impairment. Affected
individuals often have a family history of hearing loss. An example and one of the first
identified types of dominantly inherited hearing loss is DFNA2A (caused by mutations
in the KCNQ4 gene). These mutations lead to progressive sensorineural hearing loss,
typically starting with high-frequency sounds and worsening over time to affect all

frequencies (Kubisch et al, 1999; Smith & Hildebrand, 2015).

X-linked hearing loss primarily affects males, who possess only one X chromosome.
Females typically act as carriers and can pass the mutation to their sons. DFNX1 for
example is caused by mutations in the PRPS1 gene, which encodes phosphoribosyl
pyrophosphate synthetase 1 (essential for nucleotide biosynthesis). DFNX1 is
characterized by progressive hearing loss, often starting in childhood (Corvino et al,

Song et al, 2012).

Mitochondrial forms of hearing loss are rare and are inherited exclusively through the
maternal line, as mitochondria are transmitted from mothers to their offspring. These

cases are often associated with heightened sensitivity to aminoglycoside antibiotics,
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which can trigger or exacerbate hearing impairment in genetically predisposed

individuals (Fischel-Ghodsian, 2003).

4.4 Otoferlin

Otoferlin, a member of the ferlin protein family, is a large, tail-anchored protein
characterized by multiple C2 domains and encoded by 48 exons of the OTOF gene
(Yasunaga et al, 1999, 2000; Roux et al, 2006; Lek et al, 2012; Pangrsic et al, 2012).
Long otoferlin transcripts (~7 kb) in both human and mouse brain and inner ear tissues
were identified (Yasunaga et al, 2000). Furthermore, shorter transcripts (~5 kb) were
identified in various human tissues, including the heart, placenta, liver, pancreas,
skeletal muscle, kidney, inner ear, and brain, although these were not detected in
mouse tissues (Yasunaga et al, 1999, 2000). Mutations in the OTOF gene cause
DFNBS9, a recessive and non-syndromic form of prelingual deafness in humans which
is characterized by impaired synaptic transmission from IHCs (Yasunaga et al, 1999,
2000; Roux et al, 2006; Vona et al, 2020).

Otoferlin consists of a transmembrane domain (TMD), the C2-FerA domain and
several C2 domains (previously named C2A-F, more recently C2A-G), which are
involved in calcium sensing and membrane interactions (Dominguez et al, 2022; Lek
et al, 2012; Harsini et al, 2018)(Fig. 3). These C2 domains enable otoferlin to bind
calcium ions, a critical step in its role in synaptic vesicle exocytosis. However, the C2A
domain is unique in that it lacks the typical calcium-binding capacity due to a shortened

loop, distinguishing it from homologous ferlins such as dysferlin (Helfmann et al, 2011).
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The isolated FerA domain of ferlins has been shown to interact with phospholipids in
a Ca?*-depended manner (Harsini et al, 2018). Lastly, the C-terminal TMD anchors

otoferlin to active zones of the synaptic membrane (Varga et al, 2003).

C2A — C2B — C2C - C2-FerA — C2D - C2E — C2F 4 C26 ——M

Figure 3 - A schematic representation of the otoferlin protein, illustrating its distinct structural
domains. Depicted are the different C2 domains, labelled according to Dominguez (2022), the C2-FerA

domain as well as the transmembrane domain. Created with biorender.com

Otoferlin functions as a calcium sensor at IHC ribbon synapses, where it facilitates
synaptic vesicle (SV) fusion and neurotransmitter release, processes that are critical
for transducing mechanical sound vibrations into electrical signals within the auditory
nerve (Roux et al, 2006; Leclére & Dulon, 2023; Pangrsic et al, 2012; Michalski et al,
2017). Beyond its role in exocytosis, otoferlin also regulates vesicle replenishment and
endocytosis both of which are essential for sustaining high-frequency synaptic
transmission and ensuring continuous auditory signalling (Pangrsic et al, 2010;
Pangrsic et al, 2012; Tertrais et al, 2019; Kroll et al, 2019; Strenzke et al, 2016).
Specifically, otoferlin is indispensable for the late phases of readily releasable pool
(RRP) exocytosis, including synaptic vesicle priming and membrane fusion. This is
demonstrated by the near-complete absence of exocytotic activity in Otof”~ IHCs,
despite the presence of normal calcium currents (Roux et al, 2006; Pangrsic et al,
2010; Reisinger et al, 2011) and unaltered SV counts (Roux et al, 2006; Vogl et al,
2016). In addition to mediating late-stage exocytosis, otoferlin is critical for the efficient
replenishment of the RRP (Pangrsic et al, 2010; Jung et al, 2015; Strenzke et al, 2016;

Michalski et al, 2017; Chakrabarti et al, 2018).
9
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The C-terminal TMD of otoferlin is essential for proper membrane docking and vesicle
recycling. Its absence seems to result in reduced otoferlin expression and impaired
synaptic transmission (Leclére & Dulon, 2023; Manchanda et al, 2021).

A hallmark feature of OTOF-related hearing loss is the presence of normal otoacoustic
emissions, indicating preserved outer hair cell function, alongside abnormal auditory
brainstem responses. Biallelic variants in the OTOF gene are most commonly
associated with congenital or early-onset hearing loss (reported in 114 cases). A small
number of variants (3 cases) have been linked to progressive forms of hearing loss.
Additionally, seven variants are associated with temperature-sensitive hearing loss,
with one (p.Gly614Glu) located in the C2-FerA domain (Vona et al, 2020).

Premature stop codons and frameshift mutations usually lead to profound deafness
before speech development (prelingual). In contrast, non-truncating variants, those
that do not shorten the protein, can result in a wide range of clinical outcomes. The
severity of these effects depends on the location of the mutation and the chemical
nature of the altered or missing amino acids (Vona et al, 2020). Some variants
significantly reduce otoferlin stability, promoting its degradation. However, in other
cases, protein folding is only mildly affected, allowing a portion of the naturally
produced otoferlin to reach the plasma membrane. The amount of functional otoferlin
present in these instances can vary with the individual’s age and body temperature
(Vona et al, 2020). Temperature-sensitive auditory synaptopathy has been reported by
parents who noticed that their children experienced profound hearing loss whenever
they had a fever. In some cases, fluctuations in the child’s ability to understand speech
were observed throughout the day, reflecting natural changes in body temperature
(Zhang et al, 2016; Vona et al, 2020). An example for temperature-sensitive auditory

synaptopathy is the p.lle515Thr variant (Varga et al, 2006).

10
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To date, over 200 pathogenic and likely pathogenic variants in OTOF have been
identified (Vona et al, 2020). Although most variants cause profound hearing
impairment, a subset is linked to milder or progressive forms of deafness e.g.
p.lle1573Thr, p.Glu1700GIn and p.Ter1998Argext30Ter (Chiu et al, 2010; Yildirim-
Baylan et al, 2014; Matsunaga et al, 2012). However, progressive hearing loss due to
OTOF mutations has not yet been replicated in mouse models (Vona et al, 2020).

One notable mutation, referred to as the “Spanish” mutation (p.GIn829Ter), is a
recurrent premature stop codon within the C2-FerA domain. This variant is responsible
for non-syndromic prelingual hearing loss and is estimated to affect approximately
10 000 individuals globally. It is the third most prevalent cause of prelingual deafness

in the Spanish population (Migliosi et al, 2002).

4.4 Otof mouse models

4.4 .1 Otoferlin knockout mouse model

The absence of otoferlin in mice causes a defect in synaptic transmission (from the
IHCs to the SGNs) leading to auditory neuropathy-like phenotypes (Roux et al, 2006;
Pangrsic et al, 2010; Strenzke et al, 2016; Michalski et al, 2017). These phenotypes
include preserved cochlear amplification, evidenced by intact otoacoustic emissions,
alongside severely impaired neural encoding of sound, as indicated by the absence or
elevated thresholds of auditory brainstem responses (Roux et al, 2006; Pangrsic et al,
2012).

Otoferlin deficiency impairs exocytosis of synaptic vesicles at IHC ribbon synapses,
thereby hindering efficient glutamate release onto SGNs (Roux et al, 2006). Although

OHC function is maintained initially, as shown by preserved otoacoustic emissions,

11



Introduction

synaptic transmission is fundamentally compromised, resulting in profound
sensorineural deafness (Roux et al, 2006).

Developmental synaptic abnormalities are evident in otoferlin-deficient mice. Otoferlin
is necessary for synaptic maturation already before onset of hearing (Stalmann et al,
2021). Otof - mice were found to have a higher number of synapses at young age (P6
and P8), however a faster decay of ribbon synapses compared to wild-type IHCs
(Stalmann et al, 2021). Furthermore, the ribbon synapse numbers in Otof - IHCs
decrease to 60% of the numbers in wild-type IHCs in the third and fourth postnatal
week (Reisinger et al, 2011; Al-Moyed et al, 2019).

Over time, progressive degeneration affects both hair cells and SGNs. By six months
of age, IHC counts decline to approximately 50% of wild-type levels across the cochlea
(Stalmann et al, 2021). OHC loss progresses from base to apex, indicated by a decay
in otoacoustic emissions observed by 24 weeks. This leads to the assumption that
otoferlin could play a role in preserving OHCs and cochlear amplification (Stalmann et
al, 2021).

While SGN degeneration is not observable in an age of eight weeks old Otof 7~ mice,
the afferent boutons from the SGNs are already reduced to approximately 50% of the
wild type numbers (Stalmann et al, 2021). Nevertheless, at an age pf 48 weeks the

numbers of SGNs are trend to decrease in Otof 7~ mice (Stalmann et al, 2021).

4.4.2 11e515Thr mutation mouse model

As already described before, the lle515Thr missense mutation is an example for
temperature-sensitive auditory synaptopathy. The mutation was identified in one
OTOF allele in siblings which are suffering from severe to profound hearing loss when
their body temperature raises to >38.1°C (Varga et al, 2006). Mice carrying the same

mutation revealed substantial reduction (~65%) of otoferlin protein levels in IHCs,
12
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presumably due to increased degradation of the mutated protein (Strenzke et al, 2016).
The remaining otoferlin in Otof '®1571515T |HCs localization was comparable to wild-type
IHCs (Strenzke et al, 2016).

Electron microscopy revealed significantly enlarged otoferlin labelled vesicles, while
synaptic vesicles were enlarged at 39°C in mutant IHCs compared to wild-type
controls. Despite the accumulation of these vesicles, exocytosis during prolonged
stimulation is impaired, indicating defective vesicle replenishment. Functionally, these
defects result in synaptic fatigue and reduced auditory processing capacity, particularly
under conditions of sustained stimulation (Strenzke et al, 2016).

Importantly, auditory deficits in Otof '515715T mutant mice are exacerbated by elevated
body temperature, a phenotype that closely mirrors temperature-sensitive auditory
synaptopathy in human patients carrying the same mutation, although the heat induced
phenotype seems to be weaker in mice compared to the human patients (Strenzke et
al, 2016; Varga et al, 2006). This establishes a clear link between temperature
sensitivity and synaptic dysfunction in OTOF-related hearing loss (Strenzke et al,
2016). Collectively, these findings underscore the critical role of otoferlin in maintaining
synaptic vesicle dynamics and auditory reliability under physiological and stress

conditions.

4.4.3 Pachanga (Pga) mouse model

The Otof P99P92 mouse line represents a recessive model of genetic deafness.
Otof P9a/Pea mutants exhibit profound hearing loss, with absent ABRs at intensities
exceeding 90 dB SPL confirming severe auditory dysfunction (Schwander et al, 2007,
Pangrsic et al, 2010).

Different to otoferlin knockout mice, Otof P92/P92 mice have a normal readily releasable

pool (RRP) of vesicles upon depolarizations up to 10 ms (Pangrsic et al, 2010). The
13
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RRP replenishment rates and the sustained IHC exocytosis levels upon longer IHC
depolarizations are reduced in Otof P92P92 mice IHCs (Pangrsic et al, 2010).
Furthermore, multiple-tethered and docked synaptic vesicles seem to accumulate at
the active zone membrane in Otof P92/P92 |[HCs which indicates a defect in the active
zone clearance (Chakrabarti et al, 2018). Similar to the lle515Thr mice, otoferlin levels
are reduced in Otof P92/P92 mice IHCs. Interestingly, while in Otof 91571515 mjce IHCs
the remaining otoferlin localized comparable to wild-type, it was found more apically in
Otof P92/Pga mice IHCs (Strenzke et al, 2016). Otof P92/P92 mice IHC hair bundles
appeared normally structured with some |IHCs occasionally observed to have slightly

distorted hair bundles (Schwander et al, 2007).

4.5 Otoferlin’s FerA domain

Structurally, the C2-FerA domain constitutes a novel C2-like fold that is interrupted
between (-strands 4 and 5 by the insertion of a FerA-type four-helix bundle (Fig.4)
(Dominguez et al, 2022).

This configuration preserves key structural features of both domains: the B-sandwich
core typical of C2 domains and the characteristic helical bundle of FerA regions.
Importantly, in type-2 ferlins such as otoferlin, the domain includes a negatively
charged subdomain between B-strands 2 and 3, a feature absent in other ferlin family
members, indicating a specialized adaptation for auditory function (Dominguez et al,
2022).

Despite its hybrid nature, the C2-FerA domain exhibits thermodynamic stability
comparable to canonical C2 domains, with a reported free energy change of

approximately 1.47 kcal/mol (Harsini et al, 2018). This stability supports its dynamic
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interactions with cellular membranes, which are essential for the tightly regulated
process of synaptic vesicle exocytosis.

C2-FerA adopts a fold characteristic of C2 domains, however, its functional activity
appears to be primarily mediated by its distinctive 34-5 subdomain. Notably, the C2
region of C2-FerA lacks canonical lipid-binding residues in loops 1 and 3, as well as
recognizable calcium-binding motifs (Dominguez et al, 2022). Consequently, the
integration of the four-helix bundle into the C2-FerA structure is thought to facilitate
membrane association specifically through this subdomain (Harsini et al, 2019). While
the B4-5 subdomain alone has been associated with calcium-dependent membrane
binding, the underlying mechanism remains undefined (Harsini et al, 2018). Structural
modelling suggests that C2-FerA interacts with phospholipid membranes via
hydrophobic interactions between the 'opened' FerA subdomain and a compatible

membrane surface (Harsini et al, 2018).

Otoferlin C2-FerA Figure 4 - C2-FerA otoferlin model. C2-FerA domain

(606-926) constitutes a novel C2-like fold that is interrupted
between B-strands 4 and 5 by the insertion of a FerA-
type four-helix bundle. Adapted and modified from
(Dominguez et al, 2022)
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4.6 Gene therapy

4.6.1 Adeno-associated viruses (AAVs) as vectors for gene therapy

AAVs are small, non-enveloped viral vectors that have become central to the
development of gene therapy due to their safety profile and efficient gene delivery
capabilities. They are members of the genus Dependoparvovirus within the family
Parvoviridae. Their replication cycle requires the presence of a helper virus, such as
adenovirus (AdV), which underlies both their nomenclature and taxonomic
classification (Wang et al, 2019). AAVs have been identified in a variety of vertebrate
species, including humans and non-human primates (NHPs). These, vectors are
widely utilized for delivering therapeutic genes to a variety of cell types and tissues.
AAVs have a ~25 nm icosahedral capsid composed of three viral proteins, VP1, VP2,
and VP3 (Fields et al, 1996). Their single-stranded DNA genome spans approximately
4.7 to 4.8 kilobases and contains inverted terminal repeats (ITRs), which are essential
for replication and packaging. The genome also encodes two primary genes: rep,
involved in replication, and cap, which codes for the capsid proteins. These structural
features enable AAVs to package and deliver transgenes efficiently to target cells (Fig.

5) (Bartel et al, 2012; Naso et al, 2017).
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Figure 5 - Schematic representation of the AAV genome organization and encoded proteins.
The AAV genome is approximately 4.7 kilobases in length and is flanked by ITRs, which are essential
for viral genome replication and packaging. The genome contains two major open reading frames: rep
and cap, transcribed from promoters p5, p19, and p40. The rep gene encodes four proteins (Rep78,
Rep68, Rep52, and Rep40) involved in viral genome replication and packaging. The cap gene encodes
three viral capsid proteins (VP1, VP2, and VP3) that form the AAV capsid. In addition to structural and
replication proteins, the genome encodes accessory proteins, including the assembly-activating protein
(AAP) and the membrane-associated accessory protein (MAAP), which support capsid assembly and
function (Fields et al, 1996; Sonntag ef al, 2010, 2011; Wang et al, 2019). A simplified illustration of the
AAYV capsid is shown on the left, highlighting the encapsidated viral DNA. Created with biorender.com.

Host-related factors that affect gene delivery start working as soon as recombinant
adeno-associated virus (rAAV) vectors are introduced. For example, studies have
shown that different AAV serotypes interact in different ways with serum proteins
(Denard et al, 2018). However, the main factor determining how well rAAV transduction
works is how the viral capsid interacts with specific receptors on the surface of target
cells, followed by a series of steps inside the cell after the virus is taken in (Fig. 6)
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(Huang et al, 2014; Agbandje-McKenna & Kleinschmidt, 2011; Nonnenmacher &
Weber, 2012).

Different AAV serotypes recognize different cell surface receptors, often glycoproteins,
which helps explain their ability to target specific tissues and cell types. In some cases,
multiple receptors are involved in helping the virus bind to and enter the cell
(Nonnenmacher & Weber, 2012).

One key receptor, called AAVR (AAV receptor), has been identified as important for
the entry of several AAV serotypes (Pillay et al, 2016, 2017). Once the virus binds to
its receptor, it is mostly taken up by the cell through endocytosis (Nonnenmacher &
Weber, 2011; Duan et al, 1999). Inside endosomes, the virus undergoes pH-
dependent changes in shape that are needed for successful transduction. The intact
virus particles are then moved through the cytoplasm along the cell’'s cytoskeleton
(Xiao & Samulski, 2012; Sonntag et al, 2006). After escaping the endosome, the virus
enters the nucleus through the nuclear pore complex, where the capsid is uncoated to
release the viral genome. Each step of this intracellular journey can be a potential
barrier to efficient gene delivery. Therefore, understanding the cellular and molecular
mechanisms that control these steps is essential for improving rAAV transduction (Xiao
et al, 2002; Kelich et al, 2015).

Once inside the nucleus, the single-stranded rAAV genome needs to be converted into
a double-stranded form before it can be transcribed, this is a key limiting step in the
process (Fisher et al, 1996; Ferrari et al, 1996). This conversion usually begins at the
ITR at the 3' end of the genome (Zhong et al, 2008; Zhou et al, 2008). Another way a
double-stranded genome can form is through strand annealing, where complementary
strands from separate virus particles pair up inside the nucleus (Nakai et al, 2000).
To speed up this process, researchers have developed a genome design that includes

a mutated ITR to produce a self-complementary genome. This version leads to faster
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and stronger gene expression than the standard single-stranded genome but cuts the
packaging capacity in half (McCarty et al, 2003; Wang et al, 2003). After forming a
double-stranded genome, the DNA circularizes through recombination at the ITRs,
creating stable episomal concatemers. These structures support long-term gene

expression, especially in non-dividing cells (Fig. 6) (Duan et al, 1998, 1999).
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Figure 6 - Schematic overview of intracellular trafficking and uncoating of AAV particles.
Following cellular entry, AAV particles are trafficked through the cytoplasm via the cytoskeletal network
toward the perinuclear region. During this process, the virus undergoes endosomal escape, allowing the
capsid to enter the cytosol. Subsequently, the capsid is transported to the nucleus, where uncoating

occurs to release the viral genome. Adapted from Wang et al, 2019.
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One of the key advantages of AAVs is their non-pathogenic nature and their
predominantly episomal persistence in host cells, which minimizes the risk of
insertional mutagenesis, a significant concern with integrating viral vectors (Wang et
al, 2024b; Bulcha et al, 2021). Since AAVs lack autonomous replication capabilities,
they require co-infection with a helper virus (e.g., adenovirus or herpesvirus) for
productive replication. For gene therapy purposes, AAV vectors are engineered to
replace all viral genes with therapeutic transgenes, ensuring that no viral proteins are
expressed in transduced cells (Wang et al, 2019; Dong et al, 1996).

AAVs are capable of transducing both dividing and non-dividing cells, supporting long-
term transgene expression, a crucial feature for treating chronic and genetic diseases
(Wang et al, 2024b). As of 2022, more than 350 clinical trials have employed AAV
vectors in various therapeutic contexts. Notable successes include the FDA-approved
Luxturna® for inherited retinal dystrophy and Zolgensma® for spinal muscular atrophy.
Additionally, AAV-based gene therapies are being developed for hemophilia, metabolic
disorders, and other monogenic conditions (Wang et al, 2024b).

AAV vectors offer several practical and therapeutic advantages. Through the use of
different serotypes or engineered capsids, AAVs can be tailored for specific tissue
tropism (Denard et al, 2018). Moreover, incorporating cell-type-specific promoters
further enhances targeting precision (Gessler et al, 2017; Gray et al, 2011). AAV
capsids also exhibit considerable physicochemical stability, showing resistance to
detergents and temperature fluctuations, which is beneficial for storage, handling, and
global distribution (Howard & Harvey, 2017). Despite these advantages, AAV-based
therapies face several limitations. Pre-existing neutralizing antibodies against natural
AAV serotypes in the human population can hinder vector delivery and reduce

therapeutic efficacy. Furthermore, large-scale vector production remains technically
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challenging due to limitations in yield, scalability, and purification, all of which are
critical for clinical-grade manufacturing (Wang et al, 2019).

Until April 2025, seven AAV-based gene therapies had received FDA approval,
including treatments for visual impairment and systemic genetic disorders. Continued
innovation is expanding the utility of AAVs in gene therapy. The development of next-
generation capsids, directed evolution strategies, and the integration of genome
editing tools such as CRISPR-Cas systems are poised to overcome current limitations

and enhance therapeutic outcomes (Wang et al, 2024Db).

4.6.2 AAV tropism

AAV tropism is primarily determined by the capsid serotype, which defines its natural
preference for specific cell and tissue types. This specificity makes AAVs a valuable
tool for gene therapy, as it allows for targeted gene delivery to precise locations within

the body.

AAV?2 for example is particularly effective at transducing skeletal muscles (Manno et
al, 2003), neurons (Bartlett et al, 1998), vascular smooth muscle cells (Richter et al,
2000), and hepatocytes (Koeberl et al, 1997) while AAV1 is known for its ability to
efficiently transduce vascular endothelial cells and the retina, making it ideal for ocular

gene therapy (Kaludov et al, 2001; Chen et al, 2021).

Furthermore, AAV9 is capable of crossing the blood-brain barrier, allowing it to target
cells in the central nervous system (CNS), liver, and smooth muscle (Issa et al, 2023)
and AAVS8 has strong tropism for the CNS, including the brain, as well as for the liver

and smooth muscle (Issa et al, 2023; Wu et al, 20006).
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The tropism of these serotypes arises from interactions between the AAV capsid and
specific cell-surface receptors. The variation in capsid proteins across different AAV
serotypes enables serotype-specific binding to these receptors (Huang et al, 2014,
Agbandje-McKenna & Kleinschmidt, 2011). In addition, synthetic variants such as
AAV-PHP.eB and AAV-DJ have been engineered to enhance the targeting efficiency

of AAV vectors for particular tissues (Hu et al, 2019).

4.6.3 AAV tropism in the inner ear
Gene therapy for the inner ear relies on accurately targeting different cochlear cell

types, including hair cells, supporting cells (SCs), and the stria vascularis.

AAV-DJ for example is effective at transducing non-sensory cells, such as Reissner’s
membrane and interdental cells, as well as SCs. However, its ability to transduce hair

cells is limited compared to other serotypes (Kim et al, 2019; Hu et al, 2019).

AAV9 transduces IHCs in the cochlear basal and second turns, as well as vestibular
hair cells, which is crucial for both cochlear and vestibular applications in gene therapy
(Wang et al, 2022). Furthermore, the AAV9 derived AAV-PHP.B and AAV-PHP.eB:
have shown exceptional efficiency in transducing both IHCs and OHCs, with AAV-
PHP.eB achieving near-complete OHC transduction at low doses, making it a

promising option for inner ear gene therapy (Shu et al, 2016; Hu et al, 2019).

Another serotype called Anc80L65 has demonstrated the ability to deliver genes to 80-
95% of IHCs and 67-91% of OHCs when administered via the trans-round window or
trans-stapes routes. Importantly, this approach results in minimal hearing loss, making

it a highly effective candidate for clinical applications (Wang et al, 2022).
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4.7 Inner ear gene therapy

Cochlear implants remain an effective clinical intervention for many patients with OTOF
mutations, enabling auditory perception by directly stimulating the auditory nerve. In
parallel, gene therapy trials are currently underway to restore synaptic function by
targeting the OTOF gene, highlighting the potential of precision molecular therapies

for genetic hearing loss.

4.7.1 Mouse studies

Because the OTOF cDNA (~6 kb) exceeds the packaging capacity of conventional
AAV vectors (~4.7 kb), a dual-AAV strategy has been developed. In this approach, the
full-length Otfof cDNA is split into two fragments, each delivered via separate AAV
vectors. Upon co-injection into the cochlea, the fragments recombine in IHCs to
express full-length otoferlin (Akil et al, 2019; Al-Moyed et al, 2019). This strategy has
achieved otoferlin expression in 50-85% of IHCs and led to the restoration of fast
synaptic exocytosis to wild-type levels, along with partial recovery of synaptic vesicle

replenishment (Al-Moyed et al, 2019).

Early postnatal administration at day 10 prevented deafness and restored hearing
thresholds to within 10 dB of wild-type levels for over six months. Later treatments
(e.g., at P17 or P30) also resulted in hearing restoration (Akil et al, 2019). ABR
thresholds improved significantly, with restored responses to both clicks and tone
bursts, whereas knockout mice exhibited no detectable responses (Akil et al, 2019; Al-
Moyed et al, 2019). Ribbon synapse counts remained reduced by approximately 40%

of wild-type IHCs (Stalmann et al, 2021; Al-Moyed et al, 2019). Importantly, the dual-
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AAV approach was effective even in mature cochleae, suggesting a broad therapeutic

window (Akil et al, 2019).

4.7.2 Recombination strategies in dual-AAV approaches
To overcome AAV'’s limited packaging capacity, several recombination strategies have
been developed to enable delivery of large genes such as OTOF. These include trans-

splicing, overlapping homologous recombination, hybrid systems, and oversize AAVs.

Trans-splicing divides the target gene between two AAV vectors, each containing a
splice donor (SD) or splice acceptor (SA) signal. Following co-transduction, vector
genomes concatemerize via ITRs, enabling the splicing machinery to generate a full-
length mRNA transcript right after mRNA transcription (Fig. 7) (Trapani et al, 2014). In
the retina, expression after delivery reached in vivo around ~40% of endogenous
protein levels (Reich et al, 2003). Trans-splicing has been applied to deliver large
genes such as Abca4, Myo7a, and Oftof in either retinal or cochlear gene therapy

contexts in animal models (Trapani et al, 2014; Al-Moyed et al, 2019; Akil et al, 2019).

The overlapping homologous recombination strategy uses dual AAV vectors with
overlapping homologous sequences to promote endogenous recombination. Unlike
trans-splicing, it does not require splicing elements but relies on the host’'s homologous
recombination machinery (Fig. 7) (Trapani et al, 2014). Its efficiency is limited in post-
mitotic cells, such as neurons, due to low intrinsic recombination activity (Trapani et al,
2014; Datta et al, 2024). Reduced expression efficacy has been observed in studies

targeting Myo7a delivery (Trapani et al, 2014).
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Hybrid strategies combine trans-splicing with a highly recombinogenic bridging
sequence, such as fragments of alkaline phosphatase (AP) or a F1 phage
recombinogenic region (AK), to enhance genome recombination (Fig. 7) (Trapani et al,
2014). These vectors show in some cases worse and in some cases improved
performance over conventional trans-splicing and are suitable for delivering large
genes like Abca4. Bridging sequences of 0.26-0.44 kb preserve recombination
efficiency while maximizing vector genome capacity (Trapani et al, 2014; Ghosh et al,
2011). This method has also been applied to Otof gene delivery in the inner ear,

yielding outcomes comparable to trans-splicing (Al-Moyed et al, 2019).

The oversize AAV approach bypasses recombination by forcibly packaging genomes
exceeding the canonical ~4.7 kb limit, up to ~6 kb (Fig. 7) (Grieger & Samulski, 2005;
Wu et al, 2007; Allocca et al, 2008). These vectors are heterogeneous, often containing
incomplete sequences. Transgene expression depends on intracellular reassembly
through overlapping regions. While less technically complex than dual-AAV strategies,
this approach offers lower reconstitution efficiency (Trapani, 2019; Trapani et al, 2014).
Oversize AAV vectors have shown therapeutic benefit in preclinical models of
Stargardt disease through delivery of Abca4 (Allocca et al, 2008). Expression efficiency
improves with longer overlaps and when genome size moderately exceeds (~5-5.2
kb) rather than far exceeds the packaging limit (Dong et al, 2010; Lai et al, 2010; Wang
et al, 2012). In the context of Ofof delivery, overloaded AAVs were used to introduce
the full-length coding sequence into cochleae of knockout mice, resulting in partial

hearing restoration (Rankovic et al, 2021).
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Figure 7 - Schematic overview of gene therapy vector strategies for delivering large coding
sequences exceeding the packaging capacity of AAVs. Normal size: A conventional single-vector
design containing a promoter, coding sequence (CDS), and polyadenylation signal (pA) within the AAV
packaging limit. Oversize: A single-vector approach with an oversized CDS that surpasses the AAV
packaging capacity, potentially compromising efficiency. Overlapping: A dual-vector strategy in which
the CDS is split into 5" and 3’ fragments (5'CDS and 3'CDS), each delivered separately with overlapping
regions to facilitate homologous recombination. Trans-splicing (TS): A dual-vector system
incorporating splicing elements: the first vector includes the 5'CDS and a splice donor (SD), while the
second includes a splice acceptor (SA), the 3'CDS, and a pA signal. Hybrid AP: A modified trans-
splicing strategy that includes AAV-specific pairing sequences flanking the SD and SA sites to enhance
vector co-localization and transcript reconstitution. Hybrid AK: A similar dual-vector approach using
alternative pairing elements (AK) instead of AP to support efficient recombination. In all constructs, ITRs

are indicated at both ends to denote AAV genome boundaries. Adapted from (Trapani et al, 2014).

4.7.3 Inteins

Inteins are genetic elements found in unicellular organisms that are transcribed and
translated as internal polypeptide segments within host proteins (Mills et al, 2014;
Novikova et al, 2014). Following translation, they catalyse their own excision from the
precursor protein through a posttranslational process, leaving no amino acid
modifications in the mature protein product. This protein splicing mechanism is energy-
independent and does not require exogenous, host-specific proteases or cofactors

(Mills et al, 2014; Novikova et al, 2014).

Intein activity is highly context-dependent, relying on specific peptide sequences
flanking the ligation junction, referred to as the N- and C-exteins, for efficient trans-
splicing. A critical requirement is the presence of a thiol- or hydroxyl-containing amino
acid (Cys, Ser, or Thr) as the first residue of the C-extein (Shah et al, 2013). Split
inteins, a subclass of inteins, are expressed as two separate polypeptides attached to
distinct host proteins. These fragments mediate trans-splicing, thereby producing a

single, contiguous polypeptide (Li, 2015).
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The intein-based dual-AAV strategy utilizes split intein-mediated protein trans-splicing
to bypass the DNA packaging constraints of AAV vectors. In this system, the coding
sequence of a large target gene is divided between two AAV vectors. Each vector
carries one half of the protein fused to a short split intein sequence, commonly derived
from naturally occurring inteins such as Npu DnaE or Ssp DnaE (Tornabene et al,

2019).

Upon co-expression within the target cell, the split inteins facilitate the post-
translational ligation of the two protein fragments, excising themselves in the process
and yielding a functional, full-length protein (Tornabene et al, 2019).
A key advantage of the intein-based approach is its independence from DNA or RNA
recombination processes, which are typically inefficient in post-mitotic cells, such as
photoreceptors. This method achieved higher levels of functional protein expression
compared to conventional dual-AAV strategies (Tornabene et al, 2019). The intein-
based dual-AAV strategy was successfully used already in retinal (e.g. Stargardt
disease) (Tornabene et al, 2019; Ferla et al, 2025) and inner ear studies (Otof

knockout mice) (Tang et al, 2023).

4.8 OTOF gene therapy clinical studies

Recent clinical trials have demonstrated promising outcomes for gene therapy
targeting OTOF-related congenital hearing loss (DFNB9), marking a significant shift
toward curative approaches in auditory medicine. Multiple strategies employing AAV
vectors have entered Phase 1/2 clinical evaluation, each employing tailored delivery
systems and therapeutic constructs to restore otoferlin expression and auditory

function (Reisinger & Trapani, 2024; see also clinitrial.gov).
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In the Regeneron’s CHORD trial the first treated child (10 months old) achieved near-
normal auditory thresholds across 0.25-2.0 kHz by 48 weeks post-injection. Speech

perception, including recognition of common words (e.g., “mommy,” “cookies”),
persisted through 72 weeks. ABR testing confirmed objective recovery of auditory

function (Regeneron, 2025)

In the Chinese bilateral AAV1-hOTOF trial, five children (one to 18 years) with biallelic
OTOF mutations were treated with 1.5 x 102 vector genomes (vg) per ear via round
window injection. All participants regained bilateral hearing, with average ABR
thresholds improving from >95 dB to 50-85 dB. In addition, the participants
demonstrated partially restored speech perception and sound localization abilities

(Wang et al, 2024a).

In the Sensorion’s AUDIOGENE Trial the initial cohort (three patients) tolerated
surgery without serious adverse events therefore, the data monitoring committee
approved escalation to a higher-dose cohort. Here, the strategic goal is to capitalize
on early developmental neuroplasticity to promote optimal speech and auditory

processing outcomes (Gullapalli, 2024).

In the Akouos/Eli Lilly’'s AK-OTOF-101 Trial dual AAVAnc80 vector system was
engineered and delivered to children of an age between two and 17. The objective of
this study is to assess safety, tolerability and efficacy of AK-OTOF in restoring hearing
in individuals. The first participant (an eleven-year-old boy with congenital deafness)
achieved thresholds of 20-65 dB HL across the tested frequencies (normal range at
some frequencies) within 30 days post-treatment. Furthermore, there were no serious
adverse events or dose-limiting toxicities reported. Some mild adverse events (e.g.

transient lymphocyte elevation) were resolved without intervention (Vishnu, 2024).
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4.9 RAB proteins

RAB proteins are a family of small GTPases within the Ras (reticular activation system)
superfamily, playing essential roles in regulating membrane trafficking, a critical
process for maintaining cellular organization and function (Schwartz et al, 2007).
These proteins govern various stages of vesicular transport, including vesicle
formation, cargo selection, membrane fusion, and recycling (Stenmark, 2009). Over
60 RAB isoforms are present in humans, each exhibiting organelle- and pathway-
specific distribution (Schwartz et al, 2007; Pereira-Leal & Seabra, 2001; Zerial &

McBride, 2001).

RAB proteins are peripheral membrane proteins, anchored to membranes via prenyl
groups, typically geranylgeranyl moieties, covalently attached to cysteine residues at
their C-terminus (Stenmark, 2009). This lipid modification enables RAB proteins to
interact with membranes while maintaining solubility in the cytosol (Ullrich et al, 1993).
Rab escort proteins (REPs) facilitate the delivery of RAB proteins to their target
membranes by shielding their hydrophobic lipid anchors in the cytosol (Seabra, 1996;
Shen & Seabra, 1996). Upon activation, RAB proteins cycle between two
conformational states: GDP (guanosine disphosphate)-bound (inactive) and GTP
(guanosine triphosphate)-bound (Pfeffer, 2005). The interconversion between these
states is regulated by guanine nucleotide exchange factors (GEFs), which promote
GDP-to-GTP exchange, and GTPase-activating proteins (GAPs), which stimulate GTP

hydrolysis to return the proteins to their inactive state (Delprato et al, 2004).
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4.10 RAB proteins in the inner ear

RAB proteins play integral roles in the cellular processes of the inner ear, contributing
to cilia formation, protein trafficking, and auditory function. These functions are critical
for maintaining hearing and balance, with RAB proteins ensuring the proper

development and operation of sensory cells in the inner ear.

RAB11A for example plays a crucial role in the formation and maintenance of cilia in
the vestibular organ of the inner ear (Chen et al, 2021). Localized to the basal body,
Rab11a regulates cilia development by coordinating intraflagellar transport and planar
cell polarity signalling pathways. This coordination ensures the correct structural
organization of hair cell cilia, which are essential for mechanoelectrical transduction

(Chen et al, 2021).

Furthermore, RABS8B is interacting with otoferlin, suggesting that RAB8B-mediated
trafficking of synaptic vesicles is crucial for sound signal transmission (Heidrych et al,
2008). Nevertheless, apart from few examples, the specific role of RAB proteins in the

inner ear has not yet been investigated.

4.11 RAB4B

RAB4B is primarily localized to early and recycling endosomes, where it functions in
regulating the fast-recycling pathway of cargo back to the plasma membrane (in HeLa
cells expressing murine Rab4b) (Perrin et al, 2013). In cooperation with RAB5, RAB4B

helps maintain the balance between cargo influx and efflux within early endosomes,
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ensuring the efficient recycling of proteins and lipids to the cell surface (Krawczyk et

al, 2007; Perrin et al, 2013).

Additionally, RAB4B interacts with RUFY1 (also known as RABIP4), a dual effector
that coordinates endosomal tethering and fusion, further supporting RAB4B’s
involvement in membrane trafficking (Perrin et al, 2013). Furthermore, RAB4B is
thought to regulate vesicle budding and fusion, particularly during the sorting of RAB4
and RAB11 in recycling endosomes (also called RAB4 to RAB11 transition). Rab4 is
primarily involved in fast recycling pathways, facilitating the rapid return of specific
cargos directly from early endosomes to the plasma membrane (Li et al, 2008;
Wandinger-Ness & Zerial, 2014; Wilson et al, 2023). In contrast, Rab11 mediates slow
recycling, functioning predominantly through perinuclear recycling endosomes to
support a more prolonged and regulated route back to the cell surface (Li et al, 2008;
Wandinger-Ness & Zerial, 2014; Wilson et al, 2023). Upon internalization, cargos such
as receptors may first enter Rab4-positive early endosomes, where they are either
quickly recycled or sorted for a slower recycling pathway. In the latter case, these
cargos transition to Rab11-positive compartments (Wilson et al, 2023; Li et al, 2008).
During this transition, vesicular or tubular intermediates may transiently exhibit both
Rab4 and Rab11, forming Rab4+/Rab11+ structures (Ward et al, 2005; Li et al, 2008).
These hybrid compartments subsequently undergo segregation, with Rab4 and Rab11
forming distinct domains that eventually separate (Ward et al, 2005). This process
results in the generation of Rab11-enriched vesicles, which are then directed toward
the plasma membrane. This transition is vital for maintaining the morphology of
recycling compartments and ensuring the efficient trafficking of membrane-bound

cargo (Ward et al, 2005).
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In adipocytes, RAB4B is essential for the trafficking of GLUT4, where, under basal
conditions, RAB4B ensures the intracellular retention of GLUT4. However, upon insulin
stimulation, RAB4B facilitates the translocation of GLUT4 to the cell membrane, which
is critical for glucose uptake. Dysregulation, of RAB4B (e.g. downregulation as
observed in obese diabetic humans and mice) can impair GLUT4 trafficking,

contributing to insulin resistance and metabolic disorders (Kaddai et al, 2009).

Despite being encoded by distinct genes, RAB4A and RAB4B have very high
sequence identity (~85% identical amino acid sequence). Nevertheless,
comprehensive profiling of Rab-mediated trafficking networks strongly indicates that
Rab4b and Rab4a may serve distinct biological functions (Gurkan et al, 2005). This is
likely due to differences in their respective levels of enrichment, as well as those of

their various interaction partners, across different cell types (Perrin et al, 2013).

In a cohort of five patients from Tubingen and Heidelberg with progressive hearing
loss, a dominantly inherited point mutation in the RAB4B gene was identified. These
patients experienced increasing difficulties with speech comprehension despite only
moderately elevated hearing thresholds. Although RAB4B has not yet been associated

with hearing disorders, its potential role in the inner ear remains to be explored.
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4.12 Aim of projects

4.12.1 Characterization of the Otof-p. KL>M mouse line

The protein otoferlin is essential for synaptic transmission from cochlear IHCs to SGNs,
the primary neurons in the auditory pathway. Mutations in the OTOF gene, which
encodes otoferlin, result in autosomal recessive prelingual hearing loss classified as
DFNB9. This form of hearing impairment is typically severe to profound. Otoferlin is
characterized by multiple C2 domains and a unique phospholipid-binding C2-FerA
domain. Although the C2-FerA domain has been shown to bind Ca*" and
phospholipids, its specific functional role in hearing remains unclear.

The aim of the Otof-p. KL>M mouse line characterization project was to investigate the
physiological relevance of the C2-FerA domain of otoferlin. To this end, a variety of
techniques were employed, including auditory ABR measurements, DPOAE
recordings, immunostaining of otoferlin and synaptic markers in IHCs, and proximity
ligation assays. As no published mouse models with targeted mutations in the FerA
domain currently exist, the characterization of this mouse line provides the first insights

into the functional significance of this domain in auditory processing.

4.12.2 AAV in vitro transduction on organs of Corti

Several gene therapy approaches in otoferlin-deficient mouse models, as well as early
clinical trials involving patients with OTOF mutations, have demonstrated that dual-
AAV gene therapy can effectively deliver a functional OTOF coding sequence to the
inner ear. However, there remains considerable potential for further optimization.

The primary aim of this project was to establish and optimize small-scale AAV
production. To this end, various steps in the AAV production process, such as
transfection and harvesting, were systematically optimized by evaluating and

comparing different methodological approaches.
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Subsequently, an in vitro AAV transduction assay for organs of Corti was developed
to serve as a serotype pre-screening platform prior to conducting in vivo experiments.
This method was used to evaluate the efficiency of different AAV serotypes in
transducing IHCs and OHCs, both in the context of single-AAV and dual-AAV delivery

systems.

4.12.3 Rab4b in mouse inner ear

In five patients from Tubingen and Heidelberg presenting with progressive hearing
loss, a dominantly inherited point mutation in the RAB4B gene, encoding the Ras-
related protein RAB4B, was identified. These individuals exhibited increasing
difficulties with speech comprehension despite only moderately elevated hearing
thresholds. Notably, RAB4B has not previously been implicated in hearing disorders.
The aim of this project was to investigate the potential role of RAB4B in the inner ear.
To this end, immunohistochemistry and RNA Scope in situ hybridization were
employed to assess whether Rab4b is generally expressed in inner ear structures.
Additionally, a genetically modified mouse line carrying the T64M mutation, identified
in the five patients, was generated to serve as a model for further functional

characterization of Rab4b in auditory physiology.
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5. Material and Methods

5.1 C2-FerA domain protein structure prediction

Wild type and KLM C2-Fer domain (Otoferlin Homo sapiens amino acids 606 (K) - 925
(F))protein structure were predicted using the RoseTTAFold2 (Baek et al, 2021) via
Neurosnap Inc. - Computational Biology Platform for Research. Wilmington, DE, 2022.

https://neurosnap.ai/ (predictions performed on 04.12.2024).

5.2 Study approval and animals

Animal handling and experiments were approved by the Veterinary Services of the
University of Tubingen and the Animal Care, the Ethics Committee of the Regional
Government of Baden-Wurttemberg, Germany, and by LAVES Hannover, Germany
and were performed in accordance with national and institutional guidelines. Mice were
housed in the pathogen-free animal facility of the Department of Otorhinolaryngology,
University Hospital of Tubingen.

The mouse line C57BL/6N-Otoff™?Erei/Erei (KL>M) with a c.delAGC/p.K824L825>M
mutation was generated by CRISPR/Cas9 endonuclease treatment and a random
deletion during non-homologous end-joining. Generation of mice was performed
essentially as described (Segelcke et al, 2021; Yang et al, 2014). Two guide RNAs
(gRNAs) were used simultaneously: 5 ACACTGTTCGGGACAAGCTGAGG-3 and 5'-
GTAGCTTCTGCAGAAAGTTC-3'. Both gRNAs and the recombinantly expressed
CRISPR/Cas9 enzyme were microinjected into mouse zygotes of C57BL/6N
background and these were transferred into dams. Sequencing of the offspring
revealed one mouse homozygous for the c.delAGC/p.K824L825>M mutation, which

was selected for further breeding and analysis.
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5.3 Genotyping

5.3.1 Lysis and genotyping polymerase chain reaction (PCR)

Ear punches, tails, or toe samples (only Rab4b samples from Switzerland) were lysed,
and genomic DNA was isolated and purified using the nexttec™ 1-step DNA Isolation
Kit for Tissue and Cells according to the manufacturer’s instructions (10N. 904, nexttec
Biotechnologie GmbH, Leverkusen, Germany).

A PCR mixture was prepared according to Table 1, and the PCR cycler program was
executed as outlined in Table 2. The PCR products (5 yL product + 1 yL 6X DNA gel
loading dye (R0611, Thermo Scientific, Waltham, United States)) were analysed
following agarose gel electrophoresis. Subsequently, GELRED® nucleic acid gel stain
(1:10,000, 41003, Biotium, Fremont, United States) was added, and the results were
documented using the E-Box VX 5 with UV-light illumination (Vilber Lourmat,

Eberhardzell, Germany).

Table 1 - Genotyping PCR mix composition.

Ingredient Volume [uL]
H20 6.2
11.1x Buffer (see also Sup. Tab. 35) 0.9
DMSO 0.5
Primer 1 (20 pM) 0.1
Primer 2 (20 pM) 0.1
DreamTaq DNA Polymerase 0.2
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Table 2 - Genotyping PCR cycler conditions.

Step Temperature [°C] Time [min:sec]
Initial Denaturation 94 03:00
35 Cycles 00:30
Denaturation 94 00:10
Annealing 60 (depending on primers Tm)  00:30 sec
72
Extension 01:00
Final Extension 72 07:00
Hold 4 -

The following primers were used for amplification:

Otoferlin project:

For wild type:
Primer 1 (G9): 5-GGTGGCTAAGTCCTGGCTCTTC-3'

Primer 2 (G18): 5-TCTGGCATGACCTCAGCTTGTC-3'

For the Otof-p. KL>M mutants:

Primer 1 (G9): 5-GGTGGCTAAGTCCTGGCTCTTC-3'

Primer 3 (G19): 5-AAGTTCTGGCATGACCTCATGTC-3

Both mutant and wild-type amplification give a product of approximately 380 bp. An

annealing temperature of 61°C for ear punches and 62°C for tails was used.
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Rab4b project

For wild type:
Primer 1 (G22): 5-GAAACCGCTCCTGGCCAGCagtG-3’

Primer 2 (G23): 5-CAGGTGGGGTAGGTAGCAGGTACCATTGAC-3’

For the T64M mutants:

Primer 1 (G23): 5-CAGGTGGGGTAGGTAGCAGGTACCATTGAC-3’

Primer 2 (G25): 5-GAAACCGCTCCTGGCCAGCcatG-3’

Both mutant and wild-type amplification give a product of approximately 300 bp. An

annealing temperature of 68°C was used.

5.3.2 DNA sequencing of potential Rab4b mutants

After sample lysis using the nexttec™ 1-step DNA Isolation Kit for Tissue and Cells, a
second PCR was conducted to analyse the DNA sequence of potential mutant mice.
Primers were designed to anneal approximately 300 bp upstream and 300 bp
downstream of the T64M mutation site. The expected amplified DNA fragment is
approximately 600 bp in the case of a successful T64M mutation. In knockout mice,

the fragment may be shorter. The following primers were used for DNA amplification:

Primer 1 (G21): 5-CTTCTCCTTCACCCTCTCTCTG-3

Primer 2 (G23): 5- CAGGTGGGGTAGGTAGCAGGTACCATTGAC-3'

The PCR mixture was prepared as previously described in Table 1. The same PCR
cycler program outlined in Table 2 was used, with an annealing temperature of 60°C.

PCR products (5 pL product + 1 yL 6X DNA gel loading dye) were analysed following
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agarose gel electrophoresis. Subsequently, GELGREEN® nucleic acid gel stain
(1:10 000) (41005, Biotium, Fremont, United States) was added, and the results were
documented using the Blue Light LED llluminator BL star9 (Analytik Jena, Jena,
Germany). Successfully amplified DNA bands were excised from the agarose gel,
purified using the innuPREP DOUBLEpure Kit (10755-786, Analytik Jena, Jena,
Germany), and sent for sequencing to Eurofins Genomics (Ebersberg, Germany) with

the composition specified in Table 3.

Table 3 - Sequencing ingredient composition for genotyping.

Ingredient Volume [uL] Sample Concentration
PCR Product 5uL 5 ng/uL
Primer 5uL 5 pmol/uL

The following primers were used to sequence the Rab4b DNA fragment:
Primer 1 (G27): 5-GCTGATATGCTGAGACTAGATTCTCCAGG-3'
Primer 2 (G28): 5-CTAGTACTATAGGCTTGCCTCTAGCTTTGG-3'

Successful mouse mutants were further used for breeding.

5.4 Cloning

5.4.1 Planning
Cloning design was carried out using the cloud-based platform Benchling (Benchling,
San Francisco, United States). All cloning steps were performed via restriction

enzyme-based cloning (Fig. 8).
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Insert Backbone

Insert PCR Restriction sites
-
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Restriction Restriction
enzymes . \ . enzymes
‘ Restriction enzyme digestion
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DNA Ligase .

Transformed plasmid

Figure 8 - Restriction enzyme cloning procedure. For restriction enzyme-based cloning, the insert is

amplified via PCR using primers that contain the recognition sites of the required restriction enzymes.

Subsequently, both the amplified insert and the plasmid backbone are enzymatically digested and

ligated, resulting in the formation of the desired recombinant plasmid. Created with biorender.com.

The final plasmids (pXS6, pXS6.1, pXS10, pXS10.1, pXS11, and pDGM-PHP.B) were

utilized for AAV production. The plasmid pXS11 contains a CMV promoter, GFP

(Green Fluorescent Protein) as a reporter, a miniWPRE (Woodchuck Hepatitis Virus

41



Material and Methods

Posttranscriptional Regulatory Element), and a bGH (bovine growth hormone)

sequence, all flanked by the ITR sites of AAV2 (Fig. 9).

cee—{ITR—{ MV GFP ] miniWPRE F—bGHH ITR |- - -

Promotor

Figure 9 - GFP-plasmid (pXS11) construction. The GFP plasmid comprises a
CMV promoter, GFP as a reporter gene, a miniWPRE element (which enhances
the expression of genes delivered by viral vectors), and a bGH polyadenylation
signal (which facilitates gene expression). These components are flanked by the
ITRs of AAV2. Created with biorender.com.

Both plasmids, pXS6 and pXS6.1, contain a CMV promoter, a BFP (Blue Fluorescent

Protein) reporter, a P2A sequence, a Kozak sequence, and a 5’ mOtof element (pXS6:

up to position 783, pXS6.1: up to position 917), followed by the N-intein sequence of

the GP41-1 intein, as well as the miniWPRE and bGH sequences. All elements are

flanked by the ITRs of AAV2 (Fig. 10).
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U Pe= I 5'mOtof _E__ . pBlueScript_IlI_KS_-_eGFP-
P2A-5_mOtof_SD_N-term

¥ Exchange GFP with BFP

- BFP |pea 5'mOtof —E— pXS1
¥ Insert CMV Promotor

oo 0 H BFP (—p2a— 5'mOtof pXS2
¥ Insert miniWPRE sequence

- - Fomotor [] BFP [HP2A— 5'mOtof MINIWPRE |—- - - pXS3
¥ Smotof and Nomein sequences

oo e H BFP [—P2at— 5'mOtof V1/V2 e f—{ miniwPRE -E— pg()§551/

* Insert sequence into AAV plasmid
between the ITRs

oMy 1 BFP [p2a 5'mOtof V1/V2 e miniWPRE pF)’()és661/

Figure 10 - Cloning history of pXS6 and pXS6.1. To construct the required plasmid (pXS6 and

pXS6.1) containing the N-terminal portion of the mOtof coding sequence, followed by an N-Intein
sequence, five distinct steps were performed. First, the GFP sequence was substituted with a BFP
sequence. In the subsequent steps, a CMV promoter and the miniWPRE sequence were introduced.
Finally, the previous version of the 5’ mOtfof sequence was replaced with a new version, which also
includes the N-Intein sequence, and the construct was inserted into an AAV plasmid between the ITRs
of AAV2.Created with biorender.com.
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The plasmids pXS10 and pXS10.1 contain a CMV promoter, the C-Intein sequence of
intein GP41-1, followed by the 3’ mOtof sequence (pXS10: from position 784, pXS10.1:
from position 918), the miniWPRE, and the bGH sequence, all flanked by the ITRs of

AAV?2 (Fig. 11).

-.—SA 3'mOtof — WPRE |—{bGH}—--- pBlueScript_II_KS_-_-
mbro SA_3_mOtof_C-term

* Exchange WPRE with miniWPRE
sequence

..—SA 3'mOtof L miniWPRE _E|_. .- pXS7

* Insert CMV Promotor

— promotor [—]SA 3'mOtof H miniwpRE(—[bGH pXS8
* Exchange old 3'mOtof and SA sequences with
new 3'mOtof and C-Intein sequences

cMV C- . XSg/
| Promotor [ |ntein 3'mOtof V1/V2 —| miniWPRE ——bGH——~ - - p&sg ]

* Insert sequence into AAV plasmid between the ITRs
cMv C- ' fr pXS1 O/
- === TR 4 promotor 1 intein 3'mOtof V1/V2  ({miniwere[—bGH ITR - - - pXS10.1

Figure 11 - Cloning history of pXS10 and pXS10.1. To construct an AAV plasmid containing the C-
Intein sequence followed by the C-terminal mOtfof sequence, the following steps were undertaken. First,
the WPRE sequence was substituted with the shorter miniWPRE sequence in the pBlueScript Il KS -
_-SA_3_mOtof_C-term plasmid (constructed by Hanan Al-Moyed). Subsequently, the CMV promoter
sequence was inserted, and the previous N-terminal mOfof sequence was replaced with a new version
that also includes the C-Intein sequence at the beginning. Finally, the modified construct was inserted
into an AAV plasmid between the ITRs of AAV2. Created with biorender.com.

For the pDGM-PHP.B plasmid, the AAV6 capsid sequence from the pDGM6 plasmid
(110660, Addgene, Watertown, United States) was replaced with the capsid sequence
of PHP.B from plasmid pUCmini-iCAP-PHP.B (103002, Addgene, Watertown, United
States). This modification was made to enable double transfection instead of triple

transfection for AAV production (see also AAV production).
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5.4.2 PCR for insert generation
For the insert amplification PCR was performed using a proofreading Q5 High-Fidelity
DNA Polymerase (M0491S, New England BiolLabs, Ipswich, United States) with the

following reaction setup (Tab. 4).

Table 4 - Q5 high fidelity polymerase PCR components.

Component 25 uL Reaction Final Concentration
5X Q5 Reaction Buffer 5uL 1X

10 mM dNTPs 0.5 L 200 pM

10 uM Forward Primer 1.25 uL 0.5 uM

10 uM Reverse Primer 1.25 uL 0.5 uM

Template DNA 1L <1000 ng

(1:1000 diluted plasmids)
Q5 0.25 L 0.02 U/pL

Nuclease-Free H20 To 25 uL -

The primers were designed to include the required restriction enzyme recognition sites
at the 5' end of the sequence (for primer sequences, see supplement, Tab 29). The

following thermocycling conditions were used for insert amplification (Tab 5).
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Table 5 - Thermocycling condition for Q5 DNA polymerase reactions.

Step Temperature [°C] Time [min:sec]
Initial Denaturation 98 00:30
30 Cycles 98 00:10

50-72 (depending on primers 00:10

Tm)

72 00:20-00:30 sec/kb
Final Extension 72 02:00
Hold 4 -

PCR products (5 pyL product + 1 yL DNA gel loading dye 6X) were analysed following
agarose gel electrophoresis, staining with GELRED® nucleic acid gel stain (1:10 000),
and documented using the E-Box VX 5. Correct PCR products were subsequently

purified using the innuPREP DOUBLEpure Kit.

5.4.3 Overlap PCR
To generate the miniWPRE, 5 mOtfof-N-Intein, and C-Intein-3° mOtof sequences,
overlap PCR was performed to eliminate any gap between the two sequence parts.

For this purpose, specific primers were designed, as shown in Fig. 12.
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Fl ] 2] P
- -

PCR Product 1 . . PCR Product 2
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PCR Product 1

PCR Product 2

—
lF\CR-:warlap program
o PCR Product 1+2 without gap -
— -

addition of PLand P4

lC_IE PCR program

Figure 12 - Overlap PCR steps overview. For overlap PCR, four primers are required. A standard
forward primer is used for the first PCR product, along with a reverse primer that includes the first nine
base pairs of the second PCR product. For the second PCR product, a forward primer is needed that
incorporates the last nine base pairs of the first PCR product, in addition to a standard reverse primer.
After amplification, the two PCR products will have an 18-base pair overlap, resulting in a final PCR
product that contains both sequences without any gap. This long sequence can then be further amplified
using a standard PCR program.

One forward primer for the first PCR product was designed to start at the beginning of
the desired region, while the reverse primer started at the end of the region,
incorporating nine base pairs that overlap with the first nine base pairs of the second
PCR product. The forward primer for the second PCR product included an overlap of
nine base pairs with the last nine base pairs of the first PCR product, and the reverse
primer overlapped with the end of the desired sequence. The PCRs for both sequences
were performed as described previously (5.4.2 PCR for insert generation). To overlap
the two sequences, the mix was prepared as outlined in Tab. 6, and a three-step

thermocycling program was executed (Tab. 7).
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Table 6 - Overlap PCR mix components.

Component 25 pL reaction
5X Q5 Reaction Buffer 5uL

10 mM dNTPs 0.5 L

PCR Product 1 5uL

PCR Product 2 5uL

Q5 High-Fidelity DNA Polymerase 0.25 uL
Nuclease-Free H20 6.75 uL

10 uM Forward Primer of PCR product 1 1.25 uL

(added after overlap step)
10 uM Reverse Primer of PCR product 2 1.25 uL

(added after overlap step)

Table 7 - Thermocycling condition for the overlap PCR step.

Temperature [°C] Time [min:sec]
94 05:00

37 05:00

72 05:00

4 -

The forward primer of PCR product one and the reverse primer of PCR product two
were included in the reaction mix, and the Q5 PCR cycler program was run as outlined
in Tab. 5. PCR products (5 pL product + 1 yL DNA gel loading dye 6X) were analysed
following agarose gel electrophoresis, staining with GELRED® nucleic acid gel stain
(1:10 000), and documented using the E-Box VX 5. Correct PCR products were

subsequently purified using the innuPREP DOUBLEpure Kit.
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5.4.4 Insert and backbone digestion

For insert and backbone digestion, Fast Digest restriction enzymes (Thermo Fisher
Scientific, Waltham, United States) were used (for the list of restriction enzymes, see
supplement, Tab. 28). The following reaction mixture was prepared at room
temperature (Tab. 8). The reaction mix was gently mixed, spin down, and incubated at
37°C in a thermocycler for 5 minutes (temperature and duration may vary depending
on the enzyme used). Digestion products were analysed following agarose gel
electrophoresis, staining with GELRGREEN® nucleic acid gel stain (1:10 000), and
documented using the Blue Light LED llluminator BL Star9. Correct backbone and
insert digestion products were purified using the innuPREP DOUBLEpure Kit (Analytik

Jena, Jena, Germany).

Table 8 - Insert and backbone digest components.

Component Volume
Plasmid DNA (Backbone) PCR Product (Insert)
Nuclease-free H20 15 uL 16 uL
10X Fast Digest Green Buffer 2 UL 3 uL
DNA 2 uL (up to 1 ug) 10 pL (up to 0.2 ug)
Fast Digest Enzyme 1L 1ML
Total Volume 20 uL 30 uL
5.4.5 Ligation

For the ligation step, Thermo Scientific T4 DNA Ligase (EL0011, Thermo Fisher
Scientific, Waltham, United States) was used, and the following reaction mixture for
sticky-end ligation was prepared as outlined in Tab. 9. The mixture was incubated at

22°C for 10 minutes, after which the ligase was inactivated at 70°C for 5 minutes. In
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some cases, ethanol precipitation was performed following ligase inactivation. For this,
0.1 volume of sodium acetate (6773.2, Roth, Karlsruhe, Germany, pH 5.8) (2 uL in 20
uL ligation mix) and 3 volumes of 100% ethanol (A3678.1000, Applichem, Darmstadt,
Germany, 6 pL in 20 pL ligation mix) were added to the ligation mixture and incubated
at -20°C for one hour to overnight. After incubation, the mixture was centrifuged for
one hour at maximum speed at 4°C. A washing step with 50 yL of 70% ethanol was
followed by another centrifugation step for 15 minutes at maximum speed and 4°C.

Finally, the pellet was dried and resuspended in 4-10 yL of ddH20.

Table 9 - Sticky-end ligation reaction mixture.

Digested Backbone (linear vector DNA) 20-100 ng

Digested Insert DNA 1:1 to 5:1 molar ratio over vector
10x T4 DNA Ligase buffer 2 L

Thermo Scientific T4 DNA Ligase 1U

Nuclease-free H20 Up to 20 uL

Total Volume 20 uL

5.4.6 Electroporation

For the electroporation of pXS6, pXS6.1, pXS10, pXS10.1, and pXS11 plasmids
(which contain integrated ITR sites), SURE Electroporation-Competent Cells (200227,
Agilent Technologies, Santa Clara, United States) were used. For all other plasmids,
XL1-Blue Electroporation-Competent Cells (200228, Agilent Technologies, Santa
Clara, United States) were employed. A sterile electroporation cuvette (PP38.1, Carl
Roth, Karlsruhe, Germany), two sterile microcentrifuge tubes, and 1000 pyL of LB
medium (110285, Merck, Darmstadt, Germany) were pre-chilled on ice. The Micro

Pulser Electroporator (Bio-Rad Laboratories, Hercules, United States) was set to
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program ‘EC1 Bacteria’'. The electrocompetent cells were thawed on ice, gently mixed,
and 40 pL was transferred into one of the microcentrifuge tubes. To this, 1.4 pL of the
ligation mixture was added and gently mixed. The cell-DNA mixture was then
transferred into the electroporation cuvette and placed into the Micro Pulser
Electroporator. After a single pulse, 1000 pyL of LB medium were added, and the
mixture was incubated on ice for 1-2 minutes. Subsequently, the sample was incubated
for one hour at 37°C with shaking at 550 rpm. Following centrifugation at 6000 rpm for
one minute, approximately 800 pyL of LB medium were removed, and the pellet was
resuspended in the remaining LB medium. The resuspended cells were then plated
onto a LB-Agar plate (10 cm, 110283, Merck, Darmstadt, Germany) containing
Carbenicillin (100 mg/mL, 6344.2, Carl Roth, Karlsruhe, Germany) and incubated
overnight at 37°C. Four to eight colonies were picked using a pipette tip and transferred
into a culture tube containing 4 mL of LB medium (with Carbenicillin, 100 mg/mL). The
culture was incubated overnight at 37°C with shaking at 150 rpm. Plasmid DNA was
isolated using the GeneJET Plasmid Miniprep Kit (K0502, Thermo Fisher Scientific,

Waltham, United States).

5.4.7 Test digestion and sequencing

A test digestion was performed on all extracted plasmids to identify the correct ones.
The digestion was carried out using the same mixture as in the backbone digestion
described previously (Tab. 9). Plasmids with the correct DNA bands were sent for
sequencing to Eurofins Genomics (Ebersberg, Germany) with the desired mixture
(Tab. 10). The sequencing results were analysed using the Benchling platform. A
glycerol stock (800 pL bacterial culture and 200 pL glycerol) was prepared for each

correct plasmid and stored at -80°C.
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Table 10 - Sequencing ingredient composition for cloning.

Ingredient Volume [uL] Sample Concentration
Plasmid 5L 50-100 ng/pL
Primer 5puL 5 pmol/uL

5.4.8 Mega plasmid purification

All plasmids used for AAV production (pXS6, pXS6.1, pXS10, pXS10.1, pXS11,
pDGM6, pDGM-PHP.B, iCapminPHP.B, pAdDeltaF6, and pUCiCapminPHP.eB) were
isolated and purified using the PureLink™ Expi Endotoxin-Free Mega Plasmid
Purification Kit (A31232, Thermo Fisher, Waltham, United States) following the
manufacturer's protocol. The final plasmid concentrations are provided in Tab. 31

(supplement).

5.5 AAV production

The AAV production steps, including transfection, cell type selection, harvesting, and
purification, were optimized (Fig. 13). Several AAVs were produced for different
experiments using the optimized protocol. For the AAV production optimization and in
vitro transduction experiments on wild-type organs of Corti, GFP AAVs with serotypes
AAVG6, PHP.B, and PHP.eB were produced both in purified and non-purified forms. For
the in vitro transduction experiments on otoferlin knockout organs of Corti, AAVs with
the serotypes AAV6, PHP.B, and PHP.eB, as well as the two different Ofof versions,

were produced in a non-purified form.
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Figure 13 - AAV production and optimisation steps. Various steps in the AAV production process
were planned for optimization. First, the transfection method was optimized by comparing calcium
phosphate transfection to Turbofect transfection. Additionally, two different HEK cell lines (AAV-293 and
HEK293T) were tested. For AAV harvesting, the freeze/thaw method was compared to sonication in a
water bath. Furthermore, two different purification methods were tested: lodixanol gradient and
purification using an AAVX pre-packed column. These optimization steps were carried out to achieve a
higher AAV titer and improved vector quality, which would then be used for in vitro experiments and,

ultimately, in vivo studies with the produced vectors.

5.5.1 Cell culture

5.5.1.1 Thawing of frozen cells

One cryovial containing frozen HEK293T cells (kindly provided by AG Vona) or AAV-
293 cells (240073, Agilent Technologies, Santa Clara, United States) was thawed by
gentle agitation in a 37°C water bath for 1-2 minutes. The cell suspension was then
transferred into a 50 mL centrifuge tube containing 5 mL of complete DMEM (10% FBS
(A5256701, Thermo Fisher Scientific, Waltham, United States), 1%
Penicillin/Streptomycin (15140122, Thermo Fisher Scientific, Waltham, United
States)), high glucose, GlutaMAX™ Supplement (11965092, Thermo Fisher Scientific,
Waltham, United States). After centrifugation at 1000 g for 5 minutes, the growth
medium was removed by aspiration. The cells were resuspended in 10 mL of fresh
complete DMEM by gently pipetting up and down and then transferred to a 75-cm?

tissue culture flask. The flask was placed in an incubator at 37°C with 5% CO2.
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5.5.1.2 Cell passaging

For cell passaging, sterile complete DMEM medium, PBS (14040133, Thermo Fisher
Scientific, Waltham, United States), and 0.25% trypsin-EDTA (25200072, Thermo
Fisher Scientific, Waltham, United States) were pre-warmed in a 37°C water bath. The
growth medium was removed by aspiration, and the cells were washed with 10 mL of
sterile PBS. The cells were then trypsinized for approximately 3 minutes at 37°C in 2
mL of 0.25% trypsin-EDTA and subsequently diluted in 8 mL of complete DMEM
medium to inactivate the trypsin. The appropriate volume of the cell suspension was
transferred to a new 75-cm? tissue culture flask containing 10 mL of complete DMEM
medium. The flask was placed in an incubator at 37°C with 5% CO2. Cell confluence
was maintained at 50% by passaging the cells twice a week (Monday at a 1:10 dilution

and Thursday at a 1:20 dilution).

5.5.1.3 Freezing of cells for a liquid nitrogen stock

For the liquid nitrogen stock, only healthy log-phase cells were collected. The complete
DMEM culture medium was removed, and the cells were washed with 10 mL of pre-
warmed, sterile PBS. The cells were trypsinized for approximately 3 minutes at 37°C
in 2 mL of 0.25% trypsin-EDTA and then diluted in 8 mL of complete DMEM medium
to inactivate the trypsin. The cells were counted using a hemocytometer (Neubauer
Zahlkammer improved), and the required volume of the cell suspension was
centrifuged at 500 g for 5 minutes at room temperature. The growth medium was
removed by aspiration, and the cells were resuspended in freezing medium (50%
DMEM, high glucose, GlutaMAX™ Supplement, 40% heat-inactivated FBS, and 10%
DMSO (D8418, Merck, Darmstadt, Germany)) to achieve a final concentration of 1x
10° cells/mL. Aliquots of 1 mL were dispensed into cryovials. The cell aliquots were

gradually frozen by placing the vials in a Mr. Frosty (5100-0001, Nalgene, Rochester,
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United States) at -80°C overnight. The vials were then transferred to liquid nitrogen the

following day for long-term storage.

5.5.2 Transfection

For the transfection step, two different methods, calcium phosphate transfection and
Turbofect transfection, were used and compared to determine if one method resulted
in a higher viral titer. Only the calcium phosphate transfection method was used for the
production of AAVs used in experiments (e.g., in vitro transduction on the organ of

Corti).

5.5.2.1 Calcium phosphate transfection

Twenty-four hours prior to transfection, 1.5 x 10° cells per 10 cm plate (either AAV-293
or HEK293T cells, depending on the experiment) were inoculated in complete DMEM.
The following day, the cells were transfected. For one 10 cm plate, 428 uL of sterile
H,0O, 62 uL of 2M CaCl,, and 15 pyg of DNA were mixed by vortexing. For the DNA, a
molar ratio of 1:1:1 (Rep/Cap: pHelper: Transfer Plasmid) was used for triple
transfection, and a molar ratio of 2:1 (pDGM-Plasmid: Transfer Plasmid) was used for
single transfection. Next, 500 L of sterile 2X HBS (560 mM HEPES, 10 mM KCI, 12mM
Glucose, 280 mM NaCl, 1.5 mM Na2PO4) were added dropwise while aerating the
mixture. 1 mL of the final mix was then added around the cell culture plate and mixed
gently. The plate was returned to the incubator (37°C, 5% CO,). Twelve to sixteen
hours after transfection, the medium was gently aspirated, and fresh, pre-warmed

complete medium was applied to the cells.
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5.5.2.2 Turbofect transfection

Twenty-four hours prior to transfection, 1 x 10° cells per 10 cm plate (either AAV-293
or HEK293T cells, depending on the experiment) were inoculated in complete DMEM.
The following day, 10 ug of DNA were diluted into 1000 pL of serum-free DMEM. For
triple transfection, a molar ratio of 1:1:1 (Rep/Cap: pHelper: Transfer Plasmid) was
used, and for single transfection, a molar ratio of 2:1 (pDGM-Plasmid: Transfer
Plasmid) was applied. The Turbofect transfection reagent (R0533, Thermo Fisher,
Waltham, United States) was briefly vortexed, and 30 yL were added to the diluted
DNA. The mixture was immediately vortexed to ensure proper mixing. After incubation
for 15-20 minutes at room temperature, 1000 pL of the transfection reagent/DNA
mixture was added dropwise to the plate with cells. The plate was gently rocked to
achieve even distribution of the complexes immediately after adding the transfection

reagent. The cells were incubated at 37°C with 5% CO, for 48 hours.

5.5.3 AAV harvest

Similar to the transfection step, two different methods for harvesting were compared
to determine which resulted in a higher viral titer: the freeze/thaw method and the
sonication method. Only the sonication method was used to produce the AAVs for

experiments (e.g., in vitro transduction on the organ of Corti).

5.5.3.1 Freeze/thaw method

The culture medium was carefully removed without disturbing the cells, and 10 mL of
sterile PBS were added to the plate. Cells were harvested in a 50 mL centrifugation
tube 48 hours after transfection and centrifuged for 15 minutes at 2500 rpm. The cell

pellet was resuspended in 1 mL sterile lysis buffer (60 mM Tris-HCI (9090.2, Roth,
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Karlsruhe, Germany), pH 8.0, 150 mM NaCl (1.06404.1000, Merck, Darmstadt,
Germany)) and transferred into a 1.5 mL centrifugation tube. The cell suspension was
frozen in liquid nitrogen and immediately thawed in a 37°C water bath for five cycles.
After a centrifugation step of 10 minutes at 13 200 rpm, the supernatant containing the
AAVs was transferred into a fresh 1.5 mL centrifugation tube.

For benzonase treatment, the respective amount of 10x Benzonase buffer (500 mM
Tris-HCI, pH 8.0, 10 mM MgCl, (28305, Serva, Heidelberg, Germany), 1 mg/mL BSA
(A2153-50G, Sigma, Burlington, United States)) to make 1x buffer, and 250 units of
Benzonase (101697, Merck, Darmstadt, Germany) were added to the AAV solution
and incubated for 30 minutes at 37°C. The AAV solution was either stored at -80°C or
concentrated using an Amicon Ultra Centrifugal Filter (100 kDa MWCO, UFC510008,
Merck, Darmstadt, Germany). To concentrate the solution, the volume of the viral
preparation was increased to 15 mL with sterile PBS, transferred to the centrifugal filter
tube, and centrifuged for 40 minutes at 4000 g to reduce the volume to approximately
141 pL. The concentrated AAV solution was transferred to a fresh 1.5 mL centrifugation

tube and stored at -80°C.

5.5.3.2 Sonication method

The culture medium was carefully removed without disturbing the cells, and 10 mL of
sterile PBS was added to the plate. Cells were harvested in a 50 mL centrifugation
tube 48 hours after transfection and centrifuged for 15 minutes at 2500 rpm. The cell
pellet was resuspended in 1 mL sterile lysis buffer and transferred into a 1.5 mL
centrifugation tube. The cell suspension was sonicated for 5 minutes at 37°C in a

Bandelin Sonorex Digitec sonication water bath (Bandelin, Berlin, Germany).
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After a centrifugation step of 10 minutes at 13 200 rpm, the supernatant containing the
AAVs was transferred into a fresh 1.5 mL centrifugation tube.

For benzonase treatment, the appropriate amount of 10x Benzonase buffer was added
to make a 1x solution, along with 250 units of Benzonase, and the mixture was
incubated for 30 minutes at 37°C. The AAV solution was either stored at -80°C, purified
or concentrated using an Amicon Ultra Centrifugal Filter (100 kDa MWCO). To
concentrate the solution, the volume of the viral preparation was increased to 15 mL
with sterile PBS, transferred to the centrifugal filter tube, and centrifuged for 40 minutes
at 4000 g to reduce the volume to approximately 141 uyL. The concentrated AAV

solution was transferred to a fresh 1.5 mL centrifugation tube and stored at -80°C.

5.5.4 Purification

For all AAV purifications, the POROS™ GoPure™ AAVX Pre-packed Column
(A36652, Thermo Fisher, Waltham, United States) in combination with the Ismatec
Reglo ICC peristaltic pump (Isamatec SA; Glattburg, Switzerland) was used. The
column was pre-equilibrated with 10 mL of 1x TBS (Tris-buffered saline; pH 7.6; 50
mM Tris-HCI, pH 7.6; 150 mM NacCl) at 25 rpm. The lysate was then loaded onto the
column at a speed of 7 rpm and washed with 10 mL of 1X TBS at 25 rpm. Three
additional washing steps followed: 5 mL of 2X TBS (25 rpm), 10 mL of 20% ethanol
(25 rpm), and 10 mL of 1X TBS (25 rpm).

The bound AAV was eluted using 10 mL of low-pH buffer (0.2 M glycine (3790.2, Roth,
Karlsruhe, Germany) in 1X TBS, 0.01% (v/v) Pluronic F-68, pH 2.5) at 15 rpm in an
up-flow direction. The eluted solution was neutralized by adding 1 M Tris-HCI to one-
tenth of the fraction volume directly into the fraction collection tube prior to elution.
Following this, the column was washed with 10 mL of 1X TBS (25 rpm) and

regenerated with 15 mL of 6M guanidine-HCI (A1499.1000, Applicam, Darmstadt,
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Germany) at a flow rate of 15 rpm. After two additional washing steps with 10 mL of
20% ethanol and 10 mL of 1X TBS (25 rpm), the column was filled with 0.1M sodium
phosphate (71640, Fluka, Buchs, Switzerland) in 20% ethanol (pH 7.0) and stored at
4°C.

The AAV solution was concentrated using an Amicon Ultra Centrifugal Filter (100 kDa
MWCO). The volume of the viral preparation was increased to 15 mL with sterile PBS,
transferred to the centrifugal filter tube, and centrifuged for 40 minutes at 4000 g to
reach a volume of approximately 141 pyL. The concentrated AAV solution was

transferred to a fresh 1.5 mL centrifugal tube and stored at -80°C.

5.5.5 RT-PCR

To determine the AAV concentration, RT-PCR was performed. The AAV solution was
first treated with DNase (12185010, PureLink™ DNase, Thermo Fisher, Waltham,
United States) to eliminate any contaminating plasmid DNA that may have been
carried over from the production process. To do this, 5 yL of the AAV sample, 39 uL
of H20, 5 uL of 10X DNase buffer, and 1 yL of DNase were gently mixed together and
incubated for 30 minutes at 37°C. The samples were then transferred to ice and diluted

according to the dilution scheme outlined in Tab. 11.
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Table 11 - Dilution series for AAV quantification.

Dilution Series Sample Nuclease free H20 Dilution Total
factor dilution
Dilution 1 (DNase 5 uL AAV stock 45 pL 10X 10X
step)
Dilution 2 5 uL Dil. 1 95 uL 20X 200X
Dilution 3 20 yL Dil. 2 80 uL 5X 1000X
Dilution 4 20 yL Dil. 3 80 uL 5X 5000X
Dilution 5 20 yL Dil. 4 80 uL 5X 25000X
Dilution 6 20 yL Dil. 5 80 uL 5X 125000X
Dilution 7 20 yL Dil. 6 80 uL 5X 625000X
Dilution 8 20 yL Dil. 7 80 uL 5X 3125000X

If the sample was expected to have a titer of <1 x 10'2 GC/mL, dilutions 3-6 were used,

whereas for samples with a titer of >3 x 10" GC/mL, dilutions 5-8 were applied. For

the standard, a dilution series of the plasmid pXS11 was prepared using the following

calculations:
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The dilution series was prepared according to Tab. 12.

Table 12 - Dilution series for the standard.

Volume [pL] of sample Volume of H20 [pL] Molecules per puL
Dilution 1 0.983 of stock 99.017 1*10°
Dilution 2 10 of Dil. 1 90 1*108
Dilution 3 10 of Dil. 2 90 1*107
Dilution 4 10 of Dil. 3 90 1*10°
Dilution 5 10 of Dil. 4 90 1*10°
Dilution 6 10 of Dil. 5 90 1*104
Dilution 7 10 of Dil. 6 90 1*10°

A solution containing primers and PowerUp SYBR™ Mastermix (A25742; Thermo
Fisher, Waltham, United States) was prepared according to the specifications in Tab.

13, in the required volume based on the number of plate wells needed.
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Table 13 - Master mix composition for AAV quantification via RT-PCR.

Reagent Volume (1X) [uL]
PowerUp SYBR Mastermix 10
100 uM Forward Primer 0.15

P68 RT-PCR_CMV_Promotor_for [59.44°C]
100 uM Reverse Primer 0.15
P69 RT-PCR_CMV_Promotor_rev [60.00°C]

Nuclease Free Water 4.7

In a 96-well plate, 5 yL of each standard or sample and 15 pL of master mix were
loaded in triplicates. The plate was sealed with transparent film and centrifuged at 3000
rpm for 2 minutes to ensure the sample was at the bottom of the wells. The protocol

outlined in Tab. 14 was then run on a LightCycler 480 (Roche, Basel, Switzerland).

Table 14 - RT-PCR program for AAV titer quantification.

Temperature [°C] Time
UDG activation 50 2 min
Dual-Lock DNA Polymerase 95 2 min
Denature 95
Anneal 55 X40
Extension 72 - Signal Detection

Data analysis was performed using Microsoft Excel (Microsoft, Redmond, United
States). The physical titer of the samples (viral genomes per mL) was determined
based on the standard curve and the corresponding sample dilutions.
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5.6 Hearing measurements

Hearing function was assessed by DPOAE and ABR in a soundproof chamber (IAC
400-A, Industrial Acoustics Company GmbH, Niederkrichten, Germany) as previously

described (Marchetta et al, 2022) at three different ages: one, six, and twelve months.

Mice were anesthetized with an intraperitoneal injection of a mixture of fentanyl (0.05
mg/kg body weight, 06143427, Fentanyl-Hameln, Hameln Pharma plus, Hameln,
Germany), midazolam (5 mg/kg body weight, 4991909, Midazolam-Hameln®; Hameln
Pharma plus, Hameln, Germany), medetomidine (0.5 mg/kg body weight, 1901022,
Sedator®, Albrecht, Aulendorf, Germany), and atropine sulfate (0.2 mg/kg body
weight, 2192616, B. Braun, Melsungen, Germany), diluted with water ad. inj.
(06178414, Ampuwa, Fresenius KABI, Bad Homburg, Germany) to a total injection
volume of 10 mL per kg body weight. Additional doses of anaesthetic were

administered as required.

To maintain ocular hydration, an ointment (01578675, Bepanthen, Bayer AG,
Leverkusen, Germany) was applied. During the measurements, the animals were
positioned prone. Electrocardiography was monitored, and a heated blanket was used

to maintain the body temperature at approximately 37°C.

For DPOAE measurements, anesthetized wild-type or mutant mice were placed on a
pre-warmed resting pad (37°C) in the soundproof chamber, and an acoustic coupler
was carefully placed in the ear canal. The cubic 2f1 - f2 DPOAE was measured for
frequencies (f) with f2 = 1.24 x f1 and levels (L) with L2 = L1 - 10 dB using a sensitive
microphone inside the coupler (MK231, Microtech Gefell, Gefell, Germany,
Preamplifier B&K 2669C, Bruel & Kjaer, Naerum, Denmark). The stimuli pair contained

frequencies between f2 = 4.0 to 32.0 kHz, with L2 either constantly at 50 dB SPL
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(Sound Pressure Level; DP-gram) or increasing from -5 to 65 dB SPL in 5 dB steps

(I/O growth function).

ABR, evoked by short-duration sound stimuli, represents the summed activity of
neurons in various anatomical structures along the ascending auditory pathway
(Burkard et al, 2007) and was measured by averaging the evoked electrical responses
recorded via subcutaneous cranial electrodes. In brief, ABR thresholds were elicited
using click (100 ps), noise (1 ms duration), or pure-tone stimuli (3 ms duration, with a

1 ms cosine squared rise and fall envelope, covering frequencies from 2 to 45.2 kHz).

All animals were sacrificed by decapitation at the end of the hearing measurements for

subsequent immunostaining of the organ of Corti.

5.7 AAV in vitro transduction on organ of Corti cultures

For the AAV in vitro transduction on organ of Corti cultures, wild-type P7-P9 animals
were euthanized by decapitation, and the cochleae were removed from the temporal
bone. The apical and midbasal parts of the organ of Corti were excised in sterile
dissection solution (HBSS (14025050, Thermo Fisher, Waltham, United States) + 1%
1M HEPES (Company)) and transferred to a culture insert well (80369, ibidi, Fitchburg,
United States) containing 50 yL DMEM/F12 + GlutaMax (10565018, Thermo Fisher,
Waltham, United States) + 5% FBS + 50 ug/mL Ampicillin (Company) medium (Fig.
14). The culture inserts were pre-positioned on sterile glass slides and placed into a
sterile 10 cm plate containing 3-4 mL sterile ddH20. The plate with the organs was

then placed in an incubator at 37°C and 5% CO: overnight.
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The following day, 1 x 10'° VG of the appropriate AAV were added to the culture inserts
with 50 pL of fresh culture medium. After 24 hours and 48 hours, the medium was
replaced with fresh culture medium. The organs of Corti were fixed with 4% PFA
(P733.1, Roth, Karlsruhe, Germany) 72 hours after AAV addition for one hour at 4°C.
The organs were washed three times with PBS. Immunostaining procedures followed

as described in the "Tissue Preparation and Immunohistochemistry" section.

Day 1 Day 2 Day 3 Day 5
" | T
organ of cort :Medium Change Medium Change I;'grrn‘L;rf\&sr!amng ! -
preparation transduction %

Figure 14 - Experimental setup and procedure of in vitro culture transduction experiment. For the
AAV in vitro transduction experiments, the cochleae of wild-type P7-P9 mice were removed from the
temporal bone, and the apical and midbasal parts of the organ of Corti were excised. These sections
were then placed in a culture insert well containing 50 uL of medium. The following day, the AAVs to be
tested were added to the medium after a medium change. On days three and four, the medium was
changed again. Finally, 72 hours after AAV addition, the organs were fixed and stained to assess the

transduction rates, particularly in the IHCs and OHCs.

5.8 Tissue preparation and immunohistochemistry

Tissue preparation and immunostaining were performed as described by Strenzke et
al, (2016). Wild-type and Otof-p. KL>M mice were euthanized via CO2 exposure. After
decapitation, the cochleae were carefully removed from the temporal bone. The upper
part of the bony shelf was excised, and the round window was perforated. The
cochleae were then fixed in 4% PFA in PBS for one hour on ice. After three PBS
washes, the cochleae were decalcified in 200 mM EDTA (at 4°C) for 1-3 hours,
depending on the age of the mice. Wholemounts of the organ of Corti were excised

and blocked in donkey serum dilution buffer (DSDB, containing 16.67% Donkey Serum
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(D9663-10mL, Merck, Darmstadt, Germany), 20 mM phosphate buffer, 0.45 M NaCl,
and 0.3% Triton X-100) for one hour at room temperature. Primary antibodies (as
detailed in Tab. 15, 17 and 19) were diluted in DSDB and incubated with the organ of
Corti overnight at 4°C. The anti-otoferlin antibody required additional pre-incubation at
37°C for one hour. After three washes with wash buffer (20 mM phosphate, 0.3% Triton
X-100 (1.08603.1000, Merck, Darmstadt, Germany), 0.45 M NaCl), secondary
antibodies (as listed in Tab. 16, 18, and 20) were applied and incubated for one hour
at room temperature. After three washes in wash buffer and 5 mM phosphate buffer,
the organs of Corti were mounted in mowiol (0713.1, Carl Roth, Karlsruhe, Germany).

Wild-type and mutant organs of Corti were stained simultaneously for comparison.

Table 15 - Primary antibodies used for the otoferlin project.

Antibody Dilution Additional Information

Mouse anti-Otoferlin 1:400 ab53233, Abcam, Cambridge, United Kingdom

Rabbit anti-VGIut3 1:400 135 203, Synaptic Systems, Goéttingen, Germany

Mouse anti-Ctbp2 1:200 612044, BD Biosciences, Franklin Lakes, United
States

Rabbit anti-Shank1a 1:300 RA19016, Neuromics, Edina, United States

Goat anti-Calretinin 1:200 CG1, Swant, Burgdorf, Switzerland

Table 16 - Secondary antibodies used for the otoferlin project.

Antibody Dilution Additional Information

Donkey anti-mouse Alexa546 1:200 A11056, Thermo Fisher, Waltham, United States

Donkey anti-rabbit Alexa488 1:200 711-546-152, Jackson ImmunoResearch,
Philadelphia, United States

Donkey anti-mouse Alexa546 1:200 A11056, Thermo Fisher, Waltham, United States

Donkey anti-goat Alexa647 1:400 A32849, Thermo Fisher, Waltham, United States
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Table 17 - Primary antibodies used for the AAV in vitro transduction project.

Antibody Dilution Additional Information

Guinea Pig anti-Parvalbumin 1:500 195004, Synaptic Systems, Goéttingen, Germany

Chicken anti-GFP 1:200 ab13970, Abcam, Cambridge, United Kingdom

Mouse anti-Otoferlin 1:400 ab53233, Abcam, Cambridge, United Kingdom

Goat anti-HA-Tag 1:200 A190-138A, FORTIS Life Sciences, Boston, United
States

Rabbit anti-Myo7a 1:400 25-6790, Proteus Biosciences Inc., Ramona, United

States

Table 18 - Secondary antibodies used for the AAV in vitro transduction project.

Antibody Dilution Additional Information

Donkey anti-Guinea pig Bv421  1:50 706-675-148, Jackson ImmunoResearch,
Philadelphia, United States

Donkey anti-Chicken Alexa647  1:200 703-605-155, Jackson ImmunoResearch,
Philadelphia, United States

Donkey anti-Mouse Alexa546 1:200 A10036, Thermo Fisher, Waltham, United States

Donkey anti-Goat Alexa488 1:200 A-11055, Thermo Fisher, Waltham, United States

Donkey anti-Rabbit Alexa647 1:800 711-606-152, Jackson ImmunoResearch,

Philadelphia, United States
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Table 19 - Primary antibodies for the Rab4 immunostainings.

Antibody Dilution Additional Information

Guinea Pig anti-Vglut3 1:400 135 204, Synaptic Systems, Goéttingen, Germany

Goat anti-Oncomodulin 1:200 PAS5-4782, Thermo Fisher, Waltham, United
States

Mouse anti-Neurofilament 200  1:800 N0142-100UL, Sigma-Aldrich, St. Louis, United
States

Rabbit anti-Rab4b 1:200 OSR00343W, Thermo Fisher, Waltham, United
states

Rabbit anti-Rab4a 1:50 ET1602-15, BIOZOL, Hamburg, Germany

Table 20 - Secondary antibodies for the Rab4 immunostaining.

Antibody Dilution Additional Information

Donkey anti-Guinea pig 1:100 706-545-148, Jackson ImmunoResearch,
Alexa488 Philadelphia, United States

Donkey anti-Mouse Alexa546 1:200 A10036, Thermo Fisher, Waltham, United States
Donkey anti-Goat BV421 1:50 705-675-147 Jackson ImmunoResearch,

Philadelphia, United States
Donkey anti-Rabbit Alexa647 1:800 711-606-152, Jackson ImmunoResearch,

Philadelphia, United States

5.9 Proximity ligation assay

Prior to the proximity ligation assay (PLA), apical and midbasal turns of P14-P16 wild-
type and Otof-p. KL>M mice were dissected in HBSS buffer without Ca?*. After
dissection, the organs of Corti from both wild-type and Otof-p. KL>M mice were treated

under two different conditions. The first condition involved incubation in HBSS buffer
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without Ca?* (5.36 mM KCI (1.05001.0250, Merck, Darmstadt, Germany), 141.7 mM
NaCl, 1 mM MgCl,, 0.5 mM MgSO, (1.05886.0500, Merck, Darmstadt, Germany), 10
mM HEPES (A1070.0100, ApliChem, Darmstadt, Germany), 3.4 mM L-glutamine
(G8540-100G, Sigma, Burlington, United States) 6.9 mM D-glucose (G8270-100G,
Sigma, Burlington, United States); Rest) at 37°C for one minute (Rest 1’). The second
condition involved incubation in HBSS with high K* (65.36 mM KCI, 79.7 mM NacCl, 1
mM MgCl,, 0.5 mM MgSO,, 10 mM HEPES, 3.4 mM L-glutamine, 6.9 mM D-glucose,
2 mM CacCl,) at 37°C for one minute (Stim 1°). After the respective treatments, the
organs of Corti were immediately fixed in 4% PFA for 60 minutes at 4°C. The PLA
assay was performed using the Duolink In Situ Red Mouse/Rabbit Kit, according to the
manufacturer’s protocol (DUO92101, Merck, Darmstadt, Germany), with modifications
as described previously (Cepeda et al, 2019). The antibodies used are listed in Tab.

21.

Table 21 - Primary and secondary antibodies used for the otoferlin PLA.

Antibody Dilution Additional Information

Mouse anti-Otoferlin 1:400 ab53233, Abcam, Cambridge, United Kingdom
Rabbit anti-Calbindin 1:300 CB-38a, Swant, Burgdorf Switzerland

Goat anti-Calretinin 1:200 CG1, Swant, Burgdorf, Switzerland

Donkey anti-goat Alexa 488 1:200 A-11055, Thermo Fisher, Waltham, United States

5.10 RNA Scope

RNA Scope is an advanced in situ hybridization technique that utilizes a unique double-
Z probe design to detect specific RNA molecules within fixed cells with single-molecule
sensitivity. The method involves a series of hybridization steps and signal amplification

cascades, enabling the visualization of target RNA as distinct punctate dots under a
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microscope. This approach allows for quantitative analysis of gene expression with
high specificity and minimal background noise.

In this study, RNA Scope was employed to identify Rab4b and Rab4a RNA in the inner
ear of wild-type mice. For this purpose, either cochlear cryosections or whole mounts

of the organ of Corti were prepared.

5.10.1 Cryosections

For cryosection preparation, a P29 wild-type BL6 animal was euthanized by CO:>
exposure. After decapitation, the cochleae were removed from the temporal bone, the
upper part of the bony cochlea was removed, and the round window was perforated.
The cochleae were fixed in 4% PFA in PBS for 24 hours at 4°C. After three PBS
washes, the cochleae were decalcified in 200 mM EDTA (pH 7.4) for 24 hours at 4°C.
The cochleae were then transferred to a 25% sucrose (1.07651.100, Merck,
Darmstadt, Germany) solution in 1X PBS and stored on a rotating shaker overnight at
4°C. Afterward, the cochleae were placed in small caps made of aluminium foil
containing TissueTek OCT medium (4583, Sakura Finetek Europe, Alphen aa den
Rijn, Netherlands) and gently shaken for one hour to ensure that the medium
penetrated the cochlear coils. The caps with the cochleae were placed at -20°C
overnight. 16 ym thick sections were cut (at -30°C) and placed on Super Frost slides

(1255015, Thermo Scientific, Waltham, United States) and stored at -80°C.

For RNA Scope staining, the slides were first incubated for 10 minutes at room
temperature, and a hydrophobic barrier was drawn tightly around the tissue. After one
wash, the tissues were post-fixed for 10 minutes with 4% PFA at room temperature,
washed with 1X PBS, and treated with hydrogen peroxide for 10 minutes. Protease Il

(322335, RNAscope® H202 and Protease Reagents Kit, ACD BIO, Newark, United

70



Material and Methods

States) was added and incubated at 40°C for one hour under moist conditions. After
washing again with 1X PBS for 10 minutes, the probe mix (C3: Rab4b (1304821, ACD
BIO, Newark, United States) 1:50 in C1: Rab4a (1304811-C1, ACD BIO, Newark,
United States)) was applied to the tissue and incubated for two hours at 40°C under
moist conditions. Two washing steps with 1X PBS for 10 minutes at room temperature
followed. The amplification step involved three incubation steps, starting with v2 Amp1
and v2 Amp2 (323110, RNAscope® Multiplex Fluorescent Detection Reagent VL, ACD
BIO, Newark, United States), each incubated for 30 minutes at 40°C, followed by v2
Amp3 (323110, RNAscope® Multiplex Fluorescent Detection Reagent VL, ACD BIO,
Newark, United States) for 15 minutes at 40°C. After the three steps, two washing
steps with 1X RNA Scope wash buffer (310091, RNAscope® Wash Buffer, ACD BIO,
Newark, United States) for 5 minutes at room temperature were performed. HRP-C1
solution was then applied to the tissue, incubated at 40°C for 15 minutes, and washed
twice with 1X RNA Scope wash buffer (five minutes at room temperature). Following a
30-minute incubation at 30°C with TSA Vivid Fluorophore 520 (1:1500), two additional
washing steps were performed. Finally, the HRP blocker (323110, RNAscope®
Multiplex Fluorescent Detection Reagent VL, ACD BIO, Newark, United States) was
added, incubated for 15 minutes at 40°C, and washed twice (1X RNA Scope wash
buffer, 5 minutes at room temperature). The same procedure was repeated for HRP-
C3 (323110, RNAscope® Multiplex Fluorescent Detection Reagent VL, ACD BIO,
Newark, United States) and TSA Vivid Fluorophore 570 (323110, RNAscope®

Multiplex Fluorescent Detection Reagent VL, ACD BIO, Newark, United States).

After RNA Scope staining, immunostaining with various Rab4a and Rab4b antibodies
followed as previously described (5.8 Tissue preparation and immunohistochemistry),

starting with the DSDB blocking step.
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Table 22 - Primary antibodies used after RNA Scope staining.

Antibody Dilution Additional Information

Goat anti Calretinin 1:200 CG1, Swant Burgdorf, Switzerland

Guinea Pig anti VGlut3 1:400 135 204, Synaptic Systems, Goéttingen, Germany
Rabbit anti Rab4b (Thermo 1:200 OSR00343W, Thermo Fisher, Waltham, United
Fisher) States

Rabbit anti Rab4b (Abcam) 1:80 AB179948, Abcam, Cambridge, United Kingdom
Rabbit anti Rab4a (Proteintech) 1:50 10347-1-AP, Proteintech, San Diego, United States
Rabbit anti Rab4a (BIOZOL) 1:50 ET1602-15, BIOZOL, Hamburg, Germany

Table 23 - Secondary antibodies used after RNA Scope staining.

Antibody Dilution Additional information

Donkey anti goat BV421 1:50 705-675-147, Jackson ImmunoResearch, West
Grove, United States

Donkey anti guinea pig BV421  1:50 706-675-148, Jackson ImmunoResearch, West
Grove, United States

Donkey anti goat 546 1:200 A-11056, Thermo Fisher, Waltham, United States

Donkey anti rabbit Alexa 647 1:800 711-606-152, Jackson ImmunoResearch, West

Grove, United States

5.10.2 Whole mounts

For whole mount preparations, wild-type BL6 mice (at one, six, and twelve months of

age) were euthanized by CO2 exposure. After decapitation, the cochleae were carefully

extracted from the temporal bone. The upper portion of the cochlear bony shelf was

removed, and the round window was perforated. The cochleae were then fixed in 4%

PFA in PBS for 24 hours. Following three PBS washes, the cochleae were decalcified

in 200 mM EDTA for 1-3 hours (at 4°C), depending on the age of the mice. Whole

mounts of the organ of Corti were excised and placed on a 24-well plate covered with
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parafiim. The RNA Scope staining procedure was carried out as previously described
(5.10 RNA Scope).

For the six- and twelve-month-old mice, the C1 and C3 probes were applied to
separate whole mounts. Specifically, the C3 probe (Rab4b) was diluted 1:1500 in
probe diluent (323110, RNAscope® Multiplex Fluorescent Detection Reagent VL, ACD
BIO, Newark, United States). Additionally, the amplification steps involving HRP-
C1/C3 and TSA Vivid Fluorophore 520/570 were performed separately on the two
different whole mounts. After RNA Scope staining, immunostaining with Rab4a and
Rab4b antibodies was conducted as described previously (5.8 Tissue preparation and
immunohistochemistry), beginning with the DSDB blocking step. The same antibodies

as those used in cryosection staining were applied (Tab. 22 and 23).

5.11 Microscopy

5.11.1 Otoferlin project

Confocal images were obtained using a Leica Stellaris 5 microscope (Leica; Wetzlar,
Germany) with a 40x glycerol immersion objective (NA: 1.25, 2x zoom, laser speed
600) for otoferlin and hair cell imaging, and a 63x glycerol immersion objective (NA:
1.3, 1.4x zoom, laser speed 600) for synapse imaging. The imaging was performed
using a white light (485-685 nm) and a diode laser (421 nm) (Used wavelengths: 488
nm (VGIlut3, Shank1a), 546 nm (Otoferlin, Ctbp2), and 647 nm (Calretinin). Z-stack
images were captured with a step size of 0.3 ym.

Overview images were acquired using a Zeiss Axioplan 2 fluorescence microscope

equipped with a 10x (NA: 0.45) or a 20x (NA: 0.8) air objective.
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5.11.2 In vitro transduction project

Confocal images were obtained using a Leica Stellaris 5 microscope (Leica; Wetzlar,
Germany) with a 10x air objective (NA: 0.3, 1x zoom, laser speed 400) for overview
images of the organ of Corti, and a 40% glycerol immersion objective (NA: 1.25, 2x
zoom, laser speed 600) for hair cell imaging. The imaging was performed using a white
light (485-685 nm) and a diode laser (421 nm) (Used wavelengths: 421 nm
(Parvalbumin), 488 nm (AAV-GFP), and 647 nm (antiGFP)). Z-stack images were

acquired with a step size of 0.3 ym.

5.11.3 Rab4b project

Confocal images were acquired on a Leica Stellaris 5 microscope (Leica; Wetzlar,
Germany) using a 20x glycerol immersion objective (NA: 0.75, 1.4x zoom, laser speed
400) for overview images of the organ of Corti, and a 40x glycerol immersion objective
(NA: 1.25, 1x zoom, laser speed 400) for hair cell imaging. The following wavelengths
were used: 421 nm (Calretinin, VGlut3), 488 nm (Rab4b- or Rab4a-RNA, depending
on the experiment), 546 nm (Rab4a-RNA), and 647 nm (Rab4b or Rab4a proteins,
depending on the experiment). Z-stack images were acquired with a step size of 0.3
um. Overview images of cryosections were captured using a Zeiss Axioplan 2

fluorescence microscope with a 10x (NA: 0.45) or a 20x (NA: 0.8) air objective.

5.12 Data analysis

5.12.1 Otoferlin project

To compare fluorescence intensity, image files were loaded into Imaged (NIH,
Bethesda, MD, USA), and maximum intensity projections were generated. The
fluorescence intensity of each inner IHC was calculated using ImagedJ. Background
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fluorescence was subtracted from the IHC intensity values. Fluorescence results from
Otof-p. KL>M animals were compared to the mean fluorescence intensity of the
concurrently stained wild-type animals.

Inner and outer hair cells were counted manually. The length of each segment of the
organ of Corti (apical or basal) was measured along the IHCs. Inner and outer hair
cells were counted if calretinin or Vglut3 staining was positive.

Synapses were counted only when both pre-synaptic (Shank1a and Ctbp2) and post-

synaptic markers, as well as the inner hair cell marker (calretinin), were visible.

5.12.2 In vitro experiments

Image files were loaded into Imaged (NIH, Bethesda, MD, USA), and maximum
intensity projections were generated to analyse the transduction rate of each GFP
AAV. Inner and outer hair cells were counted manually. Hair cells were considered

transduced only if a clear AAV-GFP signal was observable.

5.12.3 Rab4b project
Image files were loaded into Imaged (NIH, Bethesda, MD, USA), and maximum
intensity projections were generated to identify the locations of Rab4b and Rab4a

proteins or RNA in the inner ear of wild-type mice.

5.13 Statistical analysis

All data are presented as mean + SD or SEM. Statistical analysis was performed using
Brown-Forsythe and Welch ANOVA tests, followed by Dunnett's T3 multiple

comparison test, or 2-way ANOVA followed by Sidak's multiple comparison test. Al
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calculations were conducted using GraphPad Prism 10 (GraphPad Software, La Jolla,

CA, USA). A p-value of < 0.05 was considered statistically significant.
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6. Results

6.1 Characterization of the Otof-p. KL>M mouse line

The Otof-p. KL>M mouse line carries a three-base-pair deletion, resulting in the
replacement of lysine 824 and leucine 825 with methionine in the C2-FerA domain of
otoferlin. To better understand the significance and function of the C2-FerA domain,
the Otof-p. KL>M mouse line was characterized through various experiments,
including protein  structure prediction, hearing measurements, otoferlin
immunostaining, proximity ligation assays (PLAs), as well as IHC and OHC

quantification.

6.1.1 3D structure prediction of the wild type and Otof-p. KL>M C2-FerA domain.

The pK824L825>M resides in the FerA domain, which is part of the loop region of a
(presumed) C2 domain (Fig. 15A). This unconventional C2-domain was first time
predicted by Alpha2Fold and RoseTTAFold (Dominguez et al, 2022) which however
has no obvious lipid-binding or Ca?* binding residues (Harsini et al, 2019). However,
the four-helix bundle fold has been implicated in Ca?* and phospholipid binding (Harsini
et al, 2018; Dominguez et al, 2022).

To see if the pK824L825>M mutation affects the 3D structure of otoferlin's C2-FerA
domain, RoseTTAFold2 server was used to predict the 3D structure of the wild type
and mutated C2-FerA domains (Fig. 15B & C). Indeed, the mutation disrupts one a-
helix fold of the FerA domain (Fig. 15C) resulting in a longer unstructured loop between

a-helix c and a-helix d compared to the wild-type version (Fig. 15B).
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p.K824L825>M

C2A — C2B — C2C - C2-FerA - C2D ~ C2E — C2F - C26 ——TM

Wild Type

Figure 15 — Experimental plan and 3D structure prediction of the C2-FerA domain. A. Position of
the KL>M mutation in the otoferlin sequence. B.-C. 3D structure prediction of the human wild type and
KL>M otoferlin C2-FerA domain. Structure prediction was performed by using the RoseTTAFold2 via

Neurosnap Inc.

6.1.2 ABRs decline with aging in Otof-p. KL>M mice.

First, to analyse if the Otof-p. KL>M mutation impacts hearing in mice, we performed
ABR measurements at three different ages (one, six, and twelve months) and
compared them to wild type mice (Fig. 16). Auditory thresholds in response to click or
white noise stimuli were not significantly different compared to wild-type mice at one
month of age (Fig. 16B & C; thresholds for click stimuli: 23+6 dB SPL for Otof-p. KL>M
and 2312 dB SPL for wild type mice; noise stimuli: 166 dB SPL for Otof-p. KL>M and
17+2 dB SPL for wild type mice). Six-month-old Otof-p. KL>M and wild-type mice

exhibited no significant difference in response to click and noise stimuli (Fig. 16B & C;
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thresholds for click stimuli: 25+5 dB SPL for Otof-p. KL>M and 27+5 dB SPL for wild
type mice; noise stimuli: 19+£3 dB SPL for Otof-p. KL>M and 1845 dB SPL for wild type
mice). In contrast, at twelve months, Otof-p. KL>M mice revealed a significant
threshold shift of ~15 dB SPL in response to click (Fig. 16B) and ~17 dB SPL in
response to noise stimuli (Fig. 16C) compared to wild type mice of the same age
(thresholds for click stimuli: 47+8 dB SPL for Otof-p. KL>M and 32+4 dB SPL for wild
type mice; noise stimuli: 44+8 dB SPL for Otof-p. KL>M and 27+4 dB SPL for wild type
mice).

The elevated thresholds were also observable in ABRs elicited by tone burst stimuli of
twelve-month-old mice (Fig. 16F), but not in younger mice (Fig. 16D & E). One-month-
old Otof-p. KL>M mice exhibited no significant differences in response to any
measured frequency compared to wild type. This was also similar in six-month-old
mice, with only a small difference at the 16 kHz (Sidak’s multiple comparisons test: P
= 0.0083) response. For high and low frequencies, some responses were not
detectable in six-month-old mice (Fig. 16E). This was also the case in twelve-month-
old mice, with even fewer detectable signals in Otof-p. KL>M mice. In mutant mice, no
brainstem responses were detectable for 2, 2.8, 22, 32, and 45 kHz in all mice tested.
Also, for wild type mice, no responses were collectable at 32 and 45 kHz, however, in
contrast to mutants, wild type mice showed signals at lower frequencies (2 and 2.8
kHz; Fig. 16F). In twelve-month-old mice with detectable signals, these were elicited

by significantly higher sound pressure levels (Fig. 16F)
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Figure 16 - Auditory brain stem responses of Otof-p. KL>M mice at different ages compared to
wild type. A. ABR wave traces in respond to click sound stimuli Otof-p. KL>M compared to wild type in
one, six and twelve-month-old mice. B. ABR click sound thresholds with 100 us stimulus. One, six and
twelve-month-old Otof-p. KL>M mice compared to wild type mice of the same age. Brown-Forsythe and
Welch ANOVA tests followed by Dunnett's T3 multiple comparisons tests: WT vs Otof-p. KL>M 1 month
P=>0.999. WT vs Otof-p. KL>M 6 months P = 0.8958. WT vs Otof-p. KL>M 12 months P = 0.0086. C.
Noise ABR threshold with 1 ms stimulus. One, six and twelve-month-old Otof-p. KL>M mice compared
to wild type mice of the same age. Brown-Forsythe and Welch ANOVA tests followed by Dunnett's T3
multiple comparisons tests: WT vs Otof-p. KL>M 1 month P=>0.9823. WT vs Otof-p. KL>M 6 months
P =0.9981. WT vs Otof-p. KL>M 12 months P = 0.0052. D. — F. Tone burst ABR threshold for different
frequencies. Otof-p. KL>M mice compared to wild type in one (D.) six (E.) and 12 month (F.) old mice.
Two-way ANOVA followed by Sidak‘s multiple comparisons test: C. P = 0.6368, D. P = 0.4845,E. P =
<0.0001. The number of the non-detected signals is written above the 100 dB line. Otof-p. KL>M and

wild type mice of the same age were measured in pairs on the same day and the same setup.
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As described previously, ABR wave amplitudes in response to click stimuli (10-90 dB
SPL stimuli) decline over time, particularly in mice with C57BL/6N background which
develop significant hearing loss by 6-15 months (Dong et al, 2018; Someya et al, 2009;
Johnson et al, 2017). This was indeed the case both for wild-type and Otof-p. KL>M
mice (Fig. 17). In addition, we observed a marked reduction of ABR wave amplitudes
in Otof-p. KL>M mice already at the age of one month (Fig. 17A & D). Wave |, which
is the summed action potentials in the auditory nerve, is significantly lower in Otof-p.
KL>M mice at all three age groups (Fig. 17A-C). Additionally, the summed amplitudes
of waves II-V are significantly lower in Otof-p. KL>M mice at all three age groups,
indicating an altered signal transmission in the auditory pathway, already observable
in young mice (Fig. 17 D-F). In contrast to the wave amplitudes, the ABR wave
latencies were not different in one-month-old Otof-p. KL>M or wild-type mice,

indicating that there is no delay in signal transduction (Fig. 17G).
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Figure 17 - Wave amplitudes and latencies of click auditory brain stem responses Otof-p. KL>M
mice compared to wild type. 100 um stimuli. A. — C Wave | amplitudes in response to 10-90dB SPL
click stimuli of one, six and twelve months old Otof-p. KL>M mice compared to wild type. 2way Anova:
A. P =<0.0001, B. P = 0.0439, C. P = 0.0092. D.-F Summed ABR waves II-IV amplitudes of one, six-
and twelve-months old mice. 2way Anova: D. P = 0.6213, E. 0.0609, F. P = 0.0159. G. Waves |-V
latencies of one-month old mice. G. Wave | P = 0.0679, Wave Il P = >0.9999, Wave lll P = >0.9999,
Wave IV P = 0.9980, Wave V P = 0.7170. Data were analyzed only if waves were detectable.

6.1.3 The Otof-p. KL>M mutation has age dependent effects on the otoferlin levels of

IHCs
To determine the otoferlin levels in IHCs, Otof-p. KL>M and wild type organs of Corti
were stained at three different ages (one, six, and twelve months) with an anti-otoferlin

antibody and an anti-Vglut3 antibody (as an IHC marker). Fluorescence imaging was
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performed with the same confocal microscope settings for each wild type — Otof-p.
KL>M pair. While the Vglut3 signal seemed not to change, otoferlin levels decreased
over time (Fig. 18A). IHCs in one-month-old mice had the same levels of otoferlin,
while IHCs of six-month-old Otof-p. KL>M mice had ~15% less and twelve-month-old
ones ~23% less otoferlin compared to wild types of the same age (Dunnett's T3
multiple comparisons test: one-month vs six months: P = 0.0099, one-month vs twelve

months: P = 0.0002, Fig. 18B).
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Figure 18 - Otoferlin levels of Otof-p. KL>M mice compared to wild type. A. Otof-p. KL>M Otoferlin
and Vglut3 fluorescence compared to wild type. Otoferlin fluorescence and analysis was performed
simultaneously in wild type and Otof-p. KL>M mice of the same age. Maximum intensity projections of
optical sections. Scale bars: 5 um. B. Relative otoferlin amount in IHCs of one, six- and twelve-months
old mice compared to wild type. Otof-p. KL>M organs of Corti were always stained and analyzed
together with one wild type sample. The percentage of Otof-p. KL>M otoferlin was calculated in relation
to its particular wild type control. The background was subtracted from the mean otoferlin fluorescence.
Dunnett's T3 multiple comparisons test: one vs six months P = 0.0313, 1 vs 12 months P = 0.0006.

6.1.4 Otof-p. KL>M mice exhibit an age dependent IHC loss
It is known that Otof knockout mice exhibit an increased and age-dependent IHC loss
(Stalmann et al, 2021). Therefore, we wanted to check if the Otof-p. KL>M mutation is

also affecting the IHCs in a similar way. Immunostainings for IHCs and OHCs were
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performed and their number counted in both the apical and midbasal/basal regions of
the organ of Corti.

Indeed, Otof-p. KL>M mice exhibited an age-dependent alteration in the number of
IHCs (Fig. 19). While one-month-old mice demonstrate no significant difference, six-
and twelve-month-old Otof-p. KL>M mice have significantly reduced numbers of IHCs.
Six-month-old Otof-p. KL>M mice have about eight cells/mm fewer in the apical turn
and ~32 cells/mm fewer in the midbasal/basal turn compared to wild type. Twelve-
month-old mice revealed an even greater difference in the apical turn with ~16
IHCs/mm fewer and ~27 IHCs/mm fewer in the midbasal/basal part of the organ of
Corti compared to wild type organs of the same age. This indicates that the basal part
(sensing high frequencies) of the organ of Corti is more affected than the apical part
(sensing low frequencies; Fig. 19C-D). In contrast, OHCs numbers did not exhibit any
significant differences at any age (Fig. 19E).

Similar to the otoferlin levels, the number of IHCs was significantly lower compared to
wild type mice, but only in older mice (six- and twelve-month-old, Fig. 19C & D). This
indicates that the loss of IHCs could contribute to the threshold shift and the ABR wave

amplitude decline observed in the ABR measurements (Fig. 16 & 17).
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Figure 19 - IHC and OHCs loss of Otof-p. KL>M mice compared to wild type. A. Calretinin IHC
staining in Otof-p. KL>M and wild type organs of Corti. Otof-p. KL>M and wild type mice of the same
age were simultaneously stained with an anti-calretinin antibody. Maximum intensity projections of
optical sections. Scale bars: 10 ym. B. Calretinin IHC staining at higher magnification. One- and twelve-
months old Otof-p. KL>M and wild type were simultaneously stained with an anti-calretinin antibody.
Maximum intensity projections of optical sections. Scale bars: 5 ym. Yellow arrows indicate missing
IHCs. C. Number of IHCs of the organ of Corti apical part in Otof-p. KL>M and wild type mice of different
ages. IHCs were counted after calretinin staining. Sidak’s multiple comparison test: 1 month P = 0.6147,
6 months P = 0.0368, 12 months P = 0.0011. D. Number of IHCs of the organ of Corti midbasal/basal
part in Otof-p. KL>M and wild type mice of different ages. Sidak’s multiple comparison test: 1 month P
= 0.8697, 6 months P = 0.0039, 12 months P = 0.0397. E. Number of outer hair cells of the organ of
Corti (pooled results of apical, midbasal and basal part) in KL>M and wild type mice of different ages.
Outer hair cells were counted after calretinin staining. Sidak’s multiple comparison test: 1 month P =
0.9997, 6 months P = 0.9618, 12 months P = 0.9993.

6.1.5 Otof-p. KL>M show normal DPOAE thresholds.

DPOAE measurements were performed, and the thresholds were analysed (Fig. 20).
Here, we did not observe any significant difference in the DPOAE thresholds at any
frequency stimulus response (Fig. 20A-C). This also fits with the not altered number of
OHCs in the organ of Corti (Fig. 19E) and indicates that the OHC function is not

affected by the Otof-p. KL>M mutation.
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Figure 20 — DPOAE threshold in Otof-p. KL>M mice compared to wild-types. A. DPOAE thresholds
of one month old Otof-p. KL>M and wild type mice. Two-way ANOVA: P = 0.3137. B. DPOAE thresholds
of six months old Otof-p. KL>M and wild type mice. Two-way ANOVA: P =0.7694. C. DPOAE thresholds
of twelve months old Otof-p. KL>M and wild type mice. Two-way ANOVA: P = 0.1238.
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6.1.6 Twelve-month-old mice have a reduced number of IHC synapses

Otoferlin plays a critical role in the function of IHC synapses and is also important for
proper synapse maturation (Stalmann et al, 2021). To test if the pK824L825>M
mutation alters synapse numbers and structure, immunostainings for post- and
presynapses of organ of Corti IHCs were performed in one-, six-, and twelve-month-
old Otof-p. KL>M and wild type mice (Fig. 21A).

While each IHC of one- and six-month-old Otof-p. KL>M mice formed on average 14
and 13 synapses, respectively, with no difference compared to wild types of the same
age, twelve-month-old Otof-p. KL>M IHCs had about ~one synapse fewer than wild
type IHCs (Fig. 21B). Interestingly, twelve-month-old wild type mice seemed to have a
higher number of synapses compared to six-month-old wild types. As this appeared
very untypical, also the number of low-synapse IHCs was examined (IHCs with fewer
than ten synapses; Tab. 24).

Otof-p. KL>M mice revealed a higher percentage of low-synapse IHCs at all three age
groups. One-month-old mice had around 6% (individual experiments: 23%, 0%, 0%,
0%), six-month-old mice had 21% (individual experiments: 5%, 53%, 2%, 23%), and
twelve-month-old mice had 28% (individual experiments: 18%, 83%, 11%, 0%) low-
synapse IHCs. In contrast, one-month-old wild type mice had around 2% (individual
experiments: 2%, 2%, 5%, 0%) low-synapse IHCs. The percentage increased in six-
month-old mice to 16% (individual experiments: 6%, 26%, 0%, 2%, 46%) but
decreased again to 8% (individual experiments: 10%, 7%, 8%) in twelve-month-old
mice, indicating that many of the low-synapse IHCs likely die between the age of six
and twelve months. However, it must be mentioned that the individual experiments

showed often high variability.
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Figure 21 - Synapses of Otof-p. KL>M mice inner hair cells. A. Inner hair cell
synapse staining of Otof-p. KL>M and wild type in one-, six- and twelve-month-old
mice. Shank1a was used as a postsynaptic marker, Ctbp2 as a presynaptic marker
and calretinin for the inner hair cell staining. Scale bars: 5 ym. B. Number of synapses
stained in A of Otof-p. KL>M compared to wild type in one-, six- and twelve-month-old
mice. Synapses were counted only if Shank1a was found adjacent to Ctbp2 spots and
both were located within the calretinin-labelled IHCs. Kruskal-Wallis test followed by
Dunn’s multiple comparisons test: 1 month P = >0.9999, 6 months P = >0.9999, 12
months P = 0.0099. WT 6 months and WT 12 Months P = 0.0356.

Table 24 - Low synapse number cells in wild type and Otof-p. KL>M mice.

1 Month 6 Months 12 Months

WT(n=4) KL>M(n=4) WT(n=5) KL>M(n=4) WT(n=3) KL>M(n=3)

Total number of 162 200 210 150 69 189

analysed cells

Number of low 4 10 33 29 6 41
synapse number

cells

% of low synapse 2% 6% 16% 21% 8% 28%

number cells

6.1.7 Otof-p. KL>M mice show altered otoferlin/calbindin interaction

Ca?* influx can be triggered in vitro by bathing the explanted organ of Corti tissue in a
solution with high K*. Thereby the cells depolarize and activate voltage gated Ca?*
channels, which in turn actives Ca?* dependent kinases that phosphorylate otoferlin.
Moreover, phosphorylated otoferlin augments the binding to calbindin (Meese et al,
2017; Cepeda et al, 2019). To determine if there is a difference in the otoferlin-calbindin

interaction in Otof-p. KL>M mice compared to wild types, a PLA assay using antibodies
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targeting the two proteins was performed (Fig. 22A). Interestingly, while there was no
significant difference in fluorescence intensity between wild-type and Otof-p. KL>M
IHCs under resting conditions (1 min in HBSS at 37°C), a significant decrease in
fluorescence intensity was observed in Otof-p. KL>M IHCs under stimulation
conditions (1 min in high K* HBSS at 37°C; Fig. 22B). This suggests that the mutation
in the FerA domain may interfere with phosphorylation and calbindin binding in IHCs

during stimulation.
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Figure 22 - Otoferlin/Calbindin proximity ligation assay on Otof-p. KL>M and wild type mice. A.
PLA assay of Otoferlin/Calbindin interaction in IHCs of Otof-p. KL>M and wild type mice at P14-16.
Calretinin antibody was used as an IHCs marker. Maximum intensity projections of optical sections.
Scale bars: 10 um. B. Otof/Calb PLA fluorescence intensity in Otof-p. KL>M and wild type IHCs in Rest
and Stim 1‘ conditions. The background was subtracted from the mean Otof/Calb fluorescence. Sidak’s
multiple comparisons test: Rest WT vs Rest KL>M P = 0.8690, Rest WT vs Stim 1" WT P = <0.0001,
Rest KL>M vs Stim 1" KL>M P = <0.0001, Stim 1" WT vs Stim 1" KL>M P = 0.0025.
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6.2 AAV production optimization

To establish and optimize small-scale AAV production, various methods were tested
across multiple production steps. These included different cell types for transfection,
transfection reagents and methods, transfection duration, as well as two distinct
purification approaches (Fig. 23). All experiments were conducted using the AAV6-

GFP construct.

In the initial step of AAV production, two different HEK cell lines were evaluated: the
standard HEK293T cells and the AAV-293 cell line, which is optimized for AAV
packaging. The AAV-293 cells express E1 in trans, enabling AAV production using E1-
deleted adenovirus vectors or a three-plasmid AAV helper-free system. Both cell lines
exhibited high viral titers, with 1.38*10'3+2.9*10'2 VG/mL in AAV-293 cells and
1.48*103+3.6*10"2 VG/mL in HEK293T cells, demonstrating their suitability for
transfection (Fig. 23A). However, all subsequent AAV productions were performed
using AAV-293 cells due to their lower passage number and more recent cultivation

compared to HEK293T cells.

Similarly, transfection optimization yielded high viral titers (Fig. 23B). The commercially
available transfection reagent Turbofect resulted in 1.38*10'3+2.9*10'2 VG/mL,
whereas the calcium phosphate method achieved 1.73*10'3+2.8*10'2 VG/mL. All
further AAV productions were conducted using the calcium phosphate transfection
method, as it offers comparable efficiency, ease of use, and lower costs compared to

commercial reagents.
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The optimal duration of transfection to AAV vector collection was also evaluated.
Collecting vectors after 48 hours resulted in a higher concentration (1.73*10'3+2.8*1012

VG/mL) compared to collection after 72 hours (8.54*10"3+2.3*10"2 VG/mL) (Fig. 23C).

To further optimize AAV production, different transfection strategies were tested. The
pDGM plasmid, which contains the rep, cap, and helper genes necessary for AAV
production, enabled the comparison of triple and double transfection approaches.
Specifically, the AAV6 capsid gene in the pDGM6 plasmid was replaced with the
PHP.B capsid gene. PHP.B vector production was performed using both the three-
plasmid system (transgene plasmid [pXS11, GFP construct], pAAV-PHP.B Rep/Cap
plasmid, and pAd-Helper plasmid) and the newly cloned pDGM-PHP.B vector in
combination with the transgene plasmid (pXS11, GFP construct). Surprisingly, the
triple transfection method resulted in a higher viral titer (4.14*10"'+2.51*10"" VG/mL)
compared to the double transfection method (1.37*10"'+1.1*10"° VG/mL; Fig. 23 D).
Consequently, triple transfection was used for all PHP.B and PHP.eB productions,
while AAV6 production relied on double transfection due to the availability of only the

pDGM6 plasmid.

Next, two harvesting methods were compared: the freeze-thaw method (several cycles
of freezing in liquid nitrogen followed by thawing in a 37°C water bath) and sonication
(five minutes in a sonication water bath). Sonication resulted in a slightly higher titer
(2.17*10"3+£3.5*10"2 VG/mL) compared to the freeze-thaw method (1.38*10'3+2.9*1012
VG/mL; Fig. 23E). Sonication was preferred for subsequent productions due to its ease

of use and reduced impact on viral integrity.

Additionally, two purification methods were evaluated: iodixanol gradient purification

and affinity chromatography using the AAVX POROS column. The iodixanol gradient
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method (performed by MD student Niklas Keppeler) resulted in an ~97% loss of AAV
particles, indicating inefficiency for small-scale AAV production (Fig. 23F). In contrast,
affinity chromatography purification was assessed by measuring the concentrations of
three AAV capsids before and after purification. The purified and unpurified AAV6
samples exhibited similar titers (6.15*10'9+7.72*10'© VG/mL unpurified and
7.45*10'9+9.77*10"° VG/mL purified, Fig. 23G), indicating no significant loss as the
solutions were concentrated to the same volume (~150 pL). However, for PHP.B
vectors, the unpurified sample had a titer of 4.10*10'%+1.8*10"" VG/mL, whereas the
purified solution contained 5.51*10"'+1.82*10""  VG/mL, corresponding to an overall
loss of ~87% (at same volume of ~150 pL). Interestingly, the opposite trend was
observed for PHP.eB vectors, where the purified sample exhibited a higher titer
(2.95*10"1+3.95*10"" VG/mL) than the unpurified sample (4.07*10"" +5.2*10'° VG/mL;
Fig. 23G). It should be noted that the unpurified solution could not be concentrated to
the same volume as the purified sample, which explains the higher concentration in
the purified sample (same number of viral genomes result to lower titer with increasing
volume). Despite the feasibility of purification using the AAVX column, AAVs intended
for in vitro experiments were not purified to maintain higher concentrations, which were

necessary for experimental procedures.

The final step in AAV production was concentration, performed using a 100 kDa
Amicon Ultra Centrifugal Filter tube. To assess potential AAV particle loss during this
step, AAVs were harvested and resuspended in ~150 yL PBS or diluted to 15 mL
before being concentrated back to ~150 uL via centrifugation using the filter unit. Both

methods yielded comparable titers (6.26*10'? £6.2*10"" VG/mL before concentration

and 6.26*10'% £9.1*10" VG/mL after concentration; Fig. 23H), indicating that the
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concentration filter unit effectively concentrates AAV solutions while removing residual

contaminants such as proteins or other particles.
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Figure 23 - RT-PCR results of each AAV production optimization step. A. AAV6-GFP titer two days
after transfection inAAV293 and HEK293T cells. B. AAV6-GFP titer two days after transfection with the
Turbofect transfection reagent and the CaPO4 transfection method in AAV-293 cells. C. AAV6-GFP titer,
two and three days after CaPO4 transfection in AAV-293 cells. D. PHP.B-GFP titer two days after triple
and double CaPOs transfection. E. AAV6-GFP titer two days after CaPOs transfection with the
freeze/thaw and the sonication harvesting method. F. AAV6-GFP titer before and after purification with
the iodixanol gradient purification method (Data kindly provided by MD student Niklas Keppeler). G.
AAV6-GFP, PHP.B-GFP and PHP.eB-GFP titer before and after affinity chromatography purification
with the AAVX Poros column. H. AAV6-GFP titer before and after using the 100 kDa Amicon Ultra

Centrifugal Filter for AAV concentration. Error bars represent the standard deviation.

6.3 AAV in vitro transduction in the organ of Corti

Gene therapy for the inner ear is receiving increasing attention, with the first patients

already treated using an AAV-based gene therapy approach targeting mutations in the
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OTOF gene. However, there remains significant potential for improvement. Not only in
the field of hearing research but also in other biomedical areas, efforts are underway
to develop AAV variants with enhanced transduction efficiency in target tissues and

cells.

In the context of OTOF gene therapy, the primary target cells in the inner ear are the
sensory cells of the organ of Corti, specifically the inner hair cells (IHCs) and outer hair
cells (OHCs). This study introduces a novel in vitro method to assess the transduction
efficiency of different AAV variants in the organ of Corti. In this approach, organs of
Corti are cultured in cell culture insert wells and transduced with the AAVs of interest.
Three days post-transduction, the tissue is stained to evaluate the efficiency of the viral

vectors.

The objective of this method is to serve as a pre-screening tool to identify the most
effective AAV variant (in terms of transduction rate, specificity, etc.) before proceeding
to in vivo experiments. This approach offers three major advantages: it reduces the
number of animals required, is less time-consuming than in vivo studies, and is

relatively simple to perform.

6.3.1 In vitro transduction with AAV6, PHP.B and PHP.eB

In order to see if the new in vitro method works, proof of concept experiments was first
required. To achieve this, three different AAVs carrying GFP as a reporter were
produced. For these initial experiments, the AAV6 variant (used in previous in vivo
studies by Al-Moyed et al, 2019), as well as the AAV9-derived variants PHP.B and

PHP.eB (which are known to be efficient in the inner ear), were selected.
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To verify the functionality of the produced AAVs, they were tested on HEK293T cells.
The cells were plated in culture insert wells, as described earlier for the organ of Corti
(Chapter 5.7), using the same medium volume and an equal number of viral particles
(1x10'° VG). Staining of the cells revealed that the GFP-AAVs were indeed able to

successfully transduce HEK293T cells (Fig. 24).

Figure 24 - AAV6-GFP, PHP.B-GFP and PHP.eB-GFP transduction on HEK cells. All three
serotypes (AAV6, PHP.B and PHP.eB) were able to transduce HEK cells in which GFP was expressed

after transduction. Cells were fixed 72 h after AAV addition and stained with DAPI for easier localization.

Maximum intensity projections of optical sections. Scale bars 50 pm.
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Next, the three AAV variants were tested in in vitro cultures of mouse organs of Corti,

and the transduction rate in IHCs and OHCs was determined.

AAV6-GFP successfully transduced both IHCs and OHCs. However, the GFP signal
was not limited to the sensory cells. Notably, high signal intensity was observed in the
stria vascularis (Fig. 25). The transduction rate in IHCs was relatively low, with 6.44 +
1.77% in the apical turn and 19.4 + 8.2% in the midbasal turn (Fig. 29A). Similarly,
OHCs exhibited a higher transduction rate in the midbasal turn at 29.4 + 7.4%, while

in the apical turn, it was 13.8 + 7.1% (Fig. 29B).
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Figure 25 - AAV6-GFP in vitro transduction on P7 wild type organ of Corti. AAV6-GFP
transduced IHCs and OHCs with low transduction rates. The stria vascularis shows also

high GFP expression. The transduction was distributed all over the organ of Corti. The
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apical and midbasal turns of the organ of Corti were fixed 72 h after AAV addition and
stained against parvalbumin for IHCs and OHCs localization. Maximum intensity
projections of optical sections. Scale bars 100 um for organ of Corti overview image and
50 pm for IHCs and OHCs image.

The AAV9-derived variant PHP.B was also able to transduce both IHCs and OHCs.
Unlike AAVG, this variant did not show any GFP signal in the stria vascularis. However,
the signal was still not confined to the sensory cells (Fig. 26). The transduction rates
in IHCs and OHCs were higher compared to AAV6. Interestingly, while the transduction
rates were very similar in the apical turn between IHCs and OHCs, in the midbasal
turn, the rate was higher in OHCs. In the apical turn, the transduction rate was 54.9 +
20.3% in IHCs and 53.0 £ 18.1% in OHCs. In the midbasal turn of the organ of Corti,
a transduction rate of 37.9 + 20.2% was observed in IHCs and 69.0 + 26.8% in OHCs

(Fig. 29).
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Figure 26 - PHP.B-GFP in vitro transduction on P7 wild type organ of Corti. PHP.B-
GFP transduced IHCs and OHCs with higher transduction rates in OHCs. GFP expression
is also observable in the SGNs region of the organ of Corti. The apical and midbasal turn
of the organ of Corti were fixed 72 h after AAV addition and stained with antibodies against
parvalbumin for IHCs and OHCs localization. Maximum intensity projections of optical
sections. Scale bars 100 uym for organ of Corti overview image and 50 ym for IHCs and

OHCs image.

Like the other two variants, PHP.eB was able to transduce both IHCs and OHCs.
Interestingly, the GFP signal was restricted to the sensory cells (Fig. 27). Compared
to the other variants, PHP.eB demonstrated the highest transduction rates in the
sensory cells, both in the apical and midbasal turns. In IHCs, PHP.eB achieved a

transduction rate of 79.0 £ 11.6% in the apical turn and 93.8 + 10.8% in the midbasal
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turn (Fig. 29A). Similarly, OHCs showed very high transduction rates, with 82.4 +

14.3% in the apical turn and 94.2 + 4.3% in the midbasal turn (Fig. 29B).

As expected, the control organs (treated with sterile PBS) showed no GFP signal (Fig.

28).
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Figure 27 - PHP.eB -GFP in vitro transduction on P7 wild type organ of Corti. PHP.B-
GFP successfully transduced IHCs and OHCs with very high transduction rates >95%. The
signal was mainly restricted to the hair cells. The apical and midbasal turn of the organ of
Corti were fixed 72 h after AAV addition and stained with antibodies against parvalbumin
for IHCs and OHCs localization. Maximum intensity projections of optical sections. Scale

bars 100 um for organ of Corti overview image and 50 um for IHCs and OHCs image.
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Figure 28 - Control for in vitro transduction on P7 wild type organ of Corti. The apical
and midbasal turn of the organ of Corti were fixed 72 h after PBS (5 L) addition and stained
with antibodies against parvalbumin for IHCs and OHCs localization. Maximum intensity
projections of optical sections. Scale bars 100 uym for organ of Corti overview image and
50 pym for IHCs and OHCs image.
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Figure 29 - Transduction rate of AAV6-GFP, PHP.B-GFP and PHP.eB-GFP in P7 in IHCs
and OHCs wild type organs of Corti. A. Transduction rate of AAV6-GFP, PHP.B-GFP and
PHP.eB-GFP in P7 in IHCs. The transduction rate was calculated by manually counting the
number of GFP positive IHCs and dividing it with the total number of IHCs in separately in the
apical and the midbasal turns of the organs of Corti. B. Transduction rate of AAV6-GFP, PHP.B-
GFP and PHP.eB-GFP in P7 in OHCs. The transduction rate was calculated by manually
counting the number of GFP positive OHCs and dividing it with the total number of OHCs in

separately in the apical and the midbasal turns of the organs of Corti.

6.3.2 AAV in vitro transduction on organs of Corti with AAV variants from AG Michalakis
After successfully establishing the proof of concept for the in vitro AAV transduction
experimental setup with the self-produced AAV variants (AAV6-GFP, PHP.B-GFP, and
PHP.eB-GFP), the group of Prof. Stylianos Michalakis kindly provided five additional
AAVs (AAV1 GL, AAV1 GLR, AAV2 PT, AAV2 RTAR, AAV9 GLR), all carrying GFP
as a reporter protein. The capsids of these AAVs differ from their wild-type versions.
These variations were either identified in databases/libraries or were deliberately
engineered to enhance transduction efficiency in retinal cells. The aim of the following

experiments was to determine whether these vectors could also transduce cells in the
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organ of Corti, and if so, to assess their specificity and efficiency in transducing the

sensory cells.

AAV1 GL successfully transduced both IHCs and OHCs. However, the transduction
was not confined to the sensory cells. A strong GFP signal was observed throughout
the organ of Corti, including in the regions of the stria vascularis and the spiral ganglion
neurons (SGNs; Fig. 30). Interestingly, the transduction rates of AAV1 GL were higher
in the midbasal turn compared to the apical turn in both IHCs and OHCs (Fig. 36). In
IHCs, the transduction rate was 32.2 + 0.3% in the apical turn and 60.8 + 35.5% in the
midbasal turn (Fig. 36A). In OHCs, AAV1 GL exhibited a transduction rate of 44.2 +
9.4% in the apical turn and 86.0 + 7.4% in the midbasal turn of the organ of Corti (Fig.

36B).

AAV1 GL
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Figure 30 - AAV1 GL-GFP in vitro transduction on P9 wild type organ of Corti. AAV1
GL-GFP transduced IHCs and OHCs with higher transduction rates in the midbasal turn
of the organ of Corti. GFP expression was distributed over the whole organ of Corti and
was not restricted in the hair cells. The apical and midbasal turns of the organ of Corti
were fixed 72 h after AAV addition and stained with antibodies against parvalbumin for
IHCs and OHCs localization. Maximum intensity projections of optical sections. Scale
bars 100 um for organ of Corti overview image and 50 um for IHCs and OHCs image.

Similar to AAV1 GL, AAV1 GLR was able to transduce both IHCs and OHCs, with the
GFP signal being observable throughout the entire organ of Corti (Fig. 31). The
transduction rates in both IHCs and OHCs were generally lower compared to AAV1
GL. However, unlike AAV1 GL, the transduction rates in the apical turn were higher,
with 35.3 £9.7% in IHCs and 36.3 = 15.9% in OHCs. In contrast, the transduction rates
in the midbasal turn were lower, with 15.3 + 15.0% of IHCs and 28.2 + 3.9% of OHCs

transduced (Fig. 36A & B).
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Figure 31 - AAV1 GLR-GFP in vitro transduction on P9 wild type organ of Corti.
AAV1 GLR-GFP successfully transduced IHCs and OHCs with transduction rates <40%.
In addition, the GFP signal was not restricted in the hair cells. The apical and midbasal
turn of the organ of Corti were fixed 72 h after AAV addition and stained with antibodies
against parvalbumin for IHCs and OHCs localization. Maximum intensity projections of
optical sections. Scale bars 100 um for organ of Corti overview image and 50 um for IHCs

and OHCs image.

AAV9 GLR, like the other variants, was able to transduce both IHCs and OHCs, with
a GFP signal observed outside the sensory cells (Fig. 32). In contrast to the AAV1 GLR
variant, which showed better transduction in the apical part, AAV9 GLR exhibited
generally higher transduction rates in the midbasal part of the organ of Corti compared

to the apical part. In the apical turn, IHCs had a transduction rate of 20.6 £ 15.7% (Fig.
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36A), and OHCs had a transduction rate of 49.1 £ 42.0%. In the midbasal turn, the

transduction rates were 46.6 + 19.3% in IHCs and 71.9 £ 19.1% in OHCs (Fig. 36B).
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Figure 32 - AAV9 GLR-GFP in vitro transduction on P9 wild type organ of Corti. AAV9
GLR transduced IHCs and OHCs with better transduction rates in the midbasal part of the
organ of Corti. GFP expression was not restricted in the hair cells. The apical and midbasal
turns of the organ of Corti were fixed 72 h after AAV addition and stained with antibodies
against parvalbumin for IHCs and OHCs localization. Maximum intensity projections of
optical sections. Scale bars 100 um for organ of Corti overview image and 50 ym for IHCs

and OHCs image.

The two tested AAV2 variants (AAV2 PT and AAV2 RTAR) displayed notably different
results in terms of their transduction efficiency. While both were able to transduce IHCs

and OHCs, with the GFP signal being highly restricted to the hair cells (Fig. 33 and
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34), their transduction rates varied significantly. AAV2 PT showed the highest
transduction rates in both cell types and organ of Corti turns among all tested variants.
In IHCs, AAV2 PT achieved a transduction rate of 96.8 + 5.6% in the apical turn and
100% £ 0.0% in the midbasal turn (Fig. 36A). In OHCs, the transduction rate was 99.1

+ 1.6% in the apical turn and 96.7 + 4.7% in the midbasal turn (Fig. 36B).

In contrast, AAV2 RTAR exhibited much lower transduction rates. In IHCs, the
transduction rate was 15.5 + 3.1% in the apical turn and 30.6 + 26.5% in the midbasal
turn (Fig. 36A), while in OHCs, it was higher, with 43.1 £ 21.7% in the apical turn and

47.9 £ 11.1% in the midbasal turn (Fig. 36B).

As expected, no GFP signal was observable in the control organ (addition of sterile

PBS, Fig. 35).
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Figure 33 - AAV2 PT-GFP in vitro transduction on P9 wild type organ of Corti. AAV2
PT-GFP successfully transduced IHCs and OHCs with very the highest transduction rates
pf all tested serotypes (>96%). In addition, GFP was only observable in the hair cells of the
organ of Corti. The apical and midbasal turns of the organ of Corti were fixed 72 h after
AAV addition and stained with antibodies against parvalbumin for IHCs and OHCs
localization. Maximum intensity projections of optical sections. Scale bars 100 um for organ

of Corti overview image and 50 pm for IHCs and OHCs image.



Results

AAV2 RTAR
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Figure 34 - AAV2 RTAR-GFP in vitro transduction on P9 wild type organ of Corti.
AAV2 RTAR-GFP successfully transduced IHCs and OHCs with better transduction rates
in OHCs. In addition, GFP expression was restricted to the hair cells of the Organ of Corti.
The apical and midbasal turns of the organ of Corti were fixed 72 h after AAV addition and
stained with antibodies against parvalbumin for IHCs and OHCs localization. Maximum
intensity projections of optical sections. Scale bars 100 um for organ of Corti overview

image and 50 ym for IHCs and OHCs image.
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Figure 35 - Control of in vitro transduction on P9 wild type organ of Corti. The apical
and midbasal turns of the organ of Corti were fixed 72 h after PBS (kindly provided by AG
Michalakis; 5 pL) addition and stained with antibodies against parvalbumin for IHCs and
OHCs localization. Maximum intensity projections of optical sections. Scale bars 100 ym

for organ of Corti overview image and 50 um for IHCs and OHCs image.
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Figure 36 - Transduction rate of AAV1 GL-GFP, AAV1 GLR-GFP, AAV2 PT-GFP, AAV2 RTAR-GFP
and AAV9 GLR-GFP in P7 in IHCs and OHCs wild type organs of Corti. A. Transduction rate of
AAV1 GL-GFP, AAV1 GLR-GFP, AAV2 PT-GFP, AAV2 RTAR-GFP and AAV9 GLR-GFP in P9 in IHCs.
The transduction rate was calculated by manually counting the number of GFP positive IHCs and
dividing it with the total number of IHCs in separately in the apical and the midbasal turns of the organs
of Corti. B. Transduction rate of AAV1 GL-GFP, AAV1 GLR-GFP, AAV2 PT-GFP, AAV2 RTAR-GFP
and AAV9 GLR-GFP in P9 in OHCs. The transduction rate was calculated by manually counting the
number of GFP positive OHCs and dividing it with the total number of OHCs in separately in the apical
and the midbasal turns of the organs of Corti.

6.3.3 Dual AAV transduction in otoferlin knockout organ of Corti

After successfully testing the new AAV in vitro transduction method in the organ of
Corti with single GFP AAVs, it was of interest to determine whether dual transduction
could also be achieved in vitro. Previous in vivo studies (Al-Moyed et al, 2019; Akil et
al, 2019) had already shown that dual AAV gene therapy is possible in otoferlin
knockout mice in vivo, leading to partial hearing rescue. In line with the in vivo study
by Al-Moyed et al, 2019, two different AAVs, each carrying a part of the mouse otoferlin
coding gene, were produced. However, in contrast to the in vivo study, several
modifications were made to the AAV plasmids for future experimental purposes.

Specifically, the GFP gene was replaced by the BFP gene, and the WPRE sequence
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was substituted with the shorter miniWPRE sequence to increase AAV capacity (Choi
et al, 2014). Additionally, the recombination method was changed from a DNA-level
approach (Dual-AAV-trans-splicing and Dual-AAV-Hybrid) to a protein-level
recombination method using split inteins. Split inteins have previously been
successfully tested in the retina and inner ear, leading to higher transduction rates and

protein levels (Tornabene et al, 2019; Ferla et al, 2025; Tang et al, 2023).

Two versions of the AAV plasmid pairs were cloned, each splitting the otoferlin coding
sequence at different locations (Version 1: position 783; version 2: position 917). The
plasmid carrying the N-terminal otoferlin sequence included a BFP sequence, while
the C-terminal otoferlin sequence carried an HA-tag. Both versions were produced with
AAVG6, PHP.B, and PHP.eB capsids. After successful production, all three capsids and
both versions were tested for in vitro dual AAV transduction on HEK293T cells. To
locate the N-terminal otoferlin part, a primary antibody specific to the N-terminal protein
was used, and for the C-terminal otoferlin part, a primary antibody specific for the HA-
tag was employed. All three tested capsids and both otoferlin versions were detectable
in HEK293T cells. For all variations, BFP, N-terminal, and HA-tag signals were
detectable, confirming that dual AAV transduction is indeed possible in HEK293T cells

(Fig. 37).
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Figure 37 - Dual AAV in vitro transduction on HEK293T cells. Dual AAV transduction
was successful in HEK cells with all three tested serotypes (AAV6, PHP.B and PHP.eB)
and both Ofof versions. BFP, N-term Otof and HA-Tag signals were detectable with all
three capsids and both Otof split versions. Cells were fixed 72 h after AAV addition and
stained with an antibody against the N-terminal part of otoferlin and a HA-Tag antibody
(for localization of the C-terminal part of otoferlin). AAV6, PHP.B and PHP.eB carrying
both split intein versions of otoferlin were transduced (Version 1: integration of the split
intein at position 783; version 2: position 917) Maximum intensity projections of optical

sections. Scale bars 50 ym.

Next, all dual AAV pairs were tested on mouse otoferlin knockout organs of Corti to
evaluate whether dual AAV transduction is feasible in in vitro organ of Corti cultures.
The AAVG pair carrying version 1 of the Otof sequences exhibited both BFP and HA-
Tag signals. However, no N-terminal Otof signal was detected in IHCs or OHCs. This
observation suggests that, although both AAVs successfully entered the sensory cells,

only the C-terminal otoferlin sequence was expressed (Fig. 38).

N-term Otof

Figure 38 - Dual AAV6-Otof version 1 in vitro transduction on Otof knock-out organs of Corti.
Dual AAV6 with Ofof version 1 showed no N-term Otof expression but clear HA-Tag signal in IHCs and
OHCs. Cells were fixed 72 h after AAV addition and stained with an N-term Otof (for localization of the
N-term Otof) and an HA-Tag antibody (for localization of the C-term Otof). Maximum intensity projections

of optical sections. Scale bars 50 um overview of IHCs and OHCs and 20 um for the zoomed image.
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The AAV6 pair carrying version 2 of the Otof sequences did not exhibit any BFP, N-
terminal Otof, or HA-Tag signal in either IHCs or OHCs. This suggests that neither AAV

was able to transduce the sensory cells (Fig. 39).

Figure 39 - Dual AAV6-Otof version 2 in vitro transduction on Otof knock-out organs of Corti. In

dual AAV6 with Otof version 2 no N-term Otof or HA-Tag signal was observable. Cells were fixed 72 h
after AAV addition and stained with an N-term Otof (for localization of the N-term Otof) and an HA-Tag
antibody (for localization of the C-term Otof). Maximum intensity projections of optical sections. Scale

bars 50 um overview of IHCs and OHCs and 20 um for the zoomed image.

In contrast, the PHP.B pair carrying version 1 of the Otof sequences exhibited BFP, N-
terminal Otof, and HA-Tag signals in both IHCs and OHCs (Fig. 40). Although the N-
terminal Otof signal was relatively wealk, it was clearly detectable and co-localized with
the BFP signal. Therefore, it can be concluded that dual AAV transduction was

successful in this case.
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Figure 40 - Dual PHP.B-Otof version 1 in vitro transduction on Otof knock-out organs of Corti.

Dual PHP.B with Ofof version 1 revealed successful transduction of both AAVs with N-term Otof and
HA-Tag expression in both IHCs and OHCs. Cells were fixed 72 h after AAV addition and stained with
a N-term Otof (for localization of the N-term Otof) and a HA-Tag antibody (for localization of the C-term
Otof). Maximum intensity projections of optical sections. Scale bars 50 um overview of IHCs and OHCs

and 20 pym for the zoomed image.

PHP.B carrying version 2 of the Otof sequences exhibited a clear HA-Tag signal and
a faint, blurred N-terminal Otof signal in IHCs (OHCs were not detectable in the organ
of Corti preparation). However, since no BFP signal was observed in IHCs, it remains
unclear whether the N-terminal Otof signal originates from the expressed protein or

represents background fluorescence (Fig. 41).
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N-term Otof

Figure 41 - Dual PHP.B-Otof version 2 in vitro transduction on Otof knock-out organs of Corti.

Dual PHP.B with Ofof version 2 showed HA-Tag expression in IHCs. In addition, blurred N-term Otof
signal was observable in IHCs however, not in combination with BFP. Cells were fixed 72 h after AAV
addition and stained with a N-term Otof (for localization of the N-term Otof) and a HA-Tag antibody (for
localization of the C-term Otof). Maximum intensity projections of optical sections. Scale bars 50 ym

overview of IHCs and OHCs and 20 um for the zoomed image.

The PHP.eB pair carrying version 1 of the Ofof sequences, similar to PHP.B version
1, exhibited BFP, N-terminal Otof, and HA-Tag signals in IHCs. Although the organ of
Corti preparation was not in optimal condition, with only a few IHCs detectable, the
observed signals were clear and strong. This indicates that, at least in IHCs, dual AAV

transduction was successful (Fig. 42).
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Figure 42 - Dual PHP.eB-Otof version 1 in vitro transduction on Otof knock-out organs of Corti.
Dual PHP.eB with Otof version 1 revealed successful transduction of both AAVs with N-term Otof and
HA-Tag expression in IHCs. Cells were fixed 72 h after AAV addition and stained with a N-term Otof (for
localization of the N-term Otof) and a HA-Tag antibody (for localization of the C-term Otof). Maximum
intensity projections of optical sections. Scale bars 50 ym overview of IHCs and OHCs and 20 ym for

the zoomed image.

Similar to the PHP.B version 2 pair, the PHP.eB version 2 transduction exhibited HA-
Tag, a very weak N-terminal Otof signal, and no detectable BFP signal. As previously
mentioned, the absence of the BFP signal raises uncertainty regarding the success of
dual AAV transduction. However, it is evident that the C-terminal Otof AAV successfully

transduced the IHCs and OHCs (Fig. 43).
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Figure 43 - Dual PHP.eB-Otof version 2 in vitro transduction on Otof knock-out organs of Corti.
Dual PHP.eB with Ofof version 2 showed HA-Tag expression in IHCs and OHCs. In addition, some
weak N-term Otof signal was observable in IHCs and OHCs however, not in combination with BFP.
Cells were fixed 72 h after AAV addition and stained with a N-term Otof (for localization of the N-term
Otof) and a HA-Tag antibody (for localization of the C-term Otof). Maximum intensity projections of

optical sections. Scale bars 50 yum overview of IHCs and OHCs and 20 um for the zoomed image.

As presented in Table 25, PHP.B and PHP.eB carrying the version 1 Otof sequences
demonstrated successful dual AAV transduction, with both N-terminal and C-terminal
Otof signals detectable. Notably, the PHP.B capsid exhibited particularly strong and

clear signals in both IHCs and OHCs.

In contrast, AAVs with the version 2 Ofof sequences yielded less reliable results,
especially regarding the N-terminal signals. Furthermore, none of the AAV6 pairs were

able to transduce the sensory cells with both vectors.
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Table 25 - Overview of the dual AAV in vitro transduction results on Otof knock-out organs of

Corti.

ST e | ez

N-term Otof HA-Tag N-term Otof HA-Tag
AAV6 X v X X
PHP.B v v (V) v
PHP.eB v v (V) (V)
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6.4 Rab4b in the mouse inner ear

Rab4b is a small GTPase involved in endocytic recycling and intracellular transport

processes. However, its role and function in the inner ear remain unknown.

In five patients from Tubingen and Heidelberg with progressive hearing loss, a
dominantly inherited point mutation in the RAB4B gene, encoding the Ras-related
protein Rab4b, was identified. These patients experience increasing difficulties with
speech comprehension, despite only moderately elevated hearing thresholds. To date,

RAB4B has not been associated with hearing disorders.

To investigate whether this mutation is likely responsible for the patients' hearing loss,
immunostaining and RNA Scope analysis were performed on cochlear cryosections

and whole-mount organs of Corti from wild-type mice of different ages.

Rab4b shares a high degree of sequence identity with Rab4A, a member of the same
protein family. Therefore, RNA Scope probes and antibodies targeting both Rab4b and

Rab4a were utilized, with two different antibodies tested for each protein.

6.4.1 Cryosections of mouse cochlea
Cryosections of one-month-old mouse cochleae exhibited high RNA signals for both
Rab4a and Rab4b in spiral ganglion neurons (SGNSs), as well as in the stria vascularis.
Additionally, RNA Scope punctae were detectable in both inner and outer hair cells
(IHCs and OHCs), although the signal intensity was lower compared to that in the
SGNs. Immunohistochemistry staining produced results similar to those observed with
RNA Scope, with particularly strong signals in the SGNs and the stria vascularis. For
Rab4b staining, the antibody from Thermo Fisher (Fig. 44) exhibited a stronger and
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clearer signal than the one from Abcam (Fig. 45). Similarly, Rab4a staining
demonstrated a strong signal, particularly in the SGNs and stria vascularis (Fig. 46 &
47). Both antibodies tested showed robust and comparable signals. However, while
the BIOZOL antibody staining (Fig. 47) displayed a uniform signal distribution
throughout the cells, the Proteintech antibody exhibited a punctate signal pattern (Fig.

46).
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Figure 44 - Rab4a and Rab4b RNA Scope staining and Rab4b immunostaining with the Thermo
Fisher antibody in one-month-old wild type cochlear cryosections. The immunostaining protocol
was performed after the RNA Scope staining with Rab4b specific antibodies from Thermo Fisher.

Maximum intensity projections of optical sections. Scale bars 100 ym for the 10X and 50 ym for the

20X images.
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Rab4b-RNA

Rab4b-RNA

Figure 45 - Rab4a and Rab4b RNA Scope staining and Rab4b immunostaining with the Abcam

antibody in one-month-old wild type cochlear cryosections. The immunostaining protocol was

performed after the RNA Scope staining with Rab4b specific antibodies from Abcam. Maximum intensity
projections of optical sections. Scale bars 100 ym for the 10X and 50 um for the 20X images.

126




Results

‘Rab4a-RNA

Rab4b-RNA

‘Rab4a-RNA




Results

Figure 46 - Rabda and Rab4b RNA Scope staining and Rab4a immunostaining with the
Proteintech antibody in one-month-old wild type cochlear cryosections. The immunostaining
protocol was performed after the RNA Scope staining with Rab4a specific antibodies from Proteintech.
Maximum intensity projections of optical sections. Scale bars 100 ym for the 10X and 50 pym for the 20X

images.
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Rab4b-RNA

Figure 47 - Rab4a and Rab4b RNA Scope staining and Rab4a immunostaining with the BIOZOL
antibody in one-month-old wild type cochlear cryosections. The immunostaining protocol was
performed after the RNA Scope staining with Rab4a specific antibodies from BIOZOL. Maximum

intensity projections of optical sections. Scale bars 100 um for the 10X and 50 um for the 20X images.
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6.4.2 Whole mounts of mouse organs of Corti

Whole-mount RNA Scope followed by immunostaining in one-month-old wild-type
mice revealed a strong Rab4b RNA signal (humerous punctae) in the SGNs, with some
signal detected in both inner and outer hair cells (IHCs and OHCs).
Immunohistochemical staining using the Thermo Fisher Rab4b antibody showed a
clear signal in the OHCs and a weak signal in the IHCs. The Abcam antibody exhibited

similar signal localization, although the intensity was notably weaker (Fig. 48).

Rab4b - RNA Rab4b - Antibody Calretinin

laysi4 owlay]|

weoqy

Figure 48 - Rab4b RNA Scope staining and immunostaining in one-month-old wild type organ
of Corti whole mounts. The immunostaining protocol was performed after the RNA Scope staining
with two different Rab4b specific antibodies (from Thermo Fisher and Abcam). Maximum intensity

projections of optical sections. Scale bars 50 ym.
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RNA Scope followed by immunostaining with Rab4a antibodies revealed RNA and
protein signals in SGNs, IHCs, and OHCs, similar to the Rab4b results (Fig. 49). As
observed in the cryosection staining (Fig. 46 & 47), the BIOZOL antibody for Rab4a
displayed a signal that was uniformly distributed across the IHCs and OHCs, whereas
the Proteintech antibody exhibited a punctate signal with more background staining
(Fig. 49). Given that the Thermo Fisher antibody for Rab4a and the BIOZOL antibody
for Rab4a yielded the most consistent staining results, only these two antibodies were
selected for subsequent immunostaining experiments with whole mounts from six- and

twelve-month-old mice.

I RabAa - RNA : = - Rab4a - Antibody Calretinin
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Figure 49 - Rab4a RNA Scope staining and immunostaining in one-month-old wild type organ
of Corti whole mounts. The immunostaining protocol was performed after the RNA Scope staining
with two different Rab4a specific antibodies (from Proteintech and BIOZOL). Maximum intensity

projections of optical sections. Scale bars 50 ym.

To determine whether the RNA Scope protocol influences the Rab4a and Rab4b
antibodies, only immunostaining was performed on whole mounts from one-month-old
wild-type mice (Fig. 50). The Rab4b and Rab4a signals were found in the IHCs, OHCs,
and SGNs, as described in the RNA Scope/Immunostaining experiments. Interestingly,
for the Rab4b antibody (Thermo Fisher), the signal in the IHCs and OHCs appeared
clearer, stronger, and less blurred compared to the staining following the RNA Scope
protocol. Additionally, the signal in the SGNs was very clear and strong. The Rab4a

signal appeared stronger in the OHCs and weaker in the IHCs and SGNSs.

Rab4b - Antibody Vglut3 Oncomodulin Neurofilament

laysi4 oway]
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Rab4a - Antibody Vglut3 Oncomodulin Ngurofllament

Figure 50 - Rab4a and Rab4b immunostaining in one-month-old wild type organ of Corti whole

10z014d

mounts. The immunostaining protocol with different the Thermo Fisher Rab4b specific and the BIOZOL
Rab4a specific antibodies. The Vglut3 antibody was used to stain IHCs, the Oncomodulin antibody to
stain OHCs and the Neurofilament antibody to stain the SGNs. Maximum intensity projections of optical

sections. Scale bars 50 um.
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6.4.3 Rab4b and Rab4a in older wild type mice

Like the one-month-old mice, six-month-old (Fig. 51) and twelve-month-old mice (Fig.
52) showed RNA and protein signals for Rab4a and Rab4b in the IHCs, OHCs, and
SGNs in both RNA Scope and immunostaining experiments. Notably, the Rab4b signal
in the SGNs was very strong in both age groups. Interestingly, Rab4b protein

expression appeared clearer and stronger in the IHCs of both six- and twelve-month-

old mice compared to the one-month-old mice (Fig. 48, 49, 51 & 52).
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Figure 51 - Rab4a and Rab4b RNA Scope staining and immunostaining in six months old wild
type organ of Corti whole mounts. The immunostaining protocol was performed after the RNA
Scope staining. For the Rab4b immunostaining the Thermo Fisher antibody and for the Rab4a
immunostaining the BIOZOL antibody was used. Maximum intensity projections of optical sections.

Scale bars 50 pm.
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Figure 52 - Rab4a and Rab4b RNA Scope staining and immunostaining in twelve months old
wild type organ of Corti whole mounts. The immunostaining protocol was performed after the RNA
Scope staining. For the Rab4b immunostaining the Thermo Fisher antibody and for the Rab4a
immunostaining the BIOZOL antibody was used. Maximum intensity projections of optical sections.

Scale bars 50 pm.

6.4.3 Rab4b knockout and Rab4b T64M knockin mouse lines

To better understand the precise role of Rab4b in the inner ear and assess the
importance of its function, two new mouse lines were planned: one carrying the T64M
mutation, which was identified in patients, and a Rab4b knockout mouse line. The
designed sgRNA and donor oligo (see also Supplement Tab. 36) were sent to the
Department of Genetic Medicine and Development at the University of Geneva, where
they attempted to generate these two mouse lines using CRISPR/Cas9 endonuclease

treatment.
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Upon receiving biopsies from the F1-generation offspring, genotyping was performed
using two primer pairs: one specific to the wild-type sequence and the other specific to
the sequence with the T64M mutation. The PCR results revealed that one animal (No.
03) was homozygous for the T64M mutation, four animals were heterozygous, showing
both wild-type and T64M bands (No. 89, 90, 91, and 94), two animals exhibited a
shorter band in addition to the wild-type band (No. 92 and 95), and one animal showed

a wild-type band alongside a shorter T64M band (No. 96; Fig. 53 and Tab. 26).

"T64M Primer

88 89 90 91 92 937 .94 95 96 3 ,.
- — — oy PR 1

Figure 53 - Genotyping electrophoresis results of Rab4b T64M F1 generation mice. PCR
amplification was performed following lysis and purification of the biopsies. Two different primer pairs
were used for amplification: one that anneals exclusively to the wild-type sequence and another that
anneals only if the T64M mutation is present. Wild-type animals exhibit a DNA band amplified solely
by the wild-type primer pair, while T64M homozygous animals show a band amplified exclusively by
the T64M primer pair. Heterozygous animals display bands in both PCR results. Potential Rab4b
knockout animals may exhibit a shorter wild-type or T64M band.

135



Results

Table 26 - Genotyping results of Rab4b T64M F1 generation mice.

00 01 02 03 04 88 89
WT WT WT Kl No Signal WT WT/KI
90 91 92 93 924 95 96
WT/KI WT/KI WT/KO? WT WT/KI WT/KO? WT/KI
short?

To verify that the mice carried the correct sequence, a longer PCR fragment of

approximately 600 bp (300 bp upstream and 300 bp downstream of the T64M location)

was amplified for the non-wild-type mice and sent for sequencing. An example of the

sequencing results for a T64M homozygous and a wild-type animal is shown in Fig.

54. Unfortunately, amplification was not possible for animals 92, 95, and 96. However,

for the T64M homozygous and heterozygous animals, the sequencing results

confirmed the presence of the correct sequence, including the T64M mutation

(sequencing result codes are provided in Supplement Tab. 33). The T64M

homozygous, T64M heterozygous, and potentially heterozygous knockout animals

were used for further breeding.

A

CCTACCGAAACCGCTCCTGGCCAGCCatGTCCCAAATCTGTAGTTTCACAGTCTTCCCCCCAACGTT
37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18
QU cHEX M QENNANT TEY ¢ cEX N

Exon 3

Exon 3

B

NCCTACCGAAACCGCTCCTGGCCAGCcatGTCCCAAATCTGTAGTTTCACAGTCTTCCCCCCAACGTT)
37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18
LD T4

Q GEX M QENNINT TEX ¢ @K N{

Exon 3

Exon 3

G24 To4M Mut rev (DNA)

G25 T64M nut2 for (DNA)

G24_TE4M Mut rev (DNA)

N(ZZZIIIIIZII7Y]

25 T64M mut2 for (DNA)

WA A s AN AR A

PAPANNNNAN AN AANARBAANANANNNANN - NN ANNNNANNAN s

CCTACCGAAACCGCTCCTGGCCAGCAGTGTCCCAAATCTGTAGTTTCACAGTCTTCCCCCCAACGTT

MCCTACCGAAACCGCTCCTGGCCAGCCATGTCCCAAATCTGTAGTTTCACAGTCTTCCCCCCAACGTT)

Figure 54 - Sequencing results example for wild type and Rab4b T64M mice. A. Sequencing result

example of a wild-type animal. B. Sequencing result example of a homozygous Rab4b T64M animal.

Sequencing results were analysed with the Benchling online alignment tool.
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Genotyping results of the F2 generation revealed five T64M heterozygous animals and
two potentially heterozygous Rab4b knockout mice (Fig. 55 Tab. 27). The
heterozygous T64M animals exhibited both wild-type and T64M bands, while the
knockout animals displayed only a wild-type band in the genotyping PCR. For all
heterozygous (T64M and knockout) animals, PCR amplification of the longer fragment
was performed (Fig. 56), and the product was sent for sequencing to confirm the

presence of the correct and desired sequences.
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Figure 55 - Genotyping electrophoresis results of Rab4b T64M F2
generation mice. PCR amplification was performed following lysis and
purification of the biopsies. Two different primer pairs were used for
amplification: one that anneals exclusively to the wild-type sequence near
the target position and the other that anneals only if the T64M mutation
is present. Wild-type animals show a DNA band amplified only by the
wild-type primer pair, while T64M homozygous animals exhibit a band
amplified exclusively by the T64M primer pair. Heterozygous animals
display bands in both PCR results. Potential Rab4b knockout animals
may exhibit a shorter wild-type or T64M band.
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Long PCR Fragment
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Figure 56 - Long fragment PCR amplification electrophoresis results of Rab4b T64M F2
generation mice. The primer pair for the long DNA fragment anneals approximately 300 bp upstream
and 300 bp downstream of the T64M mutation, resulting in a 600 bp long DNA fragment. Rab4b

77

78

78 80 81

79 80 81 82
500 bp

300 bp

200 bp

100 bp

knockout animals may also exhibit shorter fragments.

Table 27 - Genotyping results of Rab4b T64M F2 generation animals.

68 69 70 71 72 73 74 75
WT/KI WT WT/KI WT WT WT WT/KI WT/KI
76 7 78 79 80 81 82

WT WT WT/KO?  WT/KI WT/KO?  WT WT

Sequencing results (sequencing results codes are provided in Supplement Tab. 34)
confirmed that animals 68, 70, 74, 75, and 79 carry the T64M mutation. These mice
can be used for further breeding and/or for the initial hearing measurements to
determine whether the mutation already impacts hearing in heterozygous mice.

Unfortunately, no sequence alterations were observed in animals 78 and 80,

suggesting that these animals are likely wild-types.
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7. Discussion

7.1 Characterization of the Otof-p. KL>M mouse line

Mutations in OTOF were occasionally found to cause mild to moderate progressive
hearing loss (Vona et al, 2020; Yasunaga et al, 1999). Here, a mouse line with a three
base pair deletion recapitulating this phenotype was analyzed.

Hearing measurements revealed an age-dependent hearing loss in response to click,
noise, and tone burst stimuli, which was most evident at twelve months of age in Otof-
p. KL>M mice. Interestingly, in humans most OTOF variants lead to congenital or early
onset hearing impairment and only few (n=3) to progressive hearing loss (Vona et al,
2020).

The wave amplitudes of click measurements were already altered in one- and six-
month-old Otof-p. KL>M mice, indicating that signal transduction is not functioning
properly in Otof-p. KL>M mice, even in younger animals. Notably, wave | amplitude,
which represents the activity of the auditory nerve, was significantly lower in Otof-p.
KL>M mice. In contrast, DPOAE measurements revealed no differences between Otof-
p. KL>M and wild type mice, which is consistent with the finding that the number of
OHCs was not different between the genotypes.

Otof-p. KL>M mice show a decrease in otoferlin intensity in IHCs, an effect that is more
pronounced in twelve-month-old mice. This decrease could result from pronounced
degradation or less protein synthesis, or a combination of both. Depending on the
localization and the physicochemical properties of the substituted or deleted amino
acid residues, variants can significantly impair protein stability and promote protein
degradation (Vona et al, 2020). Misfolding of one domain may also lead to proteasomal

degradation of the entire mutated protein.
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While twelve-month-old Otof-p. KL>M mice maintain otoferlin levels at approximately
75% of wild type levels, the pachanga mouse model for example, carrying a D1767G
mutation in the C2F domain, exhibits reduced otoferlin levels, approximately 30% of
normal levels in IHCs, likely due to misfolding and subsequent degradation (Pangrsic
et al, 2010). Mice carrying the lle515Thr missense mutation, which causes
temperature-sensitive auditory synaptopathy (Varga et al, 2006), also revealed a
reduction (~65%) of otoferlin levels in IHCs, presumably due to increased degradation
of the mutated protein (Strenzke et al, 2016). The differences in otoferlin levels
between the three mouse models could be due to their different effects in the protein
misfolding. The D1767G mutation could for example lead to a more severe misfolding
compared to the other two mutations.

Our experiments further showed that the Otof-p. KL>M mutation leads to IHC loss in
six- and twelve-month-old mice. This also aligns with the fact that we did not observe
any differences in otoferlin intensity or IHC numbers in one-month-old mice.

It is already known that otoferlin knockout mice exhibit age-dependent IHC loss, with
an overall loss of 25% of IHCs compared to wild type mice (at 24 weeks). However, a
more pronounced loss occurs in the basal regions of the cochlea (Stalmann et al,
2021). While the IHC loss was not as severe in Otof-p. KL>M mice (~85% apical and
~69% basal hair cells compared to wild-type at 12 months), we also observed a more
pronounced loss in the midbasal/basal turn compared to the apical part of the organ of
Corti.

We further observed an alteration in the number of synapses in twelve-month-old Otof-
p. KL>M mice. Otof mutations can generally impact the IHC synapse in several ways,
such as altering synaptic transmission, affecting vesicle dynamics, impairing synapse
development and maintenance, and leading to progressive degeneration of auditory

structures (Takago et al, 2018; Stalmann et al, 2021; Leclere & Dulon, 2023; Yin et al,
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2023; Tsuzuki et al, 2023; Dulon et al, 2024). Nevertheless, we only observed a
decrease in the number of synapses in twelve-month-old Otof-p. KL>M mice compared
to wild-types of the same age. Interestingly, twelve-month-old wild-type IHCs revealed
higher number of synapses compared to six-month-old wild-type IHCs. Upon closer
examination of the number of cells with low synapse numbers, it can be hypothesized
that the increased number of synapses in the twelve-month-old wild type mice is due
to a loss of IHCs with low numbers of synapses, which may lead to cell death between
six and twelve months, thus not being observable in the twelve-month-old wild type
mice. Interestingly, Otof-p. KL>M mice generally exhibit more cells with low numbers
of synapses, which suggests a synapse maintenance problem. This observation may
contribute to the decrease in the wave | amplitude.

The FerA domain is a four-helix bundle fold, a characteristic structural element of the
ferlin protein family. Structure predictions for the wild type and KL>M C2-FerA domain
revealed a shortened a-helix in the membrane-binding region of the mutated structure,
resulting in a longer flexible loop connecting two different a-helices. The FerA domain
exhibits calcium-dependent phospholipid-binding activity, suggesting that its
interaction with membranes is enhanced in the presence of Ca?*, likely contributing to
otoferlin’s overall calcium sensitivity (Leclére & Dulon, 2023; Harsini et al, 2018).

The introduced mutation and the resulting shortened a-helix may disturb otoferlin's
calcium-dependent membrane fusion, which could further explain the decreased wave
| amplitude measured in Otof-p. KL>M mice at all three ages.

Interestingly, at least at young age, Otof-p. KL>M otoferlin can still be phosphorylated
and interact with calbindin, forming a Ca?*'-dependent signaling complex that may
regulate different modes of endocytosis (Cepeda et al, 2019). Nevertheless, this
interaction is decreased (lower PLA fluorescence levels) under stimulation conditions

which further proves that the structural changes disturb the mentioned otoferlin tasks.
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In future, it would be interesting to prove that the a-helix is indeed shortened e.g. with
circular dichroism spectroscopy or X-ray spectroscopy. However, crystallization of
otoferlin is very challenging as to date only the C2A domain was successfully
crystallized (Helfmann et al, 2011). Furthermore, it would also be interesting to perform
gene therapy on those mice and see how efficient it is, in Ofof models with progressive
hearing loss.

Taken together, these findings underscore the critical role of the otoferlin C2-FerA

domain in preserving IHC integrity and functional competence.

7.2 AAV production optimization

AAV production optimization was carried out with the aim of establishing a reliable
small-scale AAV production protocol within our laboratory. This approach is
advantageous due to its lower resource demands, transfection can be performed in
just two to four 10-cm culture dishes, and shorter turnaround time compared to
standard large-scale methods. During the optimization process, multiple production
steps were evaluated, including transfection conditions, harvesting methods, and
purification strategies. Key variables tested included different cell lines, transfection
reagents and protocols, transfection duration, and two distinct purification approaches.
In the transfection optimization, both tested cell lines, AAV-293 and HEK293T,
produced comparably high viral titers. The AAV-293 cell line was selected for the final
protocol due to its specialization for AAV production and lower passage number.
Similarly, both tested transfection reagents, Turbofect and CaPO,, yielded high titers,
but CaPO, was chosen for subsequent experiments due to its comparable efficiency,

ease of use, and significantly lower cost.
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The duration of transfection significantly impacted viral yield. Higher titers were
observed when AAVs were harvested two days post-transfection, compared to three
days. This difference may be attributed to increased cell death by day three, causing
viral particles to accumulate in the discarded medium. As a result, all subsequent AAV
preparations used a two-day transfection period.

Typically, AAV production requires three plasmids: the vector genome plasmid
containing the ITR-flanked transgene, the Rep/Cap plasmid encoding replication and
capsid proteins, and the adenoviral helper plasmid encoding E2a, E4orf6, and VA RNA
genes (Wang et al, 2019). However, a simplified two-plasmid system also exists, which
combines the Rep/Cap and helper functions into a hybrid helper plasmid (Grimm et al,
1998, 2003).This double transfection approach simplifies production and reduces cost
while maintaining comparable titers (Tang et al, 2020), with some reports noting a 34—
222% increase in productivity (van Lieshout et al, 2023). In our experiments, however,
triple transfection unexpectedly resulted in higher titers for the PHP.B vector compared
to double transfection, potentially due to suboptimal plasmid quality in the latter.
Consequently, all subsequent PHP.B and PHP.eB vectors were produced via triple
transfection, while AAV6 production employed the double transfection method due to
the availability of only a corresponding dual-plasmid system.

For the viral harvesting step, two lysis methods, freeze/thaw and sonication, were
compared. Sonication yielded slightly higher titers and was therefore adopted for the
optimized protocol due to its simplicity and lower risk of damaging viral particles.
Purification posed more challenges than other production steps. Two methods were
tested: iodixanol gradient ultracentrifugation (a standard technique, performed by
Niklas Keppeler) and affinity chromatography using the AAVX Poros column (Florea
et al, 2022). The iodixanol gradient approach resulted in substantial loss of viral

particles, whereas the affinity chromatography method proved more efficient,
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particularly in minimizing viral loss. However, purification outcomes varied depending
on the serotype. The three tested vectors (AAV6, PHP.B, and PHP.eB) showed
different binding efficiencies to the column, suggesting serotype-specific differences in
affinity. Despite the advantages of the affinity chromatography approach, neither
method yielded titers sufficient for use in downstream applications such as in vitro
transduction experiments. As a result, unpurified vectors were used for these
experiments.

While a limitation of small-scale AAV production is the relatively low yield of viral
particles, in all cases sufficient quantities were generated for the intended applications,
such as organ of Corti transduction assays. However, for future applications involving
in vivo gene therapy, it may become necessary to scale up production or outsource
vector manufacturing to specialized facilities or companies to obtain higher titers and

fully purified vectors.

7.3 AAV in vitro transduction on organ of Corti cultures

AAVs have emerged as essential tools in inner ear gene therapy, offering a promising
strategy for the treatment of genetic hearing loss and other auditory disorders. Their
capacity to efficiently transduce cochlear and vestibular cells, while ensuring long-term
gene expression, makes them ideal vectors for therapeutic gene delivery. Recent
advancements in AAV engineering have led to the development of novel serotypes
with enhanced tropism for specific inner ear cell types, thereby improving therapeutic
outcomes. However, the increasing number of available serotypes has made it more
challenging to identify the most suitable candidates for in vivo studies.

To address this challenge, we established a novel in vitro transduction platform

designed to serve as a pre-screening tool for evaluating AAV serotype efficiency in the
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organ of Corti. Initially, three AAV serotypes encoding GFP as a reporter were
produced and tested: AAVG6 (previously used as control in in vivo Otof gene therapy;
(Al-Moyed et al, 2019)), and the two AAV9-derived serotypes PHP.B and PHP.eB.
PHP.B has demonstrated efficient transduction of both IHCs and OHCs with robust
GFP expression (Lee et al, 2020), whereas PHP.eB is recognized for its high efficiency
at low doses, making it one of the most potent vectors for cochlear gene delivery (Hu
et al, 2019).

Consistent with these prior reports, PHP.eB-GFP exhibited the highest transduction
efficiency in IHCs and OHCs within both the apical and midbasal turns of the organ of
Corti. Notably, PHP.eB transduction was restricted to sensory cells, which are primary
targets in many gene therapy strategies, such as OTOF gene therapy. PHP.B also
achieved high transduction rates, albeit lower than PHP.eB, and displayed a broader
distribution beyond the sensory cells. In contrast, AAV6-GFP demonstrated the lowest
transduction efficiency, with widespread but weak signal throughout the tissue.
Interestingly, previous attempts to transduce hair cells in vitro using AAV6 had failed,
indicating that our newly developed method represents a significant improvement and
may be suitable for serotype screening prior to in vivo applications.

The differential tropism of AAV serotypes is governed by multiple mechanisms,
including interactions between the viral capsid and host cell receptors, as well as
intracellular processing following entry. Each serotype engages distinct primary
receptors, such as heparan sulfate proteoglycan (AAV2), sialic acid (AAV5/6), or
galactose (AAV9), along with co-receptors like integrins or fibroblast growth factor
receptor 1 to facilitate viral entry (Castle et al, 2016; O’Carroll et al, 2021). PHP.B and
PHP.eB are particularly effective at targeting IHCs and OHCs due to engineered
capsid modifications that enhance cellular entry. In the case of PHP.eB, a seven-amino

acid insertion in the AAV9 capsid promotes binding to LYGA, a receptor expressed in
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endothelial and neuronal tissues (Chatterjee et al, 2022; Palfi et al, 2022). Additionally,
weakened interaction with the canonical AAVR receptor shifts tropism toward LY6A-
mediated pathways, thereby enhancing both efficiency and specificity in cochlear
sensory cells (Fortuna et al, 2025).

These initial in vitro experiments confirm the utility of this screening approach for
evaluating AAV serotypes prior to conducting in vivo studies. The method offers
several advantages: it reduces the number of animals required, is less time-intensive
than in vivo studies, and is relatively straightforward to perform.

Following the successful proof-of-concept, additional engineered serotypes were
generously provided by the group of Prof. Dr. Stylianos Michalakis (LMU, Munich).
These included two AAV1-derived vectors (AAV1 GL and AAV1 GLR), two AAV2-
derived vectors (AAV2 PT and AAV2 RTAR), and one AAV9-derived vector (AAV9
RTAR), all originally developed to enhance retinal transduction.

Among the AAV1 variants, AAV1 GLR demonstrated relatively low transduction rates
in both IHCs and OHCs, whereas AAV1 GL showed improved efficiency, particularly
in the midbasal region of the organ of Corti. Both variants feature a twelve-amino acid
insertion within the HSPG-binding motif (Pavlou et al, 2021; Romanovsky et al, 2025).
Wild-type AAV1 is known to have good tropism for hair cells (60-94% of IHCs) (Tan et
al, 2019; Wang et al, 2022; Zhang et al, 2023), and these insertions could further
enhance its tropism in the cochlea. Importantly, because AAV1 tropism is not
dependent on sulfate binding, it may achieve broader tissue penetration, which could
explain the broader distribution observed for these variants (Kim et al, 2019). It must
be noted, that the wild-type version of AAV1 is for example used in a current Chinese
bilateral OTOF clinical study (Wang et al, 2024a). The AAV9 GLR variant showed
reduced efficiency compared to PHP.eB and lacked sensory cell specificity, limiting its

potential for targeted inner ear therapy. In contrast, both AAV2-derived variants (AAV2
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PT and AAV2 RTAR) resulted in GFP expression specifically within IHCs and OHCs.
Among all tested serotypes, AAV2 PT demonstrated the highest overall transduction
efficiency, approaching ~100% in both apical and midbasal turns, and exhibited
restricted transduction to sensory cells. This suggests that the PT insertion enhances
both specificity and efficiency. The use of heparan sulfate as a potential receptor for
AAV2 may contribute to this targeted distribution (Kim et al, 2019). Additionally, the
previously reported decrease in AAV2 tropism from base to apex (Shu et al, 2016) was
also observed in AAV2 RTAR, further supporting biological relevance.

Based on these findings, AAV2 PT appears to be the most promising candidate for
future in vivo gene therapy applications targeting IHCs and OHCs. Another highly
promising vector candidate evaluated both in vitro and in vivo in murine models by
Landegger et al, (2017) and used in the OTOF clinical trial of Akouos/Elli Lilly (Vishnu,
2024) is the synthetic serotype Anc80L65. This capsid was designed in silico and
demonstrated robust transduction efficiency of IHCs and OHCs, achieving 60—-100%
transduction in both the apical and basal regions of the organ of Corti in vitro
(Landegger et al, 2017). Unlike AAV2 PT, Anc80L65 exhibited broader tropism,
efficiently transducing multiple cochlear cell types beyond IHCs and OHCs. Consistent
with the in vitro findings, in vivo experiments in mice revealed similarly high
transduction efficiencies, with nearly 100% of IHCs and approximately 90% of OHCs
being transduced. These results suggest that, at least for serotypes with high in vitro
transduction efficiency, similar performance may be achievable in vivo. An advantage
of in silico-engineered capsids such as Anc80L65 and AAV2 PT is that they are
antigenically distinct from circulating AAVs. This fact may provide a potential benefit in
terms of pre-existing immunity, which could limit the efficacy of wild-type AAV
serotypes (Landegger et al, 2017). Nevertheless, it needs to be mentioned, that there

can also be cross-reactivity of antibody response. If antibodies that bind to a certain
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serotype (e.g. AAV7, AAVS8 or AAV9) already exist, there are also antibodies that bind
to AAV2 (Calcedo & Wilson, 2013).

To evaluate whether our in vitro method could also accommodate dual-AAV strategies,
necessary for large transgenes such as OTOF, we tested the three previously
produced serotypes (AAV6, PHP.B, and PHP.eB) in a dual-AAV setup. Each pair of
AAVs carried either the N- or C-terminal fragment of the Otof sequence. In contrast to
Al-Moyed et al. (2019), we used a protein-level recombination approach employing
inteins, which are known to yield higher protein expression levels (Tornabene et al,
2019; Ferla et al, 2025; Tang et al, 2023). Two distinct splitting positions within the Otof
sequence were tested, both containing the critical serine residue required for
successful splicing by the GP41-1 split intein. This intein relies on specific extein
residues (Y-1, S+2, S+3) and uniquely uses serine, rather than cysteine, at the +1
catalytic site, broadening its compatibility with various protein contexts (Beyer et al,
2020; Yao et al, 2020).

Version 1 (split at position 783) included the additional serine at the +2 position, while
Version 2 (split at position 917) did not. Interestingly, neither version resulted in
successful recombination when packaged in AAV6, consistent with the poor
transduction efficiency observed for AAV6-GFP. In contrast, both PHP.B and PHP.eB
enabled robust dual-AAV transduction in IHCs and OHCs, but only with Version 1. This
supports the notion that the serine at the +2 position is critical for effective GP41-1-
mediated recombination. In addition, other studies have shown, that loop structures
are more suitable for intein insertion (Apgar et al, 2012; Sun et al, 2004). While the
version 1 cutting site is positioned at a loop structure of otoferlins C2-FerA domain, the
version 2 cutting site is positioned at the -sheet. This could be an additional feature
explaining why version 1 was more successful compared to version 2. As such,

Version 1 and either the PHP.B or PHP.eB serotype should be prioritized for future in
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vivo studies. The split intein method was already tested in mice by Tang et al, (2023),
however with the Rma intein which has its origin in Rhadothermus marinus DnaB (Liu
& Hu, 1997). Also, in this study, the chosen cutting site was positioned on a loop
structure (S1114). The two Ofof and intein sequences were packaged in the PHP.eB
vector, which also revealed promising results in our in vitro study. One month after
round window injection in PO-P2 Otof 7~ mice, ABR measurements were performed
which revealed a significant hearing rescue (responses to click and tone-burst stimuli)
compared to untreated mice meaning that indeed inteins can be an alternative
recombination option in dual-AAV gene therapy approaches in the inner ear (Tang et
al, 2023). Interestingly, the co-transduction rate in IHCs was ~70% with PHP.eB, while
in our in vitro experiments (with PHP.B and PHP.eB) it was ~100%. This could indicate,
that different from single AAV transduction as shown by Landegger et al, (2017), dual-
AAV transduction may differ between in vitro and in vivo experiments. It further must
be mentioned that Tang et al, (2023) used a different split intein, which may also
influence successful protein recombination. The artificially designed GP41-1 intein,
used for the dual-AAV in vitro experiments was shown to have better constant rates
especially compared to naturally occurring inteins like Npu DnaE (Carvajal-Vallejos et
al, 2012), which may also be a reason for the better co-transduction efficiency.
Nevertheless, these are only speculations, as the Rma was not tested in vitro. The
advantage of the GP41-1 intein is that it is shorter (125 amino acids) compared to Rma
(428 amino acids), used by Tang et al, (2023). As AAVs have only limited capacity a
shorter intein with same or better efficiency would always be the preferred one. Taken
together the GP41-1 intein is a very promising candidate for dual-AAV Ofof gene

therapy approaches that can be used for future in vivo studies.
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7.4 Rab4b in the inner ear

RAB4B is a small GTPase belonging to the Ras superfamily and plays a critical role in
the regulation of vesicular trafficking during endocytosis and exocytosis, particularly in
the recycling of membranes and receptors. The protein localizes to early and recycling
endosomes, where it coordinates cargo sorting and vesicle motility. Despite its well-
characterized roles in general cellular processes, its function in the inner ear remains
unknown. However, a dominantly inherited point mutation in the RAB4B gene was
identified in several patients with progressive hearing loss, indicating the need to
investigate its role in auditory function.

To address this, we performed RNA Scope and immunostaining analyses on cochlear
sections and organ of Corti whole mounts to examine the expression of Rab4b RNA
and protein. Both were detected in the stria vascularis, IHCs, OHCs, and SGNs of one-
, Six-, and twelve-month-old mice. Interestingly, Rab4b protein expression in IHCs and
OHCs appeared stronger in six- and twelve-month-old mice compared to one-month-
old mice. However, when immunostaining was conducted independently of RNA
Scope, a similarly strong signal was also observed in IHCs and OHCs of one-month-
old mice. Therefore, the initially observed difference is likely attributable to
methodological variation rather than age-dependent biological changes.

Rab4b shares a high degree of sequence identity with Rab4a (~85% identical amino
acid sequence), another member of the Rab family. As a result, there is a possibility
that the Rab4b antibody may exhibit some cross-reactivity with Rab4a. Nevertheless,
both Rab4b and Rab4a RNA and protein were found to colocalize, particularly in SGNs
where expression levels were notably high. In general, the localization patterns of both

proteins in the inner ear were nearly identical.
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Given the critical roles of hair cells and SGNs in auditory processing, it is plausible that
the RAB4B point mutation identified in patients contributes to their hearing impairment.
Gene mutations that disrupt the function of proteins in SGNs, IHCs, or OHCs often
result in a range of developmental and degenerative auditory deficits. For instance,
POU3F4 mutations impair SGN survival and synaptic regulation, leading to congenital
deafness. Similarly, VGLUT3 mutations disrupt glutamatergic signalling from IHCs,
causing selective degeneration of type Ic SGNs (Zhang et al, 2022). Furthermore, as
previously described, OTOF mutations impair Ca?*-dependent glutamate release at
IHC ribbon synapses, thereby disrupting signal transmission to SGNs (Strenzke et al,
2016).

Although we have now confirmed that Rab4b is expressed in important cochlear cell
types involved in hearing, its precise function within these cells and the biological
mechanisms affected by the T64M point mutation remain unclear. Interestingly,
patients carrying this mutation have an auditory neuropathy, meaning that their OAEs
are or were at the testing time point intact, although Rab4b was also found to be
expressed in the OHCs. To further investigate the function of Rab4b and especially the
mechanisms affected by the T64M mutation, a mouse line was generated carrying the
T64M mutation. The F2 generation of heterozygous mice has already been born, and
sequencing has confirmed the presence of the correct mutation. Future studies,
including immunostainings, ABRs, DPOAEs, and additional analyses, are planned
using heterozygous, homozygous T64M, and Rab4b knockout mice. These
experiments will help elucidate the role of Rab4b in the inner ear and are essential for

identifying potential therapeutic strategies for affected patients.
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8. Conclusion and outlook

8.1 Characterization of the Otof-p. KL>M mouse line

In this study, we aimed to better understand the function of the otoferlin C2-FerA
domain by generating a new mouse line carrying a mutation in this domain. By
characterizing the Otof-p. KL>M mice and comparing them to wild-type mice, we found
that the mutant mice exhibit age-related hearing loss and reduced ABR wave
amplitudes at a young age. Furthermore, Otof-p. KL>M mice show reduced otoferlin
levels, increased IHC loss, and reduced synapse numbers at older ages.

All of these observations could be the result of a misfolded C2-FerA domain, which
could lead to protein degradation or disrupt the membrane or Ca?* activity of the C2-
FerA domain a-helices. In future studies it would be interesting prove that the a-helix
is indeed shortened. Furthermore, performing dual-AAV gene therapy on those mice
will give insights on how efficient this gene therapy approach is in Otof models with
progressive hearing loss. Taken together, this study highlights the importance of

otoferlin’s C2-FerA domain in the hearing process.

8.2 AAV in vitro transduction in the organ of Corti

This study demonstrates the successful establishment of an in vitro AAV transduction
model for the organ of Corti, which serves as a robust pre-screening platform for
assessing AAV serotype tropism and transduction efficiency. Among all tested
variants, AAV2 PT exhibited the highest specificity and efficiency in targeting IHCs and
OHCs, making it the most promising candidate for future in vivo gene therapy
approaches. Moreover, the dual-AAV experiments using intein-mediated protein

recombination validated the feasibility of delivering large genes such as Ofof in vitro.
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The findings underscore the critical importance of capsid selection and recombination
design in optimizing gene delivery strategies.

Looking ahead, it will be essential to compare the in vitro results with in vivo
transduction data to determine the applicability of these vectors in live organisms,
especially considering potential differences in transduction efficiency across the apical,
middle, and basal regions of the cochlea. Furthermore, the injection method employed
during in vivo delivery could significantly impact the distribution and efficiency of
transduction within different parts of the cochlea. Therefore, continued investigation
into the effects of injection techniques will be crucial for refining gene therapy

approaches for the inner ear.

8.3 Rab4b expression in the inner ear

Our findings establish that Rab4b is expressed in multiple cochlear cell types essential
for auditory processing, including IHCs, OHCs, SGNs, and cells of the stria vascularis.
The identification of a dominantly inherited RAB4B point mutation in patients with
progressive hearing loss, along with its confirmed expression in relevant auditory
structures, strongly suggests a functional role in the inner ear. Although its precise
molecular function remains to be determined, the development of a T64M mutant
mouse model, alongside Rab4b knockout line, provides a robust platform for future
studies. These investigations will be crucial for unravelling the underlying mechanisms
of RAB4B, related hearing loss and for guiding the development of targeted therapeutic

approaches.
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9. Supplement

Table 28 - Restriction enzymes used for cloning.

Enzyme Material Number

BamHI FDO0054, Thermo Fisher, Waltham, United States
BspTI FDO0834, Thermo Fisher, Waltham, United States
Bsu15l FDO0144, Thermo Fisher, Waltham, United States
EcoRI FD0274, Thermo Fisher, Waltham, United States
Eco32| FD0303, Thermo Fisher, Waltham, United States
Hindlll FDO0505, Thermo Fisher, Waltham, United States
Kill FD2164, Thermo Fisher, Waltham, United States
Kpnl FD0524, Thermo Fisher, Waltham, United States
Miul FD0564, Thermo Fisher, Waltham, United States
Nhel FD0974, Thermo Fisher, Waltham, United States
Notl FD0593, Thermo Fisher, Waltham, United States
Pael FD0604, Thermo Fisher, Waltham, United States
Sall FD0644, Thermo Fisher, Waltham, United States
Smil FD1244, Thermo Fisher, Waltham, United States
Xbal FD0684, Thermo Fisher, Waltham, United States
Xhol FD0694, Thermo Fisher, Waltham, United States

Table 29 - Cloning primer.

ID Name Sequence 5’-3’

P2 | hindIll_BFP_rev CGCAAGCTTATTCAGCTTGTGCCCCAGTTTGCT

P3 | Notl_CMV_Promotor_for CGCGCGGCCGCATAGTAATCAATTACGGGGTCATTAGTTCA

P5 | Pael_alphaWPRE_for ~ CGCGCATGCAATCAACCTCTGGATTACAAAATTTGTG

P6 | alphaWPRE_+9bp_gam  GCAAGAACTAACCAGGATTTATACAAGGAGGAG

ma_rev
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P7

P8

P9

P10

P12

P13

P15

P16

P19

P20

P21

gammaWPRE_+AGTTC_

+9bp_alpha_for

Kpnl_Xhol_gammaWPR

E_rev

Xhol_bGH_for

Kpnl_bGH_rev

5'0OTOF_V1_+9bp_N-

Intein

N-

Intein_+9bp 5'OTOF_V1

_for

5'0OTOF_V2_+9bp_N-

Intein

N-

Intein_+9bp 5 OTOF_V2

_for

BamHI_miniWPRE_for

Notl_miniWPRE_rev

Miul_CMV_Promotor_for

ATCCTGGTTAGTTCTTGCCACGGCGGAACTCA

CGCGGTACCCTCGAGACACCACGGAATTGTCAGTG

CACCTCGAGGCTGATCAGCCTCGACTGT

CGCGGTACCCTGCTATTGTCTTCCCAATCCTC

GTCAAGGCAGCGGCCCTGGTCCTTGTC

CAGGGCCGCTGCCTTGACCTGAAAACCCA

GTCAAGGCAGAGGCCCAGCCACAGGTAGA

CTGGGCCTCTGCCTTGACCTGAAAACCCA

CGCGGATCCAATCAACCTCTGGATTACAAAATTTGTG

AATGCGGCCGCACACCACGGAATTGTCAGTGC

CGCACGCGTATAGTAATCAATTACGGGGTCATTAGTTC
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P22

P23

P24

P25

P26

P27

P28

P29

P30

P31

P32

Acclll_EcoRI_CMV_Pro

motor_rev

EcoRI_C_Intein_for

C-
Intein_+9bp 3 OTOF_V1

_rev

3'OTOF_V1_+9bp_C-

Intein_for

Kfll_3'OTOF_rev

C-
Intein_+9bp 3 OTOF_V2

_rev

3'OTOF_V2_+9bp_C-

Intein_for

Notl_3'Vector_Backbone

_for

Mlul_3'Vector_Backbone

_rev

3_OTOF_Sequencing1

3_OTOF_Sequencing2

AATTCCGGAGAATTCGGTGGCGCTAGCGGATCT

CGCGAATTCATGATGCTCAAGAAGATCCTGAAGA

GCGGGACGAATTGTGGGTCAGTATGTCGTTG

ACCCACAATTCGTCCCGCACCAGGCT

CGCGGGTCCCTCCAGATATTGTAGCCATGTATGGAA

CTGCTTGCTATTGTGGGTCAGTATGTCGTTG

ACCCACAATAGCAAGCAGCGAAAGGACTT

AATGCGGCCGCGCTGATCAGCCTCGACTGT

GAGAACGCGTCCCCTAGTGATGGAGTTGGC

CATTCCTTTCCGCCCATC

AACACCACAGGGGAGGTTG
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P33 | 3_OTOF_Sequencing3 CCCCATGGAGTCCATGTTG

P35 | 5 OTOF_Sequencing1 GGGGCACAAGCTGAATAAG

P36 | 5 OTOF_Sequencing?2 TGAACATGGACCCTGTGG

P37 | 5 OTOF_Sequencing3 CATGTTGGGACTAGCTGTG

P38 | AAV_Backbone Sequen TTCGCCCTTTGACGTTGG

cing1

P39 | AAV_Backbone Sequen @ CGCCGCATACACTATTCTC

cing2_for

P40 | AAV_Backbone Sequen = GCAGAGCGCAGATACCAAA

cing3

P41 | BFP_Sequencing CCAGGGTTTTCCCAGTCAC

P43 | Mini_ WPRE_Sequencing CTTTCTGCAGAAGCTACGC

P48 | Notl_Miul_BFP_for ATTTGCGGCCGCATTTACGCGTGCCACCATGGTGTCTAAG

GG

P49 | Miul_CMV_Promotor revn.  CGCACGCGTGATCTGACGGTTCACTAAACCAGCT

P50 | BspTI_alphaWPRE_for_n CGCGCCTTAAGGGGACCCAATCAACCTCTGGATTACAAAAT

ew TTGTG
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P52

P53

P54

P60

P67

P75

P76

P77

P84

P85

Kfll_N-Intein_rev_new

EcoRI_eGFP_for

Kpnl_eGFP_rev

IsoformC_Sequencing1_f

or

Sall_5'OTOF_for

Bsu15l_PHP_B_rev

Smil_PHP_B Cap_for

PHPB_Sequencing1

Nhel_BFP_for

Kpnl_N-Intein_rev

CGATCGGGTCCCTCACTCTTTCACGTACAGACACATTCCTT
C

CGCGAATTCGCCACCATGGTGAGCAAG

CGCGGTACCTCACTTGTACAGCTCGTCCATGC

TGTCGTAACAACTCCGCC

CGCGTCGACCCCTATGTGCAAGTCTTCTTTGC

CGCATCGATTTACAGATTACGAGTCAGGTATCTGGTG

CGCATTTAAATATGGCTGCCGATGGTTATCTTCC

GGTGCCAGACGCTTGCAC

ATACGGCTAGCATGGTGTCTAAGGGCGAAGAGC

CGCGGTACCTCACTCTTTCACGTACAGACACATTC
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Table 30 - Sequencing barcodes used for cloning.

Plasmid Barcode

pXS1 CVL831, CVL832, CVL833

pXS2 CVL834

pXS3 CvL837

pXS4 CVL851

pXS5 DFV723

pXS5.1 DFV726, DFV727

pXS6 DFV745, DFV746, DFV747

pXS6.1 EBZ622, EBZ623, EBZ624, EBZ625
pXS7 CVL836

pXS8 CVL838

pXS9 CVL844, CVL845, CVL846, CVL847 CVL853
pXS9.1 CVL848, CVL849, CVL850

pXS10 DFV728, DFV729

pXS10.1 DFV735, DFV736

pDGM-PHP.B DFV740, DFV741

Table 31 - AAV production plasmids.

Material Number

Plasmid Name Concentration
iCapminPHP.B 1750 ng/uL
pAdDeltaF6 417 ng/uL
pDGM6 1014.1 ng/pL
pUCiCapminPHP.eB 2550 ng/uL
pXS10 248.35 ng/uL
pXS10.1 535.1 ng/uL
pXS11 1104.4 ng/uL
pXS6 733.25 ng/puL
pXS6.1 73 ng/uL

103002, Addgene, Watertown, United States
112867, Addgene, Watertown, United States
110660, Addgene, Watertown, United States
103005, Addgene, Watertown, United States
self-produced
self-produced
self-produced
self-produced

self-produced
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Table 32 - Titer of self-produced AAVs.

AAV Titer (vg/mL) Medium

PHP.B-GFP 4.1x10"? PBS

PHP.eB-GFP 1.5x10"2 PBS

AAV6-GFP 2x10™ PBS

AAV6-pXS6 8.83x10" F12 in vitro culture medium
AAV6-pXS10 2.85x10" F12 in vitro culture medium
AAV6-pXS6.1 7.51x10" F12 in vitro culture medium
AAV6-pXS10.1 5.64x10"2 F12 in vitro culture medium
PHPeB-pXS6 8.66x10"2 F12 in vitro culture medium
PHPeB-pXS10 7.39x10"2 F12 in vitro culture medium
PHPeB-pXS6.1 2.46x10"? F12 in vitro culture medium
PHPeB-pXS10.1 3.85x10"? F12 in vitro culture medium
PHP.B-pXS6 3.63x10" F12 in vitro culture medium
PHP.B-pXS10 2.09x101"? F12 in vitro culture medium
PHP.B-pXS6.1 1.21x10"? F12 in vitro culture medium
PHP.B-pXS10.1 2.24x10"? F12 in vitro culture medium

Table 33 - Sequencing barcodes of Rab4b F1-generation animals.

Animal Number

Barcode

00
01
02
03
90
91
92
93
94

EBZ642, EBZ643
EBZ644, EBZ645
EBZ646, EBZ647
EBZ648, EBZ649
EBZ658, EBZ663
EBZ659, EBZ664
EBZ660, EBZ665
EBZ661, EBZ666
EBZ662, EBZ667
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Table 34 - Sequencing barcodes of Rab4b F2-generation animals.

Animal Number

Barcode

68
70
74
75
76
77
78
79
80
82

JQY954, JQY953
JQY952, JQY957
JQY956, JQY955
JQY960, JQY959
JQY958, JQY963
JQY962, JQY961
JQY966, JQY965
JQY964, JQY969
JQY968, JQY967
JQY972, JQY971
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Table 35 - 11.1x buffer ingredients.

Reagent Stock conc 1 Vol / ul 2 Vol / yl Conc. in final
reaction in PCR
tube

Tris-HCI pH 8,8 2M 167 334 45mM

Ammonium sulphate ™ 83 166 11mM

MgCl2 ™ 33,5 67 4,5mM

(Sigma

Cat No. M 1028-10x1mL)

EDTA pH 8,0 10mM 3,6 7,2 6,7mM

(Life Technologies

Cat No. 15575-020)

3-mercaptoethenol 100% 3,4 6,8 4,4mM

dATP 100mM 75 150 1mM

dCTP 100mM 75 150 1mM
dGTP 100mM 75 150 1mM
dTTP 100mM 75 150 1mM

(ANTP Set  4x100pmol,

Bioline Cat No. BIO-

39049)

BSA 50mg/mL 17 34 113pg/mL

(Life Technologies

Cat No. AM 2616)

H20 68 136

Total 676 1352
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Table 36 - sgRNA and donor oligo information.

Order Number
Reference
Manufacturing
ID

Product
Purification
Sequence
Name

Unit Size
Bases

Sequence

Anhydrous
Molecular
Weight
nmoles/OD
ug/OD
Extinction
Coefficient
GC Content
Tm (50mM
NaCl) C
Modifications

and Services

nmoles

21138052
239932588
658853681

Alt-R™ HDR Donor Oligo, 2 nmol
Standard Desalting
CD.HC9.JPPF3399+

0.015
82

/Alt-R-HDR1/T*G*G GAA CCC
AGG CTA CCT ACC GAA ACC
GCT CCT GGC CAG CCATGT
CCC AAATCT GTAGTT TCA
CAG TCT TCC CCC CAA CG*T*
T/Alt-R-HDR2/

25707

1.33457894
34.3080048
749300

56.097561
74.4095685

Phosphorothioate Bond Alt-R-
HDR2 Alt-R-HDR1 Standard
Desalting

2nmol

21138052
239932589
658854562

Alt-R™ CRISPR-Cas9 sgRNA, 2 nmol

Standard Desalting
Mm.HC9.CDPS8441.AA

mMC*mU*mA* rCrArG rArUrU rUrGrG

0.15
100

rGrArC rArCrU rGrCrG rUrUrU rUrArG

rArGrC rUrArG rArArA rUrArG rCrArA

rGrUrU rArArA rArUrA rArGrG rCrUrA
rGrUrC rCrGrU rUrArU rCrArA rCrUrU
rGrArA rArArA rGrUrG rGrCrA rCrCrG
rArGrU rCrGrG rUrGrC mU*mU*muU* rU
32369.8

0.97876089
31.6822893
1021700

41

65.2915783

Phosphorothioate Bond Standard
Desalting

2nmol

190



