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Abstract

This Review outlines the development of DNA-based therapeutics for treatment of hearing
loss, and in particular, considers the potential to utilize the properties of recombinant
neurotrophins to improve cochlear auditory (spiral ganglion) neuron survival and repair. This
potential to reduce spiral ganglion neuron death and indeed re-grow the auditory nerve fibres
has been the subject of considerable pre-clinical evaluation over decades with the view of
improving the neural interface with cochlear implants. This provides the context for discussion
about the development of a novel means of using cochlear implant electrode arrays for gene
electrotransfer. Mesenchymal cells which line the cochlear perilymphatic compartment can be
selectively transfected with (naked) plasmid DNA using array - based gene electrotransfer,
termed ‘close-field electroporation’. This technology is able to drive expression of brain
derived neurotrophic factor (BDNF) in the deafened guinea pig model, causing re-growth of
the spiral ganglion peripheral neurites towards the mesenchymla cells, and hence into close
proximity with cochlear implant electrodes within scala tympani. This was associated with
functional enhancement of the cochlear implant neural interface (lower neural recruitment
thresholds and expanded dynamic range, measured using electrically - evoked auditory
brainstem responses). The basis for the efficiency of close-field electroporation arises from the
compression of the electric field in proximity to the ganged cochlear implant electrodes. The
regions close to the array with highest field strength corresponded closely to the distribution of
bioreporter cells (adherent human embryonic kidney (HEK293)) expressing green fluorescent
reporter protein (GFP) following gene electrotransfer. The optimization of the gene
electrotransfer parameters using this cell-based model correlated closely with in vitro and in
vivo cochlear gene delivery outcomes. The migration of the cochlear implant electrode array-
based gene electrotransfer platform towards a clinical trial for neurotrophin-based
enhancement of cochlear implants is supported by availability of a novel regulatory compliant
mini-plasmid DNA backbone (pFAR4; plasmid Free of Antibiotic Resistance v.4) which could
be used to package a ‘humanized’ neurotrophin expression cassette. A reporter cassette
packaged into pFAR4 produced prominent GFP expression in the cat basal turn perilymphatic
scalae, which closely models the human cochlea. More broadly, close-field gene electrotransfer
may lend itself to a spectrum of potential DNA therapeutics applications benefitting from
titratable, localized, delivery of naked DNA, for gene augmentation, targeted gene regulation,

or gene substitution strategies.
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1. Overview
1.1. Inner ear gene delivery

The translational potential of gene therapy in the inner ear is developing considerable
prominence within the burgeoning domain of hearing therapeutics. This is founded upon
successes in pre-clinical models that have utilized directed manipulation of gene expression to
investigate developmental and physiological processes of hearing and balance at the molecular
level. Modalities used for expression of recombinant proteins include ballistics (‘gene gun’-
based delivery of gold particles coated with DNA) (Belyantseva, 2009; Zhao et al., 2012),
lipofectamine-based transduction, and replication-deficient viral-vector-based approaches
(typically adenovirus, or adeno-associated virus (AAV)) (Akil et al., 2012; Kelley, 1997; Pan
etal., 2013; Wise et al., 2010). Targeting of gene expression is highly variable, being regulated
to some extent by use of promoters biasing translation of recombinant proteins to subsets of
the highly differentiated cell types in the inner ear (Praetorius et al., 2010). In the case of viral
vectors, selection between different viral capsid serotypes has a major effect on cell tropism,
for example use of AAV1 enabled inner hair cell-specific expression of vesicular glutamate
transporter-3 (VGLUT?3) to restore hearing in VGLUT3 null mice (Akil et al., 2012), while use
of the Anc80L65 serotype enables transfection of outer hair cells alongside inner hair cells
(Landegger et al., 2017). In the vestibular system, the Ad28 serotype of adenovirus has been
shown to selectively enable expression in supporting cells (Schlecker et al., 2011).
Electroporation offers an alternative approach for inner ear gene delivery that has largely been
constrained to in vitro tissue culture studies and in utero gene transfer (Driver et al., 2010;
Wang et al., 2012). Typically plate electrodes are placed across the target tissue and a brief
train of voltage pulses is used to drive plasmid DNA incorporating various expression cassettes
into inner ear cells via conventional ‘open-field’ electroporation (Xiong et al., 2014), for
example transfecting organ of Corti hair cells and supporting cells. Directed electrotransfer of
naked DNA to targets within the cochlea via ‘close-field’ electroporation, where the electrodes
are in a contiguous array, is proving highly effective both in situ and in vivo (Pinyon et al.,
2018; Pinyon et al., 2014; Shepherd et al., 2014).

Investment in hearing gene therapy by industry will focus on rectification of monogenic
disorders underlying profound loss of hearing (and / or balance), as well as rescue of acquired
sensori-neural hearing loss (Lustig et al., 2012). A case in point is the first hearing gene therapy
clinical trial supported by a consortium sponsored by Novartis Pharmaceuticals
(Pharmaceuticals, 2019), which is directed to restore moderate to severe acquired hearing loss.

This program utilizes an adenoviral vector (Ad(5)GFAP.HATH 1.11D; CGF166) encoding the
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human atonal homolog-1 transcription factor (referred to as Hathl, and in animals studies as
Atohl, also known as Mathl), delivered into the scala vestibuli cochlear perilymph via
injection through the stapedius bone and oval window membrane (Brough et al., 2016). This
was founded upon pre-clinical studies of models of hair cell loss where Atohl expression
successfully drove trans-differentiation of supporting cells into new sensory hair cells, with
improvement in hearing and balance function (Baker et al., 2009; Husseman et al., 2009;
Izumikawa et al., 2005; Kawamoto et al., 2003; Schlecker et al., 2011). This next generation
hearing therapeutics, which seeks to restore sound transduction by creating new cochlear hair
cells and establishing new auditory synapses with spiral ganglion neurons, is at the threshold
of a quantum leap from current clinical management of inner ear disorders. However, such
powerfully interventional molecular therapies require vigilance with regard to impacts on the

complex signal transduction pathways both within and beyond the inner ear.

1.2 A rationale for neurotrophic factor gene therapy to enhance the cochlear implant
While moderate - to - severe levels of hearing loss can be treated by hearing aids, those
with profound hearing disability are increasingly benefitting from cochlear implants, with well
in excess of half a million people accessing this advanced medical bionics technology. In this
domain, neurotrophin delivery integrated into the cochlear implantation procedure has been
explored as a means of enhancing hearing performance with the ‘Bionic Ear’ (Budenz et al.,
2012; Hendricks et al., 2008; Wise et al., 2016). This concept has largely been pursued in pre-
clinical animal models using direct delivery of the neurotrophins to the cochlea (Landry et al.,
2013; Leake et al., 2013; Miller et al., 2007; Ramekers et al., 2012; Wise et al., 2005), or by
use of locally delivered viral vectors encoding these neurotrophins (Ramekers et al., 2012;
Shibata et al., 2010; Wise et al., 2010). The pre-clinical studies utilising gene delivery
approaches are complemented by a relatively smaller group of studies evaluating cell-based
therapies, utilising encapsulated cells, such as choroid plexus-derived cells, which are known
to produce a range of neurotrophic factors (Fransson et al., 2018; Pettingill et al., 2011; Wise
etal., 2011). Studies in deafened cats with long-term osmotic minipump delivery, and in guinea
pigs with adenovirus-based brain derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-
3) delivery to scala media respectively, showed improved spiral ganglion neuron survival and
significant re-generation of the spiral ganglion neurites, albeit with some over-extension of the
fibres. While improved proximity between the cochlear implant electrodes and the peripheral
auditory nerve fibres ‘closes the neural gap’ and improves the neural interface, excessive

extension of the fibres has the potential to degrade the tonotopically-related neural recruitment
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(Leake et al., 2013). However, there is some evidence from the viral vector delivery studies
that the extension of the spiral ganglion neurites may be directed outwards through the osseous
spiral lamina and along the basilar membrane towards the cells producing the recombinant
BDNF (Shibata et al., 2010). This tropism can be exploited with targeted gene delivery, to draw
the auditory fibres to the cochlear implant array. While high efficiency and long-duration of
expression of viral vector-based gene therapy is attractive in many applications, it may be
problematic from a safety view-point with respect to recombinant neurotrophin expression
cassette delivery to the cochlea. Several studies have shown that delivery of microlitre
quantities of AAV vector to the perilymphatic compartment of the cochlea can result in
significant off-target “leakage” of expression. For example, in the case of a translational model
to restore hearing and balance in an Usher syndrome 1¢ mouse model, delivery of an Anc80L65
AAV-harmonin-bl vector unilaterally via the cochlear round window membrane resulted in
rescue of sound transduction in the untreated cochlea (Pan et al., 2017); evidently the virus
reached there via the cochlear fluid, including perilymph within the cochlear aqueduct that
connects to the subarachnoid space cerebral spinal fluid compartment, and beyond. Vestibular
dysfunction was also rescued in these studies, highlighting the contiguous nature of the
perilymphatic compartments in the inner ear. The potential detrimental impact of off-target
AAYV transfer to the CNS from the cochlea has been confirmed in another neonatal mouse study
using a glial-derived neurotrophic factor (GDNF) — expressing AAV-5 vector (Akil et al.,
2018). This study demonstrated spread of the AAV5-hGDNF vector from the cochlea to the
CNS and spiral cord, presumably via the cochlea aqueduct, and this was associated with
significant neurological dysfunction linked to broad loss of cerebellar Purkinje neurons,
centrally-mediated hearing loss and retarded growth correlated with the AAV5-hGDNF vector
titre (Akil et al., 2018). While it might be argued that patency of the cochlear aqueduct is not
comparable in human cochlear implant candidates, spread of active viral particles is
nevertheless a significant risk. Directed delivery of gene cassettes encoded by naked DNA to
the cochlea, which is achievable using cochlear implant array — based electrotransfer, mitigates
concerns linked to such viral vector off-target actions and may enable latent gene therapy
applications.

The context of establishing a neurotrophin gene therapy strategy for engaging with
sensorineural hearing loss also warrants reflection on species-specific, developmental, and
injury status with respect to expression of neurotrophins and their receptors in the cochlea. For
example, it is known that in the rodent, the weighting of expression of BDNF and NT-3 changes

with cochlear maturation, where BDNF declines but NT-3 levels are sustained, while all
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cognate receptors (TrkB for BDNF, TrkC for NT-3 and p75™, which transduces both BDNF
and NT-3 at low affinity) are maintained by the spiral ganglion neurons (review by (Ramekers
et al., 2012)). In the mouse cochlea, NT-3/TrkC signalling supports development of the basal-
mid cochlear innervation of hair cell innervation, while BDNF/TrkB signalling supports apical
hair cell innervation. This base — apex gradient of NT-3 expression (by inner hair cells) reverses
in the adult, while the TrkB/TrkC spiral ganglion expression, remains homogenous (Ramekers
et al., 2012). Signalling via TrkB/ TrkC invokes tyrosine kinase activation and complex
phosphorylation-dependent processes which include phospholipase C activation driving Ca>"
store release and Ca”" entry. The latter contributes to axon guidance, established for BDNF in
the brain and cochlea, which is likely mediated by PLC-DAG dependent activation of canonical
transient receptor potential (TRPC) channels (Li et al., 2005). Consistent with this, TRPC3
immunolabelling is pronounced in mouse and guinea pig spiral ganglion neurons, particularly
in the peripheral neurites during the crucial neonatal window for innervation of the hair cells
(Phan et al., 2010; Tadros et al., 2010), and is then elevated in the soma in adults.

In animal models, loss of cochlear hair cells associated reduction in neurotrophin
production, causes atrophy of the peripheral spiral ganglion neurites in the osseous spiral
lamina and subsequent progressive death of the neurons over periods of weeks to months
(Fransson et al., 2017). Fortunately the human cochlea exhibits considerable resilience, with
retention of much of the spiral ganglion neuron population for decades following loss of the
hair cells (Leake et al., 1991; Nadol, 1997). This makes cochlear implants tenable as the
primary treatment for profound hearing loss, and with regard to hearing therapeutics, makes
treatment with neurotrophins attractive with regard to the bionic ear interface, both by
mitigating progressive loss of spiral ganglion neurons, and if directed regulated re-growth
towards the cochlear implant electrode array can be achieved, then finer control of neural
recruitment may be possible, improving hearing performance.

Cochlear neurotrophin treatment has been broadly tested in deafened animal models
with regard to cochlear implant performance. While characterisation of the extent of peripheral
neurite regrowth is problematic, spiral ganglion neuron rescue by neurotrophin delivery has
been examined with regard to measures such as electrically-evoked auditory brainstem
response (eABR) thresholds and input/output functions. Findings from the acutely deafened
guinea pig model with close-field BDNF gene electrotransfer outlined below (Pinyon et al.,
2014), suggest that BDNF-induced improvement in spiral ganglion neuron health, measured
by greater survival, increased soma cross-sectional area, and constrained peripheral neurite

extension, do indeed confer improvements in control of cochlear implant- driven neural
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recruitment. However, clinical evidence that spiral ganglion survival and retention of auditory
nerve fibres within the osseous spiral lamina correlates with hearing outcomes of cochlear
implant subjects is equivocal. For example, an early study (Nadol et al., 2001) reported that
spiral ganglion neuron counts were negatively correlated with single-syllable word recognition
in eight cases with electrode array-type implants, and there was no difference in neuron survival
relative to the opposite (non-implanted) cochleae. The latter in particular contrasts with the
reported improved survival of spiral ganglion neurons with electrical stimulation alone in a
deafened cat study (Leake et al., 1991), cautioning translational inferences from animal models.
Data comparing word recognition scores via left and right ears for bilaterally implanted
subjects, against post-mortem spiral ganglion neuron counts for six individuals clearly
demonstrated a positive correlation (Seyyedi et al., 2014). This has been supported by a study
across seventeen subjects which considered CNC word scores and spiral ganglion neuron
counts in conjunction with confounders such as cochlear implantation - induced neo-
osteogenesis (negative) and fibrosis (no effect) (Kamakura et al., 2016).

With regard to clinical application of neurotrophins with the aspiration of enhancing
cochlear implant performance, translational questions with finer granularity abound. For
example, neurotrophin treatment alongside cochlear implants may alter the expression and
properties of ion channels key to action potential initiation and propagation, which would
therefore impact on the auditory coding and hence central auditory processing. In many cases
the knowledge gained by undertaking a first-in-human trial is needed to provide the definitive

insights which currently remain unanswered, or unanswerable in pre-clinical models.

2. Cochlear implant electrode array - based gene electrotransfer’ for localized gene

delivery

2.1.  Background to gene electrotransfer

There has been a frameshift in understanding of pulsed electric field-based DNA
transfer in recent years, with studies showing that electroporation is a misnomer in that plasmid
DNA is too large to cross into cells through transiently generated pores in the plasma
membrane, with associated electrophoretic translocation of the negatively charged DNA.
Rather, it is now recognised that unlike small RNA and DNA oligonucleotide molecules, and
fluorescent molecules such as propidium iodide, that migrate through these temporary
membrane pores, plasmid DNA, which is MDa in size and approaches a hundred nm in

diameter, is largely taken up by cells by active processes. Thus, the effect of the train of electric
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pulses that achieves such electroporation is of sufficient electric field strength that it drives the
physical adherence of (plasmid) DNA to the cathode-facing surface of cells. This achieves
inclusion of many thousands of these DNA molecules onto the plasma membrane, with
internalization through endocytosis and pinocytotic mechanisms (Escoffre et al., 2011;
Rosazza et al., 2016a; Rosazza et al., 2016b). The majority of these exogenous DNA molecules
are then eliminated within lysosomes and by endonuclease activity, but a small fraction of the
plasmid DNA (probably hundreds of copies) are transported to the nuclear pores, exiting from
the transport vesicles and becoming established as extra-chromosomal (episomal) DNA. The
episomal DNA is then transcribed to produce mRNA encoding the recombinant protein(s)
(Pinyon et al., 2018). This plasmid DNA is characteristically resistant to degradation and after
achieving detectable translation within a few hours, may support expression for many months
(Wong et al., 2015). This process is therefore now more frequently referred to as DNA
electrotransfer rather than electroporation. Key parameters for efficient expression of
recombinant proteins using DNA electrotransfer tend to be related to the intrinsic biophysics
of the gene delivery process. These include the starting plasmid DNA concentration and the
magnitude and duration of the electric field. With regard to the former, plasmid DNA is
typically delivered to cells in unitary pg/ul concentrations (viscosity becoming a limiting
feature with concentrations greater than ~ 3 pg/ul, usually in a dilute buffered saline solution).
Electric pulse parameters used for gene delivery are typically hundreds of volts for tens of
milliseconds, to generate voltage gradients (electric fields) that are in the range of 300 - 1000
V/em (30 - 100 mV/ pm) (Rosazza et al., 2016b). The requirement for these high voltages for
conventional open-field electroporation can result in potential tissue damage due to local ohmic

heating and irreversible dielectric breakdown (Lackovi¢ et al., 2009).

2.2.  Validation of BaDGE® for in vitro and in vivo directed gene delivery

While conventional open-field electroporation has been employed for in vitro gene
delivery to the inner ear as noted above, cochlear implant electrode array — based DNA
electrotransfer has been developed for in vivo applications. This platform, being developed out
of UNSW Sydney under the trademark BaDGE® (‘Bionic array Directed Gene
Electrotransfer’), stems from modification of the cochlear implant electrode array, via parallel
connection of gangs of electrodes, to create a highly focused electric field enabling close-field
electroporation (Pinyon et al., 2014). This provides efficient gene electrotransfer at
significantly lower voltages than that required for conventional electroporation. For example,

in contrast to the high voltages required for open-field electroporation (above), Fig. 2C of
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Pinyon et al., 2014 indicates thresholds of < 10 V applied to the cochlear implant array
electrodes wired in a ‘tandem’ configuration; the relationship of voltages, currents and charge
transfer used for close-field electroporation against achieved GFP reporter expression in the
guinea pig cochlea are evaluated in supplementary information Table S1 in that study. It is
significant that the GFP-positive mecenchymal cell counts at threshold, while inherently under-
sampling the actual number in decalcified whole-mounts of regions of the cochlea, are in the
tens of cells, and higher voltages achieve many hundreds of cells, which none-the-less represent
a more physiologically relevant mechanism for restoring focal neurotrophin expression to the
cochlea than the broad transduction inherent to viral vector-based gene delivery. The anatomy
of the cochlea also lends itself to this application, as perfusion of the perilymphatic space
achieves uniformity of the naked DNA concentration. For example, in initial ex vivo and in
Vivo experiments in guinea pigs, buffered plasmid DNA solution was delivered via a tube
sealed to the perforated round window, flushing the perilymph out through the perforated oval
window membrane of scala vestibuli (via the apically-located helicotrema connection) (Pinyon
et al., 2014). Further refinement to include a lumen within the gene delivery array would enable
the DNA solution to leave from the tip and flow back along the array to exit via the round
window. The proof of concept experiments demonstrated take-up of plasmid DNA encoding
BDNF by the mesenchymal (mesothelial) cells lining the perilymphatic compartment of the
cochlea. In doing so, the production of recombinant neurotrophins by a relatively small group
of these mescenchymal cells was shown to stimulate outgrowth of the auditory nerve fibres
into close proximity with the cochlear implant electrodes, thereby closing the neural gap and
functionally improving the interface with the cochlear implant array as anticipated (Browne et
al., 2016; Housley et al., 2016; Pinyon et al., 2018; Pinyon et al., 2014).

With respect to the constrained geometry of the cochlear structure, the establishment of
electric fields for therapeutic DNA electrotransfer in vivo using conventional open-field
electroporation is impracticable, both with respect to electrode placement, and also the
associated high charge delivery in close proximity to the organ of Corti and spiral ganglion
(Fig. 1). A key factor for gene delivery to the cochlea is the consideration of the complex
compartmentalization and complex differentiation of the tissue within a very small overall
tissue volume, encased within the temporal bone. For example, in the guinea pig and humans,
the volume of the scala tympani, are just 4.8 ul and 29.2 ul respectively (Thorne et al., 1999).

Cochlear implant array — based DNA electrotransfer is based on control of the current
paths between multiple electrodes. Early experiments using in situ — ex vivo electrode array-

based DNA electrotransfer in guinea pig cochlea with DNA encoding fluorescent reporters
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(Fig. 2A; Fig.3A) showed that the electrode configuration was a key determinant of the high
efficiency of this process. Neither use of pairs of adjacent platinum ring electrodes (~ 350 pm
diameter x 350 um width), nor use of multiple electrodes in alternating anode and cathode
configuration, was as efficient as the ganged wiring of multiple adjacent electrodes in a linear
orientation, into distributed anodes and cathodes (designated ‘tandem’ configuration).
Subsequent in vivo guinea pig cochlea green fluorescent protein (GFP) reporter DNA
electrotransfer studies (Fig. 3B, Fig. 4) confirmed the efficacy of this tandem electrode
configuration (Browne et al., 2016; Pinyon et al., 2014) (Fig. 3B, C; Fig. 4).

Local production of BDNF by the mesenchymal cells was confirmed by
immunofluorescence detecting the FLAG-tag incorporated in the pShuttle-CMVp-BDNFflag-
IRES-GFPnls expression cassette (Fig. 5). Ex vivo experiments confirming the localized BDNF
production progressed to in vivo studies in an ototoxic deafened guinea pig, using an
intravenous (i.v.) furosemide and subcutaneous (s.c.) kanamycin treatment, followed by a two
week period that established hair cell loss and regression of the auditory nerve fibres within
the osseous spiral lamina model ((Pinyon et al., 2014); including supplementary material). The
cochlear implant array - based DNA electrotransfer BDNF gene augmentation treatment was
then provided unilaterally and strong nerve fibre regeneration was observed from around one
week post DNA delivery (Fig. 6). This re-growth of the auditory nerve fibres persisted for
several weeks beyond when episomal BDNF-encoding plasmid expression ceased (based on
detection of GFP fluorescence in the target mescenchymal cells lining scala tympani). A key
finding was that the regenerated neurites migrated through the osseous spiral lamina, or in some
cases, extended via the canaliculeae perforantes (small pores) of the cochlear modiolar wall, to
end with discrete ectopic terminal sprouting within scala tympani. This was aided by the
scaffolding that was provided by the fibrosis that arises as an inflammatory response to the
cochlear implant array insertion. The local termination of the regenerated processes was ideal
in that no lateral extension of the afferents was apparent, and hence the tonotopic representation
of the radial fibres is likely to be maintained. These findings provide significant indicators of
safety and efficacy of cochlear implant array - based DNA electrotransfer. While the discrete
electrotransfer pulse train was at voltages that exceeded the charge transfer limits for the Pt
electrodes, such upper charge limits were established for continuous stimulation via cochlear
implants. Further, recent studies have shown that cochlear tissues are robust, even when higher
than normal charge transfers are delivered continuously via cochlear implants (Shepherd et al.,
2018). In the cochlear implant array - based DNA electrotransfer studies, there was no evident

tissue injury in the cochlea based on histology and the target mesenchymal cells were vital and
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expressed the plasmid DNA gene cassettes to levels that were physiologically relevant with
respect to driving spiral ganglion nerve regeneration via production of BDNF, or indeed
expression of a range of reporter genes.

The functional efficacy of BDNF- cochlear implant array - based DNA electrotransfer
treatment to enhance the bionic interface was confirmed using electrically-evoked auditory
brainstem response (eABR) measurements in guinea-pigs with chronic cochlear implants,
using bipolar stimulation via the implant (Fig. 7). The differential between the significantly
lower eABR thresholds following the gene augmentation treatment and a control group where
a GFP reporter plasmid was maintained out to one month (Fig. 8) with sustained heightened
input-output functions reflecting greatly improved progressive neural recruitment (dynamic
range) (Pinyon et al., 2014). This proof of principle to enhance cochlear implant performance
paves the way for a regulatory permissive use of BaDGE® for cochlear therapeutics and in
particular, use of localized BDNF expression at low levels, to ‘close the neural gap’ with
cochlear implant arrays, which potentially could reduce current stimulation levels (reducing
power consumption) and improve the electrode placement discrimination (resulting in better
pitch perception). This is supported by the finding that lowered stimulus thresholds with
cochlear implant stimulation in deafened cats following neurotrophin treatment to regenerate
the auditory nerve fibres, was associated with narrowing of spatial tuning curves in the inferior
colliculus (Landry et al., 2013). The potential benefits of an enhanced neural interface for
cochlear implant systems will be assessed by translationally focused studies, and an initial

phase I/II clinical trial to evaluate the potential of this novel DNA therapeutics technology.

2.3.  Modelling array-based electric field focusing for naked DNA electrotransfer

The underlying mechanism for the efficiency of bionic array directed gene
electrotransfer, has been established in GFP reporter plasmid DNA electrotransfer experiments
using adherent HEK293 cells on coverslips as the “target tissue”, overlaid by an eight node
cochlear implant array. Here it was shown that the tandem gene delivery array configuration
caused a substantial compression of the electric field centre around the null between the ganged
anodes and cathodes. As such, the absolute voltage in the solution in this zone was found to
be very low relative to other regions around the array, but the local voltage differential (change
in voltage over distance = electric field strength) was found to be equivalent to fields requiring
many hundreds of volts under conventional open-field electroporation where the tissue was
located between a pair of electrodes (Browne et al., 2016). This has been modelled (Fig. 9) and

the electric field map around the bionic array correlates closely with the bioreporter mapping
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of the effective electric field for bionic array directed gene electrotransfer in the HEK293 cell
monolayers (Fig. 10). Array-based electric field focusing therefore enables local directed DNA
transfer into the cochlea using significantly lower charge delivery and hence is intrinsically
less likely to cause tissue damage. This principal is also evidently applicable to other
applications where DNA payload titration and localized targeting of DNA-based therapeutics
is advantageous.

Based on the efficiency of bionic array — based gene electrotransfer, and this modelling
of electric fields, the question arises as to whether contemporary cochlear implant devices may
have the intrinsic capability for naked DNA gene electrotransfer at charge transfer levels not
much greater than the current upper limits for cochlear implant devices. This does not seem
likely, given the rail voltage of cochlear implant devices is ~ 10 V to generate a maximum
constant current output of ~ 1 mA, limited to a few tens of us per pulse. Not only is the electric
field at , or below, the threshold for gene electrotransfer (~ 1 mV / um (Briaire et al., 2000)),
but it is evident from our evaluation of pulse duration, that at such low effective field strengths,
pulse durations of many tens of milliseconds is required for gene electrotransfer (Browne et
al., 2016), which is not possible using the inductive power transfer modality of cochlear
implants. Future generations of cochlear implants may well be designed to incorporate gene
electrotransfer modalities, depending upon the findings of the initial clinical trials which

require stand-alone systems using a dual array insertion protocol.
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2.4.  Extension of cochlear bionic array directed gene electrotransfer towards clinical trial

A key aspect of clinical translation of DNA electrotransfer-based therapeutics is the use
of plasmids that lack antibiotic resistance genes (European Medicines Agency, 2008;
European Medicines Agency, 2015; FDA, 1998; FDA, 2007). The rationale for this is that
DNA electrotransfer could potentially drive expression of conventional plasmid DNA that
incorporate antibiotic resistance selection genes in commensual bacteria within the surgical
field. To this end, plasmids are being re-engineered to facilitate the translational pathway for
this gene therapy modality. We are utilizing a pFAR4 plasmid (version 4 of a ‘plasmid Free of
Antibiotic Resistance’) developed by co-authors Daniel Scherman and Corinne Marie at
Descartes University, Paris. The pFAR4 plasmid backbone will also be used in a clinical trial
for a gene electrotransfer-based treatment for macular degeneration (Thumann et al., 2017). As
a pre-clinical workup to a bionic array directed gene electrotransfer - based cochlear
neurotrophin gene therapy application, we undertook control studies using a GFP reporter
expression cassette under a CMV promoter on the pFAR4 miniplasmid backbone. The pFAR4-
CMVp-GFP DNA is significantly smaller than conventional plasmids (1130 bp backbone), as
it omits the typical antibiotic resistance expression cassette, and selection is mediated by a
(small) suppressor t-RNA motif that restores functional thymidylate synthase (ThyA) to a
proprietary Eschericha coli cell line where thyA is mutated (Marie et al., 2010). The smaller
size of pFAR4 is thought to improve gene transfer efficiency (Bloquel et al., 2004). These
experiments confirmed the effectiveness of the pFAR4 plasmid for cochlear implant array
directed gene electrotransfer (Fig. 11). Confocal imaging revealed the GFP reporter signal was
confined to mesenchymal cells lining both scala tympani and scala vestibuli in the basal turn
of the cochlea. This included prominent labelling of Reissner’s membrane, which is integral to
the cochlear partition isolating scala media. There was no reporter expression in the three more
apical turns, even though the reporter DNA solution was perfused throughout all four turns.
This is indicative of the localized gene electrotransfer produced by the bionic array in a
‘tandem’ configuration of ganged anodes and cathodes. Thus, a key safety feature of bionic
array directed DNA electrotransfer is that the biologically active zone for expression of the
recombinant proteins is determined by the electric field focusing (electrode configuration and
electric pulse parameters). The naked plasmid DNA outside of the electrotransfer zone (both
scala tympani and scala vestibuli were perfused) is biologically inert and is subject to
degradation by nucleases. For clinical trials, the pFAR4 plasmid backbone can be engineered
to incorporate a humanized neurotrophin expression cassette. Delivery of the plasmid DNA

could ideally be confined to scala tympani by pumping the DNA solution out of the tip of the
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gene electrotransfer array via incorporation of a lumen through the core of the array. This would
enhance the targeting of neurotrophin production, and hence directional cues for spiral ganglion

neurite extension towards the subsequently inserted permanent cochlear implant array.

Based on these findings, bionic array directed gene electrotransfer is well positioned
for adoption as a means for neurotrophin gene augmentation during cochlear implant surgery.
In such a procedure, an otologist would temporarily insert a gene delivery array with integrated
delivery of neurotrophin-encoding DNA (BDNF and NT-3). The array would have the same
mechanical characteristics as the standard arrays used clinically, to avoid damaging the tissues.
Immediately after sufficient DNA solution has been injected from the tip of the array (to flow
back out through the perforated round window membrane, or cochleostomy), the gene
electrotransfer would be undertaken by passing electric pulses across the electrode array. Gene
electrotransfer has been shown to be effectively instantaneous (Escoffre et al., 2011), and in
the cochlear implant application, the gene delivery array could be removed immediately — as a
disposable item and the routine cochlear implant procedure would resume with implantation of
the device of choice. The expression of neurotrophins within hours of the procedure may well
enhance survival of the spiral ganglion neurons in the face of the trauma of the surgical
procedure (Bas et al., 2015). Peak expression of the BDNF plasmid DNA occurs within a few
days, promoting rapid regrowth of the spiral ganglion neurites within the osseous spiral lamina
and towards the neurotrophin-expressing mesenchymal cells, thereby reducing the neural-gap
with the bionic interface. The caveats to this are the unknowns related to the potential for spiral
ganglion neurite regeneration in human subjects who have had sensorineural hearing loss for
many years. Temporal bone studies have shown significant retention of spiral ganglion
neurons, particularly in the more apical regions of the cochlea, and given the success of
cochlear implant treatment in the elderly, this is clearly compatible with neurotrophin-based
auditory nerve regeneration strategies (Nadol, 1997). It is unclear whether the osseous spiral
lamina will support the outgrowth of the radial fibres in the manner seen with the preclinical
acute deafness induced in guinea pigs, but histological analysis of cochleae from elderly
subjects demonstrates surprising patency (Glueckert et al., 2005), and in addition, alternative
pathways for outgrowth of fibres towards the cochlear implant electrodes, such as via the
canaliculae perforantes (Shepherd et al., 2004) were evident in the bionic array directed gene
electrotransfer guinea pig cochlea studies (Pinyon et al., 2014).

Central to the safety and efficacy of gene therapy is regulation of expression. While

conditionally-regulated gene constructs are routine practice in animal models, such as the use
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of tamoxifen to activate a Cre -estrogen receptor fusion protein (Metzger et al., 1995), such
switches are problematic for human trials, and considerable research development is on-going
around such platforms to support viral vector-based gene therapy applications (for example
“RheoSwitch Therapeutic system® / RTS®” (Barrett et al., 2018)). At one end of the spectrum,
in the case of an adverse reaction to the treatment, a mechanism for terminating the action is
highly desirable, while the ability to control the level of expression of the recombinant protein,
and limit action to the target site, are clear aspirations of the field. In the cochlear implant
neurotrophin gene augmentation application, control of BDNF in terms of location, level and
duration of expression therefore need to be considered. It is known that a range of neurotrophic
factors, including BDNF are upregulated in vestibular schwannomas (acoustic neuroma)
(Kramer et al., 2010) and likely promote metastatic progression. Clearly existence of such a
tumor would be an exclusion criteria for any future cochlear implant-associated neurotrophin
clinical trial. As noted above, over-expression of GDNF via AAVS5 vector delivery to the
cochlea leads to off-target pathology in the CNS in a mouse model (Akil et al., 2018).

The expression profile of neurotrophins in the cochlea driven by bionic array directed
gene electrotransfer is likely to be influenced by the nature of the promoter and the plasmid
backbone, as well as the underlying fate of the target mesenchymal cells. This was explored in
a study that incorporated dual plasmid reporter expression (two plasmid DNAs delivered as 1:1
mix), both in the bionic array directed gene electrotransfer HEK293 cell monolayer model and
in the cochleae of normal hearing guinea-pigs (Pinyon et al., 2018). This study had a number
of key findings. Central to clinical translation, the fate of the transfected target cells was
followed by analysis of the ratio of red (mCherry):green (GFP) fluorescent reporter proteins
from the dual plasmid electrotransfer. In the HEK293 cell monolayer model, the ratio of
yellow-fluorescence (colocalized expression of red:green reporter coding plasmids) dropped
off across the days and weeks following the bionic array directed gene electrotransfer
procedure, which was directly related to cell division -based dilution of episomal expression
of the many tens of functional copies of the plasmids achieved by electrotransfer, while the
number of cells expressing either red or green fluorescence reporter proteins was sustained;
indicative of stable single-copy expression. However, in the guinea-pig cochlea bionic array
directed gene electrotransfer experiments, the ratios of red:green:yellow fluorescence of the
target perilymphatic compartment mesenchymal cells was stable at ~50%, but expression
declined to zero by the end of the three week monitoring period. This most likely reflects the
fact that mesenchymal cells are terminally differentiated and are turning over with time, with

replacement cells derived from precursor cells that were not transfected by bionic array directed
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gene electrotransfer (Pinyon et al., 2018). This is also consistent with the observation in the
original experiments (Pinyon et al., 2014), where the limit of detection of GFP reporter
expression was ~ 6 weeks, with no detectable expression at 10 weeks. Therefore in this
application, recombinant neurotrophin expression is likely to be limited in the spatiotemporal
domains, with limited numbers of cells of finite duration, as distinct from the situation where
viral vectors drive sustained episomal expression in neurons, which have an indefinite lifespan.

In the context of the potential use of the pFAR4 miniplasmid for cochlear neurotrophin
gene augmentation, it is notable that while pFAR4 has been shown to provide sustained
expression in liver for more than six months, potentially attributable to the minimization of
bacterial DNA sequence which tends to induce gene silencing (Quiviger et al., 2014; Quiviger
et al., 2018), mesenchymal cell turnover is likely to be the key determining factor for
recombinant BDNF production. Given the limitations to gene expression with cochlear implant
array-based DNA electrotransfer as developed for neurotrophin gene augmentation, this raises
the question of whether the auditory nerve fibre regeneration is sustainable. The original study
(Pinyon et al., 2014) showed maintained functional improvement at one month - post DNA
electrotransfer in the deafened guinea pig model (see Fig. 8) and some myelinated fibres were
detectable within the basal turn scala tyampani region out to ten weeks, albeit in a highly
diminished density compared with two to three weeks post-electrotransfer. It is anticipated that
in clinical applications, or pre-clinical models such as the deafened cat, where electrical
stimulation is provided to the regenerated nerve fibres by chronic use of the cochlear implant,
trophic action of the electrical stimulation may sustain the improved neural interface. There is
strong experimental evidence for this, based on deafened guinea pig and deafened cat studies
where auditory nerve fibre regeneration has been driven by BDNF treatment and spiral
ganglion neuron survival and nerve fibre density has been shown to be maintained after
cessation of BDNF when electrical stimulation by the cochlear implant is enabled (Landry et
al., 2013; Leake et al., 2013; Pettingill et al., 2011; Shepherd et al., 2008). Thus temporary
cessation of use of the cochlear implant offers a means to ‘reset’ the spiral ganglion neuron
phenotype, should the neurotrophin gene therapy produce an unanticipated adverse effect on
hearing performance, such as a reduction in CNC word scores over time, where an
improvement is typical.

The progression to clinical trials for bionic array directed gene electrotransfer - based
neurotrophin gene augmentation in the cochlea would broadly advance directed gene delivery
technology, provide new knowledge on the effects of recombinant neurotrophins in the inner

ear, and establish the multi-disciplinary expertise and regulatory pathway framework needed
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to broadly advance gene-based inner ear therapeutics. If the clinical outcomes of such trials
approach the speculated potential, cochlear gene augmentation therapy may become a standard
treatment practice to achieve optimum hearing with cochlear implants, particularly for patients

with severe - profound sensorineural hearing loss.
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Figure Legends

Fig. 1. Anatomy of the cochlea. A) 3D reconstruction of confocal scans showing the 4
spiraling turns of a hemi-sectioned guinea pig cochlea. The endolymph-filled compartment
scala media (SM) is situated between the perilymphatic compartments scala tympani (ST) and
scala vestibuli (SV), which meet at the apical helicotrema (H). Reissner’s membrane (RM)
separates scala media from scala vestibuli, with epithelial cells lining the endolymphatic
surface and mesenchymal cells lining the perilymphatic surface. The sound-transducing
sensory epithelium (SE) located between scala tympani and scala media is innervated by the
spiral ganglion neurons. The cell bodies of these neurons are shown as yellow within
Rosenthal’s canal (RC). Green labelling is a neuronal-specific antibody (anti-BIII tubulin)
excited by a 488 nm argon ion laser, red is non-specific tissue autofluorescence excited by a
561 nm diode pumped solid state laser, showing anatomical structure. B) A single confocal
scan showing a close-up view of the sensory epithelium sitting on the basilar membrane (BM).
Most of the green spiral ganglion neuron peripheral neurites innervate individual inner hair
cells (IHC), with a subset innervating multiple outer hair cells (OHC) within the outer three
rows. Blue signal shows the nuclear-specific DAPI stain and red shows a 647 nm-conjugated
phalloidin, which specifically binds to the F-actin within stereocilia and cuticular plate regions

of the hair cells and the pillar cells. Transmitted light resolving other structure is shown in grey.

Fig. 2: The guinea pig cochlear implant array-based DNA electrotransfer model. A) Image
of an isolated and decalcified guinea pig cochlea with an eight-electrode animal model cochlear
implant array partially inserted (five of eight electrodes inside). When the cochlea is
decalcified, as used in this demonstration, it becomes semi-transparent and thus three of the
internal electrodes can be seen behind the outer capsule wall of basal scala tympani. B) Micro-
CT generated image showing cochlear implant in situ within the skull of a chronically
implanted guinea pig. Arrow indicates insertion of the 8 electrode array into the basal turn of

the left cochlea.

Fig. 3: Directed gene electrotransfer using the cochlear implant. Epifluorescence images
of ressected guinea pig cochleae after array-based electrotransfer using a bicistronic plasmid
encoding a nuclear localised GFP reporter along with a BDNF - encoding gene sequence driven
by the cytomegalovirus promoter (pShuttle-CMVp-BDNFflag-IRES-GFPnls, after (Pinyon et

al., 2014)). The bony outer capsule has been removed, with internal structure mostly still intact.
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Bright white spots represent GFP positive transfected cells emitting green light after excitation
with blue light. These cells are located in the basal of the four turns of the cochlea, in close
proximity to the electrode array, which could only penetrate that region of scala tympani. A)
GP296 - cochlear implant array-based DNA electrotransfer was performed ex vivo and the
whole cochlea explant was cultured for 3 days (‘alternating’ electrode polarity configuration;
20 x 50 ms pulses of 40 V at 1 Hz.). B) GP286 - - cochlear implant array-based DNA
electrotransfer was performed in vivo using the same electrotransfer parameters as in (A), with
the gene delivery array removed immediately after DNA electrotransfer and the tissue collected
3 days later. C) GP293 —in vivo - cochlear implant array-based DNA electrotransfer as for (B),
where the tissue was collected 2 days after gene delivery, showing the localisation of the GFP+
cells in the basal turn, where the gene delivery array was inserted, despite the perfusion of the
entire perilymphatic space with the reporter plasmid DNA. Unpubl. images (Pinyon et al.,
2014).

Fig. 4: Three-dimensional confocal reconstruction of a guinea pig cochlea transfected
with a plasmid DNA encoding a nuclear localized green fluorescent protein reporter via
cochlear implant array-based DNA electrotransfer. GFP+ cells are located on the basal
modiolar wall, the cochlear structure imaged via background autofluorescence is shown in red.
(GP276 tandem electrode array configuration, 40 V x 5 pulses x 50 ms at 1 Hz, 14 days after
in vivo DNA electrotransfer, with the gene delivery array removed immediately). Plasmid:

pShuttle-CMVp-BDNFflag-IRES-GFPnls. Unpubl. images (Pinyon et al., 2014).

Fig. 5: Production of recombinant brain-derived neurotrophic factor (BDNF) after gene
electrotransfer using the cochlear implant. Confocal 3D reconstructions of transfected cells
expressing the nuclear localised GFP reporter gene (green) fluorescence and BDNF (red). The
red signal represents a 594 nm conjugated antibody after anti-FLAG immunohistochemistry
targeted at the FLAG-tagged recombinant BDNF encoded on the delivered plasmid DNA. A)
A high magnification view of two cells located on the modiolar wall of basal scala tympani.
GP-FB029 tandem 20 V x 5 pulses x 50 ms at 1 Hz, five days following DNA electrotransfer,
with the gene delivery probe removed immediately. B) BDNF expressing cells on Reissner’s
membrane in the cochlea basal turn. GP-FB007 alternating 40 V x 20 pulses x 50 ms at 1 Hz,
two days post ex vivo cochlear implant array-based DNA electrotransfer. Plasmid: pShuttle-

CMVp-BDNFflag-IRES-GFPnls. Unpubl. images (Pinyon et al., 2014).
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Fig. 6: Neurotrophin-induced cochlear nerve regeneration after Bionic Array Directed
Gene Electrotransfer (BADGE). Confocal scans showing 50 um cryosections of cochleae
from the left and right sides of deafened guinea pigs where the left cochleae received BADGE
of the neurotrophin cassette 2 weeks after deafening (alternating configuration 40 V x 20 pulses
x 50 ms at 1 Hz). A) Left treated cochlea of GP283 showing regeneration of the peripheral
neurites of the spiral ganglion neurons in green. B) Right untreated cochlea from the same
animal shown in (A). C) A second example of a left treated cochlea from another animal -
GP284. D) The right control untreated cochlea from the animal in (C). E) A second 50 pm
cryosection from the left treated cochlea (GP284) also shown in (C). F) A high magnification
image of the neurite outgrowth towards the flattened sensory epithelium shown in (E). Arrows
point to the regenerated fibres throughout the fibre tracks in the osseous spiral lamina and
ectopic branching into both scala tympani (ST) and scala media (SM). Green is neural specific
staining (TUJ1) highlighting the nerve cell bodies and fibres. Red is autofluorescence of the
bony tissue. Grey represents transmitted light showing cochlear structure. SV; scala vestibuli.

Plasmid: pShuttle-CMVp-BDNFflag-IRES-GFPnls. Unpubl. images (Pinyon et al., 2014).

Fig. 7: Enhanced cochlear implant performance after neurotrophin gene
electrotransfer. A) Acoustically-evoked auditory brainstem responses (ABRs) representative
of those in normal hearing guinea pigs, prior to ototoxic treatment, in response to broadband
click stimulus (dBSPL). B) Traces from the same animal in (A) recorded one-week after
ototoxic treatment. No response was detected up to the maximum tested 90 dB SPL (85 dB
and 90 dB traces not shown). C) Electrically-evoked auditory brainstem responses (¢ABRs)
in a guinea pig 4 weeks after deafening and 2 weeks post cochlear implantation without
neurotrophin gene therapy. D) eABRs in a guinea pig 4 weeks after deafening and 2 weeks
post cochlear implantation and neurotrophin gene electrotransfer, showing recovery of neural
integrity through reduced thresholds and increased magnitudes of recruitment. eABR used
bipolar stimulation between ganged electrodes 1-4 and 5-8, corresponding to the ‘tandem’
configuration; alternating monophasic constant current pulses of 100 ps duration (averaged
over 512 trials). Neurotrophin gene delivery utilised bionic array -based electrotransfer.

Plasmid: pShuttle-CMVp-BDNFflag-IRES-GFPnls. Unpubl. images (Pinyon et al., 2014).

Fig. 8: Lowered eABR thresholds in guinea-pig cochleae treated with a BDNF-encoding
plasmid via cochlear implant array - based DNA electrotransfer measured one month

after electrotransfer. These data show the maintenance of the improved bionic ear neural
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interface beyond the previously reported two week time point ((Pinyon et al., 2014) Unpubl.
data). n =15 for control, n = 3 for BNDF gene augmentation. Box plot boundaries show 25%
and 75% ranges for the control plasmid and upper and lower range for the neurotrophin group,
solid line is median, dashed line = mean. Thresholds determined visually as shown in the
previous figure. (100 ps pulse width). BDNF data plasmid: pShuttle-CMVp-BDNFflag-IRES-
GFPnls; GFP data plasmid: pShuttle-CMVp-IRES-GFPnls.

Fig. 9: Electric field modelling in silico of bionic array directed gene electrotransfer
electric field maps based on an eight node cochlear implant electrode array. Modelling
was undertaken based on a 50 ul volume of saline (conductivity 1.5 S/m) stimulated with 4 V
pulses using (A) ganged (four anodes (red), + four cathodes (blue) - ‘tandem’) electrode
configuration and (B) ‘alternating’ polarity. Platinum-iridium electrode diameters 350 pum,
length 300 pum, inter-electrode spacing 300 um). Top panels illustrate model geometry and
stimulation configuration; In this model +4 V and -4 V were applied at the anodes and cathodes
respectively. Centre panels show the field voltages arsing from the two electrode array
configurations, where the null point (0 voltage) extends orthogonally from the region between
the + and — electrodes, or gangs of electrodes. Bottom panels display contour maps of the
calculated electric fields. This highlights the point that it is not the absolute voltage that drives
DNA electrotransfer, but the change in voltage over distance (electric field) which is greatest
closest to the null points. We propose that cells experiencing electric fields in the 8-80 V/cm
range will be transfected with DNA. Grey regions indicate the electric field is too weak to

achieve electrotransfer.

Fig. 10: Directed gene electrotransfer using HEK293 cell monolayers as a model for
cochlear implant array-based electric field focusing. Bionic array directed gene
electrotransfer was performed in the HEK393 cell model using the cochlear implant eight-
electrode array (shown as an overlay; anodes indicated as red + symbols and cathodes as black
- symbols). The cells were grown on a round coverslip. Green spots indicate transfected cells
expressing a GFP reporter gene detected using epifluorescence microscopy. Note that the cells
are clustered in a circle around the mid-point of the array. This is centred on the null-point of
the electric potential, but the highest electric field (greatest differential in field voltage with
distance; see Fig. 9). In this example, +40V was applied to the anodes relative to the cathodes
(5 x 50 ms pulses; Plasmid: pShuttle-CMVp-BDNFflag-IRES-GFPnls, 2 pg/ul; four day cell
culture post - DNA delivery).
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Fig. 11: GFP reporter expression confined to the basal turn region of the guinea pig
cochlea after four days expression of the regulatory compliant pFAR4-CMVp-GFP
miniplasmid in vivo. The entire perilyphatic space was perfused with the naked DNA solution
((2ng / pl plasmid DNA, dissolved in Tris-buffered saline). The cochlear implant electrode
array, modified as an acute gene delivery array where the four most internal electrodes acted
as ganged anodes and the four basal electrodes as ganged cathodes (‘tandem’ configuration),
was then inserted into scala tympani through the round window membrane (penetrating just
the basal turn). A CUY21 electroporator (NepaGene, Japan) delivered 3 x 100 ms pulses of 30
V to achieve the gene electrotransfer. The cochlear implant electrode array was removed
immediately after the delivery of the pulse train. The image is a hemi-section view following
decalcification of the treated cochlea. Note the green fluorescence signal is confined to the
basal turn region where the gene delivery array was positioned. SV — scala vestibuli, ST — scala

tympani, RM — Reissner’s membrane.
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