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Cisplatin is a highly effective chemotherapeutic agent, but it
can cause sensorineural hearing loss (SNHL) in patients.
Cisplatin-induced ototoxicity is closely related to the accumu-
lation of reactive oxygen species (ROS) and subsequent death
of hair cells (HCs) and spiral ganglion neurons (SGNs). Despite
various strategies to combat ototoxicity, only one therapeutic
agent has thus far been clinically approved. Therefore, we
have developed a gene therapy concept to protect cochlear cells
from cisplatin-induced toxicity. Self-inactivating lentiviral
(LV) vectors were used to ectopically express various antioxi-
dant enzymes or anti-apoptotic proteins to enhance the cellular
ROS scavenging or prevent apoptosis in affected cell types. In
direct comparison, anti-apoptotic proteins mediated a stronger
reduction in cytotoxicity than antioxidant enzymes. Impor-
tantly, overexpression of the most promising candidate, Bcl-
xl, achieved an up to 2.5-fold reduction in cisplatin-induced
cytotoxicity in HEI-OC1 cells, phoenix auditory neurons, and
primary SGN cultures. BCL-XL protected against cisplatin-
mediated tissue destruction in cochlear explants. Strikingly,
in vivo application of the LV BCL-XL vector improved hearing
and increased HC survival in cisplatin-treated mice. In conclu-
sion, we have established a preclinical gene therapy approach to
protect mice from cisplatin-induced ototoxicity that has the po-
tential to be translated to clinical use in cancer patients.
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INTRODUCTION
Hearing loss is the most prevalent sensory disorder, affecting approx-
imately 460 million people worldwide.1 The most reported form is
sensorineural hearing loss (SNHL), which is due to defects and path-
ological changes within the inner ear or the auditory nerve.2 SNHL
can be congenital or acquired through environmental factors such
as infections, excessive noise exposure, and ototoxic drugs, including
loop diuretics, aminoglycoside antibiotics, and platinum-based che-
motherapeutics.3,4 One of the most ototoxic drugs is cisplatin, a
chemotherapeutic agent that is highly effective in treating solid tu-
mors such as ovarian, testicular, or head and neck cancers.5–8 Since
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its approval in 1978 by the US Food and Drug Administration
(FDA) and in 1979 by the European Medicines Agency, approxi-
mately 60% of cisplatin-treated cancer patients have suffered from
permanent, bilateral, and progressive tinnitus as well as high-fre-
quency SNHL.9–14 SNHL in these patients is characterized by
dysfunction and degeneration of outer hair cells (OHCs), spiral gan-
glion neurons (SGNs) and the marginal cells of the stria vascula-
ris.15–17 Previous studies have demonstrated the ototoxic effect to
be closely related to reactive oxygen species (ROS) accumulation
and death of the affected cochlear cells.18–23

Several molecules that reduce cisplatin-induced ototoxicity have been
identified. These molecules either supported the antioxidant defense
system by increasing ROS degeneration (e.g., sodium thiosulfate,
dexamethasone) or prevented cell death in affected cell types (e.g.,
Z-DEVD-fmk, Z-LEHD-fmk).24–29 Although these molecules pro-
tected from cisplatin-induced ototoxicity in preclinical studies,
the FDA only recently approved sodium thiosulfate as a preventive
regimen. The efficacy of sodium thiosulfate was analyzed in two clin-
ical trials (SIOPEL and COG ACCL0431) in which pediatric cancer
patients received cisplatin-based chemotherapy. In these trials, pa-
tients treated with sodium thiosulfate had a 29% and 14% lower
risk of hearing loss, respectively.24,30 Despite this first success, there
is a strong need for additional and novel inner ear-protective treat-
ment options for cancer patients undergoing cisplatin treatment.

To avoid interference with cisplatin’s antitumor activity at the tumor
site, ototoxicity-preventing drugs should ideally be applied locally via
herapy: Nucleic Acids Vol. 35 March 2024 ª 2024 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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intratympanic or intracochlear administration.31–34 However, since
chemotherapy often involves several cycles of treatment, repeated
administration of antiototoxic drugs is required, which is invasive
and could cause adverse local reactions, such as inflammation.35

Furthermore, the short half-life of antiototoxic drugs ranging from
15 min to 5.5 h could limit the therapeutic effect within the
cochlea.36,37

Therefore, viral vector-based gene therapy approaches appear to be
a promising alternative, with a single administration of the vector
ensuring long-term and high-level expression of the protective
transgene. Among different vector platforms, in particular, lentiviral
(LV) vectors can be pseudotyped to specifically target the cells of in-
terest and can be highly concentrated to increase titers.38 The latter
is especially important for local application to the inner ear because
the injection volume is very limited due to the bony structure of the
cochlea, leading to hydraulic trauma if larger volumes are intro-
duced.39 Moreover, previous studies showed that local injection of
LV vectors into the inner ear elicited only mild immune responses,
and the vector did not spread to the brain or other organs.40 Also,
LV vector administration did not negatively affect hearing because
functional testing revealed no altered auditory brainstem response
(ABR).41

To protect cochlear cells from cisplatin-induced toxicity, we therefore
developed a gene therapy strategy based on third-generation self-in-
activating (SIN) LV vectors. To counteract cisplatin-mediated ROS
generation and/or apoptosis induction, we equipped the LV vectors
with gene expression cassettes for ectopic expression of the antioxi-
dant enzymes superoxide dismutase 1 (SOD1), catalase (CAT), or
glutathione peroxidase (GPX1), or the anti-apoptotic proteins B cell
lymphoma 2 (BCL-2) or B cell lymphoma-extra large (Bcl-xl), respec-
tively. We first tested their anti-ototoxic potential in vitro using
House Ear Institute-organ of Corti 1 (HEI-OC1) cells and found
that ectopic expression of the anti-apoptotic proteins BCL-2 and
BCL-XL, but not of the antioxidant enzymes SOD1, CAT, or GPX1,
significantly reduced the toxic effects of cisplatin. Subsequently, the
most potent candidate from the studies in HEI-OC1 cells, Bcl-xl,
also showed beneficial effects in phoenix auditory neurons, primary
SGN, and HCs in primary explant cultures. Importantly, LV expres-
sion of Bcl-xl improved hearing and decreased OHC loss in a mouse
model of cisplatin-induced hearing loss.

RESULTS
Cisplatin significantly increases ROS generation and leads to

cumulative cytotoxicity in HEI-OC1 cells

To assess the cellular and molecular mechanisms involved in
cisplatin-mediated ototoxicity, we used the inner ear cell line HEI-
OC1, which is derived from the auditory organ of the Immortomouse.
HEI-OC1 cells express specific markers of cochlear HCs and support-
ing cells and were reported to be sensitive to ototoxic drugs, including
cisplatin.42 Testing different concentrations of cisplatin in HEI-
OC1 cells, Kalinec et al. demonstrated a dose-dependent decrease
in viability and an increase in cytotoxicity.42,43 Since then, different
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cisplatin concentrations have been applied to study the cytotoxic ef-
fects of cisplatin in HEI-OC1 cells.44–46 Thus, to find an appropriate
dose for our experiments, we first tested different cisplatin concentra-
tions in HEI-OC1 cells and analyzed the cultures for signs of cytotox-
icity (Figure S1). Cisplatin-mediated cytotoxicity was first assessed by
the ApoTox-Glo Triplex assay, which allows the simultaneous anal-
ysis of cell death and caspase-3/-7 activity in treated cultures. The
assay revealed increased dead-cell protease (Figure S1A) and cas-
pase-3/-7 activity (Figure S1B) in HEI-OC1 cells upon increasing
cisplatin doses. Furthermore, a significant increase in Annexin V+/
DAPI+ cells was observed upon 72 h of cisplatin treatment at all of
the concentrations tested (Figure S1C). Since 5 mM cisplatin already
caused significant differences in caspase-3/-7 activity and cell death
compared to untreated cells, and in addition, a concentration of
5 mM cisplatin was observed in the scala tympani of guinea pigs in
an in vivo study, HEI-OC1 cells were treated with 5 mM cisplatin
for 72 h in all further experiments.47

To analyze whether HEI-OC1 cells are a suitable cell model to test our
antiototoxic strategy, we next performed different assays in which the
toxic effects of cisplatin were characterized (Figure 1). Total cell
numbers decreased from 8.5� 105 to 4.8� 105 cells upon incubation
with cisplatin, revealing a �1.8-fold reduction (Figure 1A). In line
with the literature, cisplatin-treated HEI-OC1 cultures also showed
significantly elevated ROS levels as compared to their nontreated
counterparts (Figure 1B).48–50 Furthermore, cell death was indicated
by a 3.3-fold increase (from 0.23 to 0.77 relative protease activity) in
dead-cell protease activity (Figure 1C). Because different cell death
pathways exist, we further elucidated the mechanism of cisplatin
toxicity. Although previous studies report that cisplatin induces
different cell death pathways, most propose a form of programmed
cell death (PCD), including apoptosis. We observed significantly
increased caspase-3/-7 activity (Figure 1D) and significantly elevated
Annexin V+ percentages upon 2, 4, 8, and 48 h cisplatin treatment
(Figure 1E). Because caspase-3 is involved in PCD pathways and An-
nexin V positivity is a hallmark of early apoptosis, our experiments
also support that cisplatin treatment evokes PCD, and in particular,
apoptosis.51,52

In summary, the destructive effect of cisplatin treatment in HEI-
OC1 cells was confirmed in our experimental setting. In this cell
model, 5 mM cisplatin applied for 72 h significantly increased
ROS generation and induced a form of PCD, including apoptosis.
Therefore, HEI-OC1 cells represent a suitable test system to analyze
protective strategies for the prevention of cisplatin-mediated cyto-
toxicity in otic cells.

Ectopic expression of the antioxidant enzymes SOD1, CAT, or

GPX1 does not combat cisplatin-mediated cytotoxicity in HEI-

OC1 cells

Since treatment with cisplatin created an oxidative stress condition
with increased ROS levels (Figure 1B) and was reported to decrease
the expression or activation of antioxidant enzymes in cochlear cells,
we hypothesized that the ectopic expression of antioxidant enzymes



Figure 1. Cisplatin exerts cytotoxic effects in HEI-

OC1 cells

HEI-OC1 cells were cultured in the presence (+) or

absence (�) of 5 mM cisplatin and analyzed for cisplatin-

mediated cytotoxicity after 72 h of incubation.

(A) The total viable cell numbers of cisplatin-treated and

untreated HEI-OC1 cells were assessed by flow cytometry

after initially seeding 5 � 104 HEI-OC1 cells for each

sample. N = 9 independent experiments. (B) For the

detection of ROS generation, HEI-OC1 cells were

incubated with the H2DCFDA probe, which is converted

to the highly fluorescent DCF in the presence of ROS.

The graph depicts the percentage of DCF+ cells. N = 3

independent experiments. (C) Detection of the relative

dead-cell protease activity via ApoTox-Glo Triplex Assay.

N = 5 individual experiments. Each color indicates an

individual experiment. (D) The ApoTox-Glo Triplex Assay

measured caspase-3/-7 activity in the form of RLUs to

quantify HEI-OC1 cells that died by PCD. N = 3

independent experiments. (E) Annexin V and DAPI co-

staining of HEI-OC1 cells to analyze the proportion of

early apoptotic (Annexin V+/DAPI�), late apoptotic

(Annexin V+/DAPI+), or dead (DAPI+/Annexin V� or

Annexin V+/DAPI+) cells in cisplatin-treated cultures. N =

3 individual experiments. Statistical analysis was

conducted to assess disparities in Annexin V+ cells from

the 0 h time point to subsequent time points

postcisplatin treatment, using one-way ANOVA along with Dunnett’s post hoc test (*p % 0.05; ns, not significant). The data in (A)–(D) are presented as mean ± SD

(*p % 0.05; **p % 0.01; and ***p % 0.001, determined using an independent t test).
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could decrease the elevated ROS levels and thus increase cell survival
upon cisplatin treatment.53 To test this hypothesis, HEI-OC1 cells
were engineered to overexpress human codon-optimized SOD1,
CAT, or GPX1 from SIN LV vectors (Figure 2A). The selected en-
zymes are among the most abundant antioxidant enzymes in the
cochlea and work together to detoxify ROS.54,55 While SOD1 reduces
ROS to hydrogen peroxide (H2O2),

55 both CAT and GPX1 can
further reduce H2O2 to water and thus minimize oxidative stress
within a cell (Figure S2A).56,57

To monitor gene expression or select transduced cells in vitro, vectors
were equipped with a reporter. For this, SIN LV vectors are
commonly designed to coexpress a fluorescent protein (most
commonly enhanced green fluorescent protein [EGFP]), or an anti-
biotic resistance gene, such as the puromycin resistance (PuroR)
gene. However, since it was reported that EGFP expression could
decrease the toxicity of platinum-containing chemotherapeutic
agents, including cisplatin, we first tested two vector control (VC)
configurations devoid of any antioxidant enzyme gene, carrying
either EGFP or PuroR only (Figure S2B, top).58 As the VC expressing
EGFP reduced the percentages of annexin V+/DAPI+ HEI-OC1 cells
upon cisplatin treatment (Figure S2B, bottom), the SIN LV vector car-
rying the PuroR gene was selected as a neutral VC and to be coex-
pressed from the therapeutic vectors.

HEI-OC1 cells were transduced with the SIN LV vectors coexpress-
ing SOD1, CAT, or GPX1 and PuroR, or with the VC (Figure 2A).
Western blot analysis confirmed ectopic protein expression of the
antioxidant enzymes in puromycin-treated cultures (Figure 2B)
and was followed by analysis of enzyme functionality. To investigate
the enzymatic activity of SOD1, non-transduced cells (NTCs) and
LV.SOD1-overexpressing HEI-OC1 cultures were subjected to
cisplatin treatment and analyzed for their ability to convert ROS
to H2O2 (Figure 2C). In contrast to NTCs (78.65% SOD1 activity
in untreated sample), LV.SOD1-overexpressing cells showed slightly
increased SOD1 activities in untreated (91.45%) and cisplatin-
treated (106.12%) conditions. The functionality of CAT and GPX1
expressed in HEI-OC1 cells was tested by determining the rescue
from H2O2-induced toxicity as compared to non-modified and VC
HEI-OC1 cells, which revealed reduced percentages of both Annexin
V+ and Annexin V+/DAPI+ cells upon LV.GPX1 and especially
LV.CAT overexpression (Figure 2D). Thus, LV.GPX1 and LV.CAT
overexpression reduced cell death rates, indicating that they actively
detoxified H2O2 in the treated cells.

Finally, we assessed the effect of LV.SOD1, LV.CAT, and LV.GPX1 in
terms of protection from cisplatin toxicity by analyzing ROS genera-
tion upon cisplatin administration (Figure 2E). However, ectopic
expression of the antioxidant enzymes failed to significantly reduce
cisplatin-induced ROS production. Next, we determined the percent-
age of dead cells in cisplatin-treated cultures and again were unable to
detect a significant protective effect of LV.SOD1, LV.CAT, or
LV.GPX1 (Figure 2F). In line with this, dead-cell protease (Fig-
ure S2C) and caspase-3/-7 activities (Figure S2D) were not decreased
Molecular Therapy: Nucleic Acids Vol. 35 March 2024 3
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Figure 2. Ectopic expression of LV.SOD1, LV.CAT, or

LV.GPX1 does not increase the survival of cisplatin-

treated HEI-OC1 cells

(A) SIN LV vector design in a postintegration configuration.

The deletion of U3 promoter/enhancer sequences (DU3)

within the long terminal repeats (LTRs) results in transcrip-

tional inactivation of the LTR and attenuates or even

prevents the aberrant activation of nearby genes (SIN

design). Expression of the GOIs, such as human codon-

optimized SOD1, CAT, or GPX1, is driven by the promoter

from the spleen focus-formingvirus (SFFV).All of the vectors

coexpressed the puromycin resistance (PuroR) gene via an

internal ribosomal entry site (IRES) sequence to select for

transduced cells. A vector only carrying PuroR (VC) served

as transduction control. c, packaging signal; wPRE,

woodchuck hepatitis virus posttranscriptional regulatory

element; DU3/R/U5, regions of the SIN LV LTR. (B)

Representative western blot demonstrating the ectopic

expression of human SOD1 (16 kDa), CAT (60 kDa), and

GPX1 (24 kDa) fromSINLV vector constructs in transduced

(LV) HEI-OC1 cells as compared to non-transduced cells

(NTCs) and the VC. Endogenous vinculin (VCL;116 kDa)

expression served as a loading control. (C) SOD

functionality in untreated and cisplatin-treated (5 mM,

72 h) HEI-OC1 cells determined using the Superoxide

Dismutase Activity Assay. (D) The functionality of CAT and

GPX1 was investigated by H2O2 treatment (500 mM, 48 h)

and subsequent cell death analysis, determining the

percentage of Annexin V+, Annexin V+/DAPI+, and DAPI+

cells. (E) ROS levels in cisplatin-treated (5 mM, 72 h) HEI-

OC1 cells assessed by staining with H2DCFDA as DCF+

cells generated in the presence of ROS. For statistical

analysis, samples were compared to cisplatin-treated

NTCs. (F) Proportion of Annexin V+, Annexin V+/DAPI+,

and DAPI+ cells in the indicated HEI-OC1 cultures after

cisplatin (5 mM, 72 h) treatment. Each group is compared

to cisplatin-treated NTCs in the statistical analysis. N = 3

(B, D, and F), N = 4 (E), or N = 6 (C) individual

experiments; each color (C and E) represents an

independent experiment. Data are presented as mean ±

SD (*p % 0.05; determined using one-way ANOVA

together with Dunnett’s post hoc test).
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in antioxidant enzyme-overexpressing HEI-OC1 cells upon cisplatin
treatment.

Together, these results indicated that ectopic expression of the
selected human antioxidant enzymes could not protect HEI-OC1
cells from cisplatin-induced toxicity.

BCL-XL attenuates cisplatin-induced apoptosis of HEI-OC1

cells

Our previous results showed that treatment with cisplatin ultimately
led to the death of HEI-OC1 cells (Figures 1 and S1), and we also de-
tected signs of early apoptosis in cisplatin-treated HEI-OC1 cells (Fig-
ure 1E). Therefore, we hypothesized that the ectopic expression of
genes that encode for the anti-apoptotic proteins BCL-2 and BCL-
XL could protect HEI-OC1 cells from cell death during and after
cisplatin treatment. Both anti-apoptotic proteins are localized at the
4 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
outer mitochondrial membrane (OMM), where they inhibit the ac-
tions of the pro-apoptotic proteins BAK (BCL-2 antagonist/killer 1)
and BAX (BCL-2 associated X).59–62 These pro-apoptotic proteins
initiate apoptosis by promoting permeabilization of the OMM and
release of cytochrome c and ROS, which are important factors in
the intrinsic apoptotic pathway.63,64

We generated SIN LV vectors expressing a codon-optimized version
of human BCL-2 (LV.BCL-2) or murine Bcl-xl (LV.BCL-XL), with
97% identity between the amino acid sequence of the human and
murine version of the latter (Figure 3A).65 HEI-OC1 cultures were
transduced with the respective vector constructs and enriched for
LV.BCL-2- or LV.BCL-XL-expressing cells via puromycin selection,
followed by the confirmation of LV.BCL-2 or LV.BCL-XL protein
expression by western blot analysis (Figure 3B). To assess the func-
tionality of the proteins, we tested the influence of their ectopic



Figure 3. Ectopic expression of LV.BCL-2 and

LV.BCL-XL protects HEI-OC1 cells from cisplatin-

induced cytotoxicity

(A) Schematic overview of SIN LV vectors for the ectopic

coexpression of human BCL-2 or murine Bcl-xl with

PuroR. (B) Representative western blot analysis of

ectopically expressed BCL-2 (26 kDa) or BCL-XL

(30 kDa) in transduced HEI-OC1 cells (LV) compared to

NTCs and the VC. Endogenous VCL served as a loading

control. (C) Caspase-3/-7 activity determined as RLUs in

BCL-2 and BCL-XL-expressing, as well as HEI-OC1

control cells after treatment with cisplatin (5 mM, 72 h).

(D) Percentage of early apoptotic (Annexin V+) or dead

(DAPI+ or Annexin V+/DAPI+) cells from indicated HEI-

OC1 cultures and conditions as determined by flow

cytometry. (E) Total viable cell numbers in depicted

untreated and cisplatin-treated (5 mM, 72 h) HEI-OC1

cultures. Each colored data point represents an

individual experiment. (F) Cisplatin (5 mM, 72 h)-mediated

relative dead-cell protease activity assessed using the

ApoTox-Glo Triplex Assay. N = 3 (B–D and F) or N = 4

(E) individual experiments displayed as mean ± SD (*p %

0.05; determined using one-way ANOVA together with

Dunnett’s post hoc test).
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overexpression on caspase-3/-7 activity and the percentage ofAnnexin
V+ cells upon cisplatin treatment because both are crucial markers
indicating apoptotic cell death. LV.BCL-2 and LV.BCL-XL-overex-
pressing HEI-OC1 cells showed decreased caspase-3/-7 activity (Fig-
ure 3C) and reduced cell death rates as indicated by Annexin V+/
DAPI+ cells (Figure 3D) compared to cisplatin-treated NTC or VC
cultures. In direct comparison, LV.BCL-XL expression had a stronger
effect than LV.BCL-2 expression and decreased the percentage of An-
nexinV+ cells to a level comparable to that of untreatedNTC.A reduc-
tion in apoptosis resulting from cisplatin treatment was also reflected
in higher total cell counts (Figure 3E) and in decreased dead-cell pro-
tease activity upon LV.BCL-XL overexpression as compared to
cisplatin-treated NTC and VC cultures (Figure 3F).

In summary, transgenic LV.BCL-XL was active and mediated anti-
apoptotic effects that ultimately decreased the cytotoxicity of cisplatin
treatment in HEI-OC1 cells.

Protective effect of BCL-XL in phoenix auditory neurons

In the in vivo cochlea, cisplatin exerts cytotoxic effects, especially in
HCs and SGNs. Having shown that BCL-XL overexpression can
rescue the HC-like HEI-OC1 cells from cisplatin toxicity, we next
Molecular
aimed at testing the capacity of our approach
to also rescue SGN-like neurons. For this, we
chose murine phoenix auditory cells derived
from the A/J mouse cochlea as an in vitro cul-
ture system.66

The culture system was initially characterized in
terms of self-renewal capacity, marker gene
expression, neuroprogenitor sphere formation, and differentiation
of spheres into auditory neurons, as described in the literature.66,67

Phoenix spiral ganglion-derived neuroprogenitors formed spheres
in vitro in the presence of defined growth factors (Figure 4A) and
also showed self-renewing capacity (Figure S3A). Furthermore, the
neuroprogenitor state was confirmed by the expression of the neural
stem cells marker SOX2 (SRY-box transcription factor 2) and lack of
expression of the mature neuronal marker MAP2 (microtubule-asso-
ciated protein 2) and the glial cell marker GFAP (glial fibrillary acidic
protein) (Figure 4B, left). Upon growth factor removal and cytokine
addition, these auditory neuroprogenitors were successfully differen-
tiated into bipolar phoenix auditory neurons, with successful differ-
entiation demonstrated on day 6 by the lack of SOX2 expression in
the presence of MAP2 and GFAP marker expression (Figure 4B,
right).

To analyze whether phoenix neuroprogenitors and/or neurons can
be used as a model to study cisplatin-induced toxicity, the cultures
were exposed to cisplatin (5 and 20 mM, respectively) for 72 h. Un-
treated NTC phoenix auditory neuroprogenitors demonstrated
sphere-forming capacity, whereas cisplatin-treated cells showed
more dead cells, less sphere forming, and altered morphology of
Therapy: Nucleic Acids Vol. 35 March 2024 5
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Figure 4. LV.BCL-XL rescues phoenix auditory

neurons from cisplatin-induced cell death

(A) Schematic representation of the in vitro phoenix audi-

tory neuroprogenitor and neuron differentiation model.

The auditory neuroprogenitors grow as spheres in the

presence of the growth factors EGF (epidermal growth

factor), bFGF (basic fibroblast growth factor), and IGF-1

(insulin-like growth factor 1) and can be differentiated

into auditory neurons by the withdrawal of EGF, FGF,

and IGF-1 and the addition of the neurotrophic

factors NT-3 (neurotrophin 3), BDNF (brain-derived

neurotrophic factor), and the cytokine LIF (leukemia

inhibitory factor). (B) Representative photographs of

neuroprogenitors (left) and differentiated phoenix

auditory neurons on day 6 of differentiation (right)

analyzed by immunofluorescence analysis for the

expression of neuronal markers. Both cell types were

stained for the transcription factor and neural stem cell

marker SOX2, the mature neuron marker MAP2, as well

as the glial cell marker GFAP. Cell nuclei were stained

with DAPI. Scale bar, 20 mm. (C) Live-cell images of

differentiated NTCs, VC, and LV.BCL-XL phoenix

auditory neurons on day 7 of differentiation, which had

been cultivated for 72 h either in the presence (lower

row) or absence (upper row) of 20 mM cisplatin. Scale

bars, 100 mm. (D) Annexin V assay of cisplatin-treated

(20 mM, 72 h) phoenix auditory neurons performed on

day 6 of differentiation. The proportion of DAPI+, Annexin

V+, and Annexin V+/DAPI+ cells are shown. N = 3

individual experiments. The data are depicted as mean ±

SD (***p % 0.001; determined using one-way ANOVA

together with Dunnett’s post hoc test).
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formed spheres (Figure S3A). Untreated phoenix auditory neurons
showed the morphology of bipolar neurons in NTC cultures (Fig-
ure 4C), but upon cisplatin treatment, more dead cells were present
in the medium, and the remaining adherent cells mainly showed
soma and fewer cytoplasmic protrusions in the form of axons and
dendrites.

To test whether this toxic effect of cisplatin could be prevented in
phoenix auditory neuroprogenitors by the overexpression of the
anti-apoptotic protein BCL-XL, the cells were transduced with
LV.BCL-XL or the VC (Figure 3A) and subsequently selected for the
expression of the transgene cassette by puromycin treatment.
6 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
LV.BCL-XL expression was confirmed via west-
ern blot analysis (Figure S3B). The transduced
phoenix auditory neuroprogenitors were then
subjected to cisplatin treatment, followed by
morphology and cell death analysis. Similarly
to NTC phoenix auditory neuroprogenitors,
cisplatin-treated VC cultures lost their sphere-
forming ability and exhibited a higher number
of dead single cells (Figure S3A). However,
LV.BCL-XL phoenix auditory neuroprogenitors
retained their sphere-forming capacity in
various sizes and shapes following cisplatin treatment. The cell death
experiments revealed high percentages of Annexin V+/DAPI+ cells in
cisplatin-treated NTC (73.4%) (Figure S3C). Importantly, the overex-
pression of LV.BCL-XL kept the percentage of Annexin V+/DAPI+

cells (42.8%) at a level comparable to that of untreated NTC (40.8%).

LV.BCL-XL phoenix auditory neuron cultures contained more cells in
general as well as more cells that displayed the bipolar neuron pheno-
type upon cisplatin treatment compared to NTC and VC cultures (Fig-
ure 4C). The Annexin V assay revealed increased percentages of dead
cells (83.7%) after treatment with cisplatin in NTC phoenix auditory
neurons (Figure 4D). Strikingly, ectopic expression of LV.BCL-XL led
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to the complete protection of differentiated phoenix auditory neurons
and showed even reduced levels of Annexin V+/DAPI+ cells (33.2%)
when compared to untreated NTC cultures (46.9%).

To our knowledge, these results demonstrate for the first time that
both phoenix neuroprogenitors and neurons represent a suitable
model to study cisplatin-induced cytotoxicity. Furthermore, we
showed that phoenix auditory neuroprogenitor cells could be stably
transduced with SIN LV vectors. Finally, ectopic expression of the
anti-apoptotic protein BCL-XL prevented cisplatin-induced cell
death of both phoenix auditory neuroprogenitors and neurons.

BCL-XL decreases SGN death and maintains HC organization in

rat cochlear explants upon cisplatin treatment

Because the results presented above demonstrated that ectopic expres-
sion of Bcl-xl counteracted cytotoxicity and significantly reduced the
occurrence of dead and apoptotic cells in cisplatin-treated HEI-
OC1, phoenix auditory neuroprogenitor, and differentiated phoenix
auditory neuron cultures, we next examined the protective effect of
the anti-apoptotic protein in primary SGNs and HCs (Figure 5).

To study the anti-ototoxic effect of the viral vector in primary SGNs,
we used dissociated spiral ganglion cultures freshly prepared from
neonatal rats (postnatal days 3–5 [P3–P5]). In addition to SGN, these
cultures include fibroblasts and glial cells, which were discriminated
by staining for expression of the surface markers CD90/Thy1 (cluster
of differentiation 90/thymus antigen 1) and NGFR (nerve growth fac-
tor receptor) (Figure 5A).68 While fibroblasts express only the surface
protein CD90 (CD90+), glial cells express only NGFR (NGFR+) and
type I SGNs (95% of the SGN culture) are considered double-negative
for both surface markers (CD90� NGFR�) at P3–P5.69–71

The spiral ganglion cell culture was transduced with LV.BCL-XL
one day after organ extraction, and cisplatin was administered
(20 mM, 48 h) 24 h post-transduction. Subsequently, cultures were
analyzed by flow cytometry to detect the expression of NGFR and
CD90 for cell discrimination and Annexin V/DAPI for cell death
analysis. More NGFR+ cells and, therefore, less SGN were detected
in cisplatin-treated NTC, VC, and LV.BCL-XL cultures as compared
to untreated NTC cultures (Figure 5B). Cell death analysis within the
SGN population revealed increased percentages of Annexin V+ and
Annexin V+/DAPI+ SGN in cisplatin-treated NTC and VC cultures,
whereas LV.BCL-XL-transduced cultures showed significantly
reduced percentages of early apoptotic (Annexin V+) cells, indicating
a protective effect of LV.BCL-XL overexpression (Figure 5C).

To investigate the effect of LV.BCL-XL overexpression in primary
HCs upon cisplatin treatment, rat cochlear explants (P3–P5) were
transduced with LV.BCL-XL and subsequently treated with cisplatin
as before (50 mM, 48 h). For analysis, the explants were stained for
MYO7A (myosin VIIA) expression to specifically identify HCs (Fig-
ure 5D). While the typical three rows of OHC and one row of inner
HCs (IHCs) were detected in untreated explants, HC organization
was destroyed in cisplatin-treated NTC or VC explants, andHC death
was observed as individual HCs were missing, visible as gaps in the
HC rows. In contrast, better maintenance of HC organization and
increased HC survival were observed in explants transduced with
LV.BCL-XL.

Together, these results confirmed that overexpression of the anti-
apoptotic protein BCL-XL protected primary otic cells from cisplatin
treatment.

BCL-XL overexpression protects cisplatin-treated mice from

high-frequency hearing loss and OHC death

Overexpression of the anti-apoptotic gene Bcl-xl prevented cisplatin
toxicity in several in vitro and ex vivo model culture systems
(Figures 3, 4, and 5). Therefore, we next evaluated the effect of
LV.BCL-XL in vivo in a cisplatin challenge experiment using
normal-hearing C57BL/6 mice.

ABR measurements at P35 and before LV.BCL-XL gene therapy
confirmed normal hearing of the mice at different frequencies be-
tween 4,000 and 32,000 Hz, thus covering the entire hearing range
(Figures 6A and S4A). LV.BCL-XL was then administered via canal-
ostomy into one ear of each mouse (LV.BCL-XL gene therapy). Five
days after vector injection, ABR measurement was repeated and
demonstrated normal thresholds, thus excluding any negative effect
of vector administration and LV.BCL-XL expression on hearing ca-
pacity. Subsequently, 4 mg/kg cisplatin were administered intraperi-
toneally by daily injection over 5 consecutive days, reflecting standard
treatment regimen protocols for cancer patients.72 At P47 and P57 af-
ter the last cisplatin dose, ABR measurements were performed for
gene therapy-treated ears as compared to the NTC contralateral con-
trol ears to determine the effects of cisplatin and LV.BCL-XL
treatment.

Cisplatin treatment resulted in higher ABR thresholds in ears that had
not received LV.BCL-XL vector particles (no gene therapy), implying
hearing loss (Figures 6B and S4B). Although mild hearing loss
was also observed at the low frequencies, higher effects were
detected with ABR thresholds >40 dB at the high frequency range
(R16,000 Hz). Notably, in LV.BCL-XL gene therapy ears, cisplatin-
mediated hearing loss was strongly diminished, with only minor
hearing restrictions after cisplatin treatment. In line with this, histo-
chemical staining of the cochlear base, which processes high sound
frequencies, revealed intact IHC and OHC rows without gaps in
LV.BCL-XL gene therapy ears, whereas OHCs but not IHCs were
damaged in the no-gene therapy contralateral control cochleae
(Figures 6C, 6D, and S5A). The graph in Figure 6D summarizes the
results from four mice and confirmed that LV.BCL-XL expression
preserved the abundance of OHC in the cochlear base upon cisplatin
treatment, with significantly higher OHC counts per 50-mm section in
the LV.BCL-XL gene therapy as compared to the no-gene therapy
control ears. In addition, the HC counts from LV.BCL-XL-injected
ears of mice treated with cisplatin are similar to those from mice in-
jected with LV.BCL-XL without cisplatin treatment (Figure S5C).
Interestingly, in the apex of the cochlea, which is responsible for
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Figure 5. Ectopic expression of LV.BCL-XL prevents the death of primary SGNs and HCs upon cisplatin treatment

(A) Representative flow cytometry plots showing CD90 and NGFR staining of spiral ganglion cell cultures to distinguish fibroblasts (CD90+ NGFR�), glial cells (CD90�NGFR+)

and SGNs (CD90� NGFR�). (B) Proportion of fibroblasts, glial cells, and SGNs among spiral ganglion cultures after 48 h treatment with 20 mM cisplatin or untreated control.

(C) Percentage of Annexin V+, DAPI+, and Annexin V+/DAPI+ cells as determined by flow cytometry to assess the cell death of spiral ganglion cultures after cisplatin treatment

(20 mM, 48 h) as compared to non-treated controls. (D) Representative pictures of NTCs and LV.BCL-XL engineered cochlea explants stained for MYO7A after treatment with

50 mMcisplatin for 48 h. HCs were identified based onMYO7A expression and were arranged in one row of IHCs and three rows of OHCs. Scale bar, 20 mm. N = 3 (A–D). The

data in the bar graphs are depicted as mean ± SD (**p % 0.01; determined using one-way ANOVA together with Dunnett’s post hoc test).
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the processing of low sound frequencies, OHCs and IHCs were not
affected by cisplatin treatment, explaining why no significant differ-
ences in the ABR measurement were detected upon cisplatin treat-
ment as compared to the pre-cisplatin thresholds at frequencies of
8 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
4,000 and 8,000 Hz (Figure 6B). As a marker for early apoptosis, An-
nexin V staining indicated that the affected cells within the organ of
Corti, presumably the OHCs, underwent apoptosis in the cochlea
without gene therapy (Figure S5B).52 However, fewer early apoptotic



Figure 6. LV.BCL-XL gene therapy rescues OHCs

and impedes high-frequency hearing loss in

cisplatin-treated C57BL/6 mice

(A) Schematic overview of the in vivo experiment. ABR

measurement was performed before gene therapy

(P16), followed by canalostomy and injection of LV.BCL-

XL particles into one ear of each mouse (P30). ABR

measurement was repeated before cisplatin treatment

(P35), followed by daily cisplatin administration on P36–

P40, and final ABR measurements on P47 and P57,

as well as histological analyses at end analysis. (B)

ABR thresholds before (P35) and after (P57) cisplatin

treatment in control ears without LV.BCL-XL injection

(no gene therapy, left) and ears injected with LV.BCL-XL

(right). N = 4 mice. (C) Representative photographs of

phalloidin-stained, basal turns of the cochlea collected

at end analysis after cisplatin treatment to compare

effects in ears that did not receive gene therapy with

those treated with LV.BCL-XL. Arrow: area with large

gaps in one OHC row in the non-treated cochlea. Scale

bar, 50 mm. (D) HC counts in the base and apex of

cochleae from ears with or without LV.BCL-XL gene

therapy, obtained from cisplatin-treated mice at end

analysis. N = 4 mice. The data are depicted as mean ±

SD (*p % 0.05, **p % 0.01; determined using one-way

ANOVA and Dunnett’s post hoc test).
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cells were observed in the LV.BCL-XL cochlea, implying that the anti-
apoptotic protein BCL-XL also prevented apoptosis of inner ear cells
such as OHCs in vivo.

In conclusion, canalostomy injection of LV.BCL-XL prevented OHC
death in the cochlear base and thus suppressed high-frequency hear-
ing loss in cisplatin-treated mice.

DISCUSSION
Cisplatin is a very effective chemotherapeutic agent, but its admin-
istration is associated with severe side effects, including ototox-
icity.73–76 Since international regulatory agencies have so far only
approved a single prevention or treatment regimen against
cisplatin-induced ototoxicity in the United States, patients receiving
Molecular
cisplatin must still be monitored closely and the
dose must be reduced to minimize adverse ef-
fects.77 However, this also decreases its anti-
tumor activity.78 To circumvent this conflict,
our study aimed to develop a gene therapy
strategy to prevent cisplatin-induced hear-
ing loss.

To design a gene therapy option, we considered
and addressed known facts and published data
on the mechanism of cisplatin-induced ototox-
icity. Cisplatin leads to the increased production
of ROS in OHCs and SGNs, which eventually
leads to cell damage and induction of PCD in
the affected cells.20–22,48,50 Therefore, our
approach was to specifically intervene in these cellular pathways
and to either reduce the elevated ROS levels by ectopic expression
of the antioxidant enzymes SOD1, CAT, or GPX1, or prevent PCD
by apoptosis via the overexpression of the anti-apoptotic proteins
BCL-2 or BCL-XL.

In vitro testing of these proteins in HEI-OC1 cells revealed that only
the anti-apoptotic proteins BCL-2 and BCL-XL were protective in
terms of rescue from cisplatin-induced cytotoxicity. In phoenix
auditory neurons as well as primary SGNs and HCs, LV.BCL-XL
was functional and protected the cells from cisplatin toxicity. Strik-
ingly, in vivo, LV.BCL-XL overexpression prevented the loss of
OHCs in the base of the cochlea, which abrogated high-frequency
hearing loss in cisplatin-treated mice after cisplatin treatment until
Therapy: Nucleic Acids Vol. 35 March 2024 9
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the end of the study (21 days). This is the first report demonstrating
that BCL-XL can prevent hearing loss after cisplatin treatment
in mice.

Although an early intervention in the toxicity pathway of cisplatin is
considered advantageous, our results revealed that preventing
apoptosis was more effective than reducing oxidative stress by the
ectopic overexpression of SOD1, CAT, or GPX1. Even though we
could show the activity of lentivirally expressed antioxidant enzymes
in HEI-OC1 cells (Figures 2C and 2D), LV.SOD1, LV.CAT, and
LV.GPX1 were unable to significantly reduce cisplatin-induced
toxicity in vitro (Figure 2F). The concept of specifically testing
SOD1 and GPX1 in our study was based on the fact that these two iso-
forms are the most abundant antioxidant enzymes in the cochlea.54,55

However, several other isoforms of the antioxidant enzymes SOD and
GPX are also expressed and differ in their localization and cofac-
tors.57,79 Since SOD is responsible for catalyzing the first reaction in
the process of detoxifying superoxide anions, this antioxidant enzyme
family was selected in several studies, with a focus on SOD2, which is
located within mitochondria. One study tested the ectopic expression
of SOD1, SOD2, and CAT via adenoviral vectors in kanamycin-
treatedmice.80 Here, CAT and SOD2 showed beneficial effects in pro-
tection from HC loss and hearing loss, whereas the results obtained
with SOD1 were inconsistent. However, Ohlemiller et al. demon-
strated that SOD1 plays an important role in preventing noise-
induced hearing loss (NIHL), since SOD1 knockout mice showed
increased susceptibility to NIHL.81 In contrast, the knockdown of
SOD2 in cisplatin-treated HEI-OC1 cells had only a minor effect
on cytotoxicity.82 Hence, these published data and the results from
our study highlight that the strategy to reduce ROS via antioxidant
enzymes to protect patients from drug-induced hearing loss provides
inconsistent results, and the success of these strategies may depend on
the hearing loss-inducing agent or stimulus whose toxic effects are in-
tended to be counteracted.

Similar to our study, the ectopic expression of anti-apoptotic pro-
teins in cisplatin-induced hearing loss models has shown beneficial
effects in previous studies. Cooper et al. showed that round
window injection of an adeno-associated virus (AAV) vector ex-
pressing the caspase inhibitor X-linked inhibitor of apoptosis pro-
tein could prevent an increase in ABR thresholds and loss of
OHCs.83 Furthermore, another study reported that BCL-2 deliv-
ered into cells by an adenoviral vector resulted in increased HC
and SGN survival in rats after cisplatin treatment.84 In our hands,
BCL-XL provided stronger and more robust in vitro results than
BCL-2. Therefore, it is a highly interesting candidate for further
investigation to develop a prevention strategy against cisplatin-
induced hearing loss.

Although all of the previous reports were based on AAV or adeno-
viral vectors for transgene delivery and expression, we used an LV
SIN vector platform. The vectors expressed PuroR, which allowed
the selection of transduced cells in vitro, including phoenix cells.
However, selection was not an option for primary SGNs and HCs
10 Molecular Therapy: Nucleic Acids Vol. 35 March 2024
because these were integrated into the multidimensional tissue
of cochlea explants, nor could selection be applied in vivo. Accord-
ingly, no conclusions can be derived as to which cells were
transduced or what percentage of target cells were transduced.
Nevertheless, detailed characterization of LV inner ear transduction
in other contexts has demonstrated their general capability to effi-
ciently transduce multiple cells types within the cochlea, including
HCs and SGNs, and—importantly—a protective effect was observed
in the present study in primary material as well as in vivo upon
LV.BCL-XL application, indirectly confirming successful transduc-
tion.85 However, the inclusion of a fluorescent reporter on the vec-
tor in future studies would be helpful to address transduction
efficiency and to more closely delineate the type of transduced cells.
In our study, we observed that the expression of one of the most
commonly used fluorescent reporters, EGFP, in cisplatin-treated
HEI-OC1 cells alone had a beneficial effect because it reduced cyto-
toxicity (Figure S2B), thus precluding its use in settings addressing
cisplatin toxicity. The observed effect is presumably due to the
requirement of molecular oxygen for chromophore formation/
maturation and the associated oxygen-scavenging property of this
and other fluorescent proteins.86 Since cisplatin increases the pro-
duction of ROS, caution must be taken when performing cytotox-
icity analyses in EGFP-expressing cells, and therefore, alternatives
to EGFP will be needed, such as eUnaG, a fluorescent protein
from Japanese eel. Because the formation and maturation of eUnaG
is independent of oxygen, this fluorescent protein could be coex-
pressed with the effector gene to study cisplatin-induced ototoxicity
in the future.87

Furthermore, despite several advantageous characteristics of SIN LV
vectors over other vector platforms, including low immunogenicity,
the option to generate high titers through concentration, and a
high-coding-capacity, constitutive expression of an anti-apoptotic
gene to prevent toxic side effects of cisplatin as mediated by this inte-
grating vector family will likely not be applicable in clinical set-
tings.39,40 Therefore, one possibility to optimize this gene-therapeutic
approach is to implement regulated gene expression. This would
allow BCL-XL expression to be switched on for each round of
cisplatin chemotherapy and to be shut off again thereafter. For
example, regulated gene expression could be achieved by an anti-
biotic-inducible and, therefore, controlled expression of the transgene
(e.g., using tetracycline-based systems) or by targeted proteasomal
degradation of the transgene (e.g., using the destabilizing domain of
Escherichia coli dihydrofolate reductase).88–93

In addition to a regulated gene expression, the SIN LV vector could be
optimized to increase safety and restrict the expression of the trans-
gene to the cells most affected by cisplatin treatment. This could be
achieved by the incorporation of a cell-type-specific promoter that
would allow expression specifically in HCs or SGNs. For HCs, the
Myo7A promoter is conceivable, whereas the synapsin 1 or MAP1B
promoter could drive expression in SGNs.94–96 Lastly, the tropism
of the LV vector could be restricted to the target cells by pseudotyping
with specific glycoproteins.38
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In summary, we present a gene therapy approach using SIN LV
vectors to ectopically express the anti-apoptotic protein BCL-XL,
which prevented cisplatin-induced hearing loss in vivo in mice.
Since the approach to reduce the oxidative stress in affected cells
showed no effect in vitro, research focused on prevention of
PCD in OHCs and SGNs could be effective and beneficial in the
future.

MATERIALS AND METHODS
Cell culture

HEK293T cells (ACC 635, DSMZ, Braunschweig, Germany) were
cultured at 37�C and 5% CO2 in high-glucose DMEM (Gibco/
Thermo Fisher Scientific, Schwerte, Germany) with 10% heat-inacti-
vated fetal bovine serum (FBS), 100 U/mL penicillin, 100 mg/mL
streptomycin, and 1mM sodium pyruvate (all from PAN Biotech, Ai-
denbach, Germany). The murine auditory cell line HEI-OC1, kindly
provided by Federico Kalinec (House Ear Institute, Los Angeles, CA,
USA), was cultured at 33�C and 10% CO2 in high-glucose DMEM
containing 10% heat-inactivated FBS, 100 U/mL penicillin, and
1 mM sodium pyruvate.42 HEI-OC1 cells stably expressing a puromy-
cin resistance gene were cultured in the above medium additionally
supplemented with 6 mg/mL puromycin (InvivoGen, Toulouse,
France). Phoenix auditory neuroprogenitors were kindly provided
by Francis Rousset and Pascal Senn (University of Geneva, Geneva,
Switzerland) and cultured in ultra-low attachment plates (Corning/
Sigma-Aldrich, Munich, Germany) in proliferation medium consist-
ing of DMEM/F12 (Gibco/Thermo Fisher Scientific), 15 mM HEPES
(Pan Biotech), 1� N2 and B27 supplement (both Gibco/Thermo
Fisher Scientific), 100 U/mL penicillin, 50 ng/mL heparan sulfate
(kindly provided by Falk Büttner, Hannover Medical School, Hann-
over, Germany), 50 ng/mL human insulin-like growth factor 1
(IGF-1), 10 ng/mL human basic fibroblast growth factor (bFGF),
and 20 ng/mL human epidermal growth factor (EGF) (all Peprotech,
Hamburg, Germany).66,67 Phoenix auditory neuroprogenitor cultures
stably expressing a PuroR gene were selected with 0.3 mg/mL puromy-
cin before analyses. For differentiation into phoenix auditory neu-
rons, the phoenix cells were cultivated in DMEM/F12 with 15 mM
HEPES, 1� N2 and B27 supplement, 100 U/mL penicillin, 10 ng/
mL human leukemia inhibitory factor (LIF), 50 ng/mL human neuro-
trophin 3 (NT-3) and 10 ng/mL human/mouse/rat brain-derived
neurotrophic factor (BDNF) (all Peprotech; differentiation medium)
on Geltrex-coated (Gibco/Thermo Fisher Scientific) cell culture
plates.

Preparation and culture of neonatal rat primary SGNs and

cochlea explants

Primary spiral ganglion cells were isolated from neonatal Sprague-
Dawley rats on P3–P5 in accordance with the German Animal
Welfare Act. The euthanasia is registered (no. 2016/118) with the
local authorities (Zentrales Tierlaboratorium, Laboratory Animal Sci-
ence, Hannover Medical School, including an institutional animal
care and use committee) and is reported on a regular basis as de-
manded by law. For exclusive sacrifice of animals for tissue analysis
in research, no further approval is needed if no other treatment is
applied beforehand (x4). The preparation of the spiral ganglion and
the subsequent enzymatic and mechanic dissociation was performed
as described elsewhere.97 The obtained spiral ganglion culture consti-
tutes a mixture of SGNs, fibroblasts, and glial cells seeded on poly-D/
L-ornithine- (0.1 mg/mL; Sigma-Aldrich) and laminin (0.01 mg/mL;
Life Technologies, Carlsbad, CA)-coated 48-well plates. This spiral
ganglion cell culture was cultivated in serum-free Panserin 401 me-
dium (PAN Biotech) supplemented with 25 mM HEPES (Life Tech-
nologies), 6 mg/mL glucose (Braun AG, Melsungen, Germany), 30 U/
mL penicillin (Grünenthal GmbH, Aachen, Germany), 3 mg/mL
N2 supplement (Life Technologies), and 5 mg/mL insulin (Sigma-
Aldrich) at 37�C and 5% CO2. Cochlear epithelia were collected
from neonatal Sprague-Dawley rats at P3–P5 as previously
described.98 The prepared cochlear explants were cultivated on Nu-
cleopore Track Etch membranes (Whatman, Maidstone, UK) floating
on medium containing DMEM/F12 (PAN Biotech), 1:1 MACS
NeuroBrew21 (Miltenyi, Bergisch Gladbach, Germany), 1 mM N-
acetylcysteine (Sigma-Aldrich), 5 ng/mL EGF (Gibco), 2.5 ng/mL
bFGF (Gibco), and 100 U/mL penicillin (Sigma-Aldrich) in 4-well
plates (Thermo Fisher Scientific).
Experimental animals

C57BL/6 mice were purchased from The Jackson Laboratory (Bar
Harbor, ME, USA) and maintained in a breeding colony. The Institu-
tional Animal Care and Use Committee (IACUC) from the Univer-
sity of Kansas approved all of the animal care and procedures under
IACUC protocol 2018–2442.
Cloning of LV vector plasmids

The SIN LV vector plasmid pRRL.PPT.SFFV.GOI.IRES.PuroR.PRE
served as the backbone for the constructs used in this manuscript.
The promoter of the spleen focus forming virus (SFFV) drives expres-
sion of the respective gene of interest (GOI), which is followed by an
internal ribosomal entry site (IRES) to initiate PuroR gene expression.
The GOI SOD1, CAT, GPX1, BCL2, and Bcl-xl were inserted into the
LV vector backbone via AgeI and SalI restriction sites.
Production of LV vector particles

SIN LV vector particles were produced as previously described by
transient calcium-phosphate transfection of HEK293T cells.99 Briefly,
the day before transfection, 5 � 106 HEK293T cells were seeded per
10-cm culture dish. For the generation of vesicular stomatitis virus
envelope glycoprotein G (VSVg)-pseudotyped SIN LV vector parti-
cles, 5 mg of the respective SIN LV vector plasmid were cotransfected
with 12 mg LV wild-type Gag-Pol (pcDNA3.wtHIV-1.G/P.4xCTE),99

5 mg Rev (pRSV.Rev, kindly provided by Thomas J. Hope, North-
western University, Chicago, IL), and 2 mg VSVg (pMD.G)100 expres-
sion plasmid. Transfection was performed in the presence of 20 mM
HEPES and 25 mM chloroquine (Sigma-Aldrich). SIN LV vector
particle-containing supernatants were harvested at 24 and 48 h
post-transfection, filtered (0.22 mm), pooled, and subsequently
concentrated 100-fold by ultracentrifugation for 2 h at 82,740 � g
and 4�C.
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Transduction of target cells with SIN LV vector particles and

in vivo delivery

The day before transduction, 5 � 104 HEI-OC1 cells were seeded per
well of a 12-well plate. For the transduction of phoenix auditory neu-
roprogenitors, 1� 105 cells were seeded per well of a 24-well ultra-low
attachment plate directly before transduction. Transduction was per-
formed at an MOI (multiplicity of infection) of 1, in a volume of
500 mL, and in the presence of 4 mg/mL protamine sulfate (Sigma-
Aldrich). In the case of HEI-OC1 cells, transduction was supported
by centrifugation for 1 h at 800 � g and 33�C.

For the transduction of primary spiral ganglion cells, 1 � 104 cells
were seeded per well in 48-well plates the day before transduction.
The amount of SIN LV vector particles was adapted to 1 � 106 par-
ticles for transduction in 100 mL culture medium containing 4 mg/mL
protamine sulfate. Subsequently, the plate was centrifuged for 1 h at
800 � g and 37�C.

Primary cochleae were prepared and cultured on Nucleopore
track-etched membranes for one day before transduction. For the
transduction, the concentration of the LV vector was adjusted to
5 � 106 particles in 50 mL protamine sulfate (4 mg/mL)-containing
culture medium and was administered directly onto the cochleae. Af-
ter incubation for 30 min at 37�C and 5% CO2, 300 mL of the culture
medium containing 4 mg/mL protamine sulfate was added.

C57BL/6 mice (1 month old) were intraperitoneally injected with ke-
tamine (150 mg/kg), xylazine (6 mg/kg), and acepromazine (2 mg/kg)
in 0.9% sodium chloride for anesthesia, followed by a dorsal postaur-
icular incision to disclose the posterior semicircular canal. To expose
the perilymphatic space, a microdrill was used, and subsequently,
with the help of a Hamilton microsyringe with 0.1 mL graduations
and a 36G needle, 1 mL of the LV.BCL-XL vector was injected into
the defined perilymphatic space. The injection site was closed with
bone wax, and the C57BL/6 mice recovered from this procedure for
5 days before their hearing was analyzed via ABR.

Analysis of antioxidant enzyme activity

To determine SOD activity in cisplatin-treated and nontreated cells,
5 � 105 NTC and LV.SOD1-overexpressing HEI-OC1 (SOD1-HEI-
OC1) cells were seeded. The next day, NTC and SOD1-HEI-OC1 cul-
tures were incubated in the absence or presence of 5 mM cisplatin for
72 h. Finally, SOD activity was measured by the Superoxide Dismut-
ase Activity Assay Kit (Colorimetric) (Abcam, Cambridge, UK)
following the manufacturer’s instructions. To measure CAT or
GPX enzyme activity, 5 � 104 NTC and antioxidant enzyme-overex-
pressing HEI-OC1 cells were treated with 500 mM H2O2 for 48 h.
Subsequently, H2O2-mediated cytotoxicity was assessed via allophy-
cocyanin (APC)-Annexin V/DAPI staining and flow cytometry by
using the CytoFLEX S.

Cytotoxicity assays

To determine cell viability and cytotoxicity after cisplatin treatment in
HEI-OC1 cells, different assays were performed, in which the cellular
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and metabolic changes were measured that are associated with viable
or dead cells. Therefore, 5� 104 or 2� 103 cells were seeded in 12- or
96-well Nunc MicroWell plates (Thermo Fisher Scientific), respec-
tively. The following day, the cells were treated with 5 mM cisplatin
for 72 h. Subsequently, cells seeded in the 96-well plates were analyzed
for dead-cell protease activity and caspase-3/-7 activity using the
ApoTox-Glo Triplex Assay Kit (Promega, Walldorf, Germany)
following the manufacturer’s instructions. The degree of cell destruc-
tion within the treated cultures was investigated with the help of a
cell-impermeant fluorogenic peptide substrate, which can be cleaved
only by cellular proteases released upon cell death. The “dead-cell
protease activity” is expressed as relative fluorescent units (RFUs)
and reflects the amount of proteolytically cleaved fluorogenic sub-
strate within the culture medium. In contrast, caspase-3/-7 activity
was assessed after cell lysis by adding a luminogenic caspase-3/-7 sub-
strate to the lysates. The latter is cleaved by caspase-3 and -7, thereby
generating luciferin, which is converted into oxyluciferin and visible
light by a recombinant luciferase. Thus, caspase-3/-7 activity is indi-
rectly determined by a luciferase reaction and measured in relative
luminescent units (RLUs). The readout of the assay was performed
using either the SpectraMax Paradigm Multi-Mode Microplate
Reader (Molecular Devices, Munich, Germany) or the GloMax Ex-
plorer Multi-Mode Microplate Reader (Promega).

Cells seeded in the 12-well plates were used either to determine the
cell numbers or to analyze the induction of cell death. The adherent
cells were harvested for cell count analysis, and cell numbers
were determined by analyzing 60 mL of each sample with the
CytoFLEX S (Beckman Coulter, Indianapolis, IN, USA) flow cytom-
eter and subsequent calculation of the total cell number per well.
The induction of cell death was assessed by harvesting the adherent
cells as well as dead cells from the medium and subsequent staining
with APC-Annexin V (1:200, BD Biosciences, Heidelberg, Germany,
catalog no. 550474) for 10 min at room temperature in the dark.
This was followed by staining with 0.2 mg/mL DAPI (Sigma-
Aldrich). The cells were immediately analyzed by flow cytometry
using the CytoFLEX S.

To study the cytotoxic effect of cisplatin in phoenix auditory neuro-
progenitors and phoenix auditory neurons, treated cells were stained
and analyzed with APC-Annexin V and DAPI and analyzed via flow
cytometry, as described above. Phoenix auditory neuroprogenitors
were seeded in a density of 1 � 105 cells in 24-well ultra-low attach-
ment plates in proliferation medium and treated with 5 mM cisplatin
for 72 h. A total of 5 � 104 phoenix auditory neuroprogenitor cells
were seeded onto Geltrex-coated 24-well plates in differentiation me-
dium for differentiation into phoenix auditory neurons. On day 4 of
differentiation, fresh differentiation medium was added, and 20 mM
cisplatin was administered for 72 h. The Annexin V assay was per-
formed on day 7 of differentiation.

The primary spiral ganglion culture was treated for 48 h with 20 mM
cisplatin the day after transduction. Subsequently, co-staining was
performed with Alexa Fluor 647-CD90.1 (1:200, BioLegend, Koblenz,



www.moleculartherapy.org
Germany, catalog no. 100750) and fluorescein isothiocyanate (FITC)-
NGFR (1:100, Santa Cruz Biotechnology, Heidelberg, Germany, cat-
alog no. sc-71691) for 20 min at 4�C in the dark. This staining was
followed by phycoerythrin-Annexin V (1:200, BD Biosciences, cata-
log no. 556422) and DAPI staining and subsequent flow cytometry
analysis, as described previously.

Determination of ROS production

The production of ROS was analyzed with the cell-permeable and
nonfluorescent H2DCFDA (20,70-dichlorodihydrofluorescein diace-
tate; Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. The percentage of DCF+ cells was analyzed using the CytoFLEX
S flow cytometer.

Immunofluorescence

Phoenix auditory neuroprogenitors, differentiated phoenix auditory
neurons, or cochleae were fixed in 4% paraformaldehyde for
15 min at room temperature and rinsed with PBS. Fixed samples
were permeabilized in 0.2% Triton X-100 in PBS for 10 min
at room temperature and subsequently blocked with 5% FBS
in PBS for 30 min. The samples were incubated with the primary
antibodies rabbit-anti-MYO7A (1:100, Proteus Biosciences, Ra-
mona, CA, catalog no. 25–6790), mouse-anti-NF200 (1:200, Leica
Biosystems, Wetzlar, Germany, catalog no. NF200-N52-L-CE),
rabbit-anti-SOX2 (1:500, Abcam, catalog no. AB97959), rabbit-
anti-MAP2 (1:500, Sigma-Aldrich, catalog no. AB5622), or
mouse-anti-GFAP (1:100, Sigma-Aldrich, catalog no. MAB360) in
PBS overnight at 4�C in PBS supplemented with 0.5% BSA and
0.1% Triton X-100. The samples were washed three times with
0.1% Triton X-100 in PBS and incubated with the secondary anti-
bodies donkey-anti-rabbit conjugated with Alexa Fluor 488 (1:500,
Jackson Immuno Research, Ely, UK, catalog no. 711-545-152)
or goat-anti-mouse conjugated with Alexa Fluor 555 (1:500,
BioLegend, catalog no. 405324), respectively, for 1 h at room tem-
perature. Prestained phoenix auditory neuroprogenitors and neu-
rons were counterstained with 1 mg/mL DAPI in PBS immediately
before mounting in Invitrogen ProLong Gold Antifade Mountant
(Thermo Fisher Scientific). Finally, the samples were inspected un-
der a phase contrast fluorescence Zeiss Axio Observer Z1 micro-
scope (Zeiss, Oberkochen, Germany).

Live-cell imaging

The morphology of phoenix auditory neuroprogenitors and neurons
was monitored over time using the live-cell imaging device Cellcyte
X (Cytena, Freiburg, Germany). To achieve this, 5 � 104 phoenix
neuroprogenitor cells were seeded in 24-well plates (Corning/
Sigma-Aldrich) in the appropriate medium for either proliferation
or differentiation. Following seeding, the phoenix auditory neuropro-
genitors were exposed to cisplatin, after which the analysis of sphere
formation and morphology commenced. The cells used for differen-
tiation into phoenix auditory neurons underwent cisplatin treatment
on day 4 of differentiation. Following this, live-cell imaging was initi-
ated in an incubator set at 37�C and 5% CO2. Each condition was
measured in triplicate, and each well was imaged with a 4� objective
once every 2 h over a period of 3 days in the enhanced contour
(bright-field analog) channel.

Total protein extraction and western blot analysis

HEI-OC1 or phoenix neuroprogenitor cells were lysed to detect
transgene expression with a buffer containing 50 mM HEPES,
150 mM NaCl, 50 mM NaF, 10 mM Na4P2O7, 10% glycerin, and
1% Triton X-100. A total of 30 mg of each total protein sample
were separated by an SDS-PAGE and transferred to a nitrocellulose
membrane (GE Healthcare Life Science, Solingen, Germany). The
membrane was blocked with 3%milk powder (Roth, Karlsruhe, Ger-
many) dissolved in Tris buffered saline-Tween-20 (TBST) buffer for
1 h at room temperature and probed overnight at 4�C with either
anti-SOD1 (1:1,000, Thermo Fisher Scientific, catalog no. MA5-
15520), anti-CAT (1:1,000, Origene, Herford, Germany, catalog
no. TA502564) anti-GPX1 (1:1,000, Thermo Fisher Scientific, cata-
log no. MA5-32848), anti-BCL2 (1:1,000, Cell Signaling Technology,
catalog no. 3498) or anti-BCL-XL (1:1,000, Cell Signaling Technol-
ogy, catalog no. 2764) in 3%milk powder in TBST buffer. As second-
ary antibodies, goat-anti-rabbit immunoglobulin G (IgG) (1:4,000,
Cayman Chemical Company, Ann Arbor, MI, catalog no.
10004301) or goat-anti-mouse IgG (1:4,000, Cayman Chemical
Company, catalog no. 10004302) conjugated with horseradish
peroxidase (HRP) were used. Protein bands were detected with the
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher
Scientific) and quantified using the FUSION FX imaging system
(Vilber Lourmat, Eberhardzell, Germany). Equal protein loading
was demonstrated by staining the membrane with an HRP-conju-
gated anti-glyceraldehyde 3-phosphate dehydrogenase antibody
(GAPDH; 1:10,000, Biozol, Eching, Germany, catalog no. GTX
627408) or anti-vinculin (VCL; 1:20,000, Sigma-Aldrich, catalog
no. V9131).

Auditory brainstem responses

ABR thresholds were recorded using the Intelligent Hearing Systems
Smart EP program (IHS, Miami, FL). Animals were anesthetized as
described above and kept warm on a heating pad (37�C). Needle elec-
trodes were placed on the vertex (+), behind the left ear (�), and on
the opposite ear (ground). Tone bursts were presented at 4, 8, 16, and
32 kHz, with a duration of 500 ms using a high-frequency transducer.
The recording was carried out using a total gain equal to 100 K and
using 100 Hz and 15 kHz settings for the high- and low-pass filters.
A minimum of 128 sweeps was presented at 90 dB sound pressure
level (SPL). The SPL was decreased in 10-dB steps. Near the threshold
level, 5-dB SPL steps using up to 1,024 presentations were carried out
at each frequency. The threshold was defined as the SPL at which at
least one of the waves could be identified in two or more repetitions of
the recording. The pre-operative threshold was measured in P16 an-
imals before the first operation, and the final post-operative threshold
was measured before sacrificing the animals.

Histopathology

Mice were anesthetized with intraperitoneal applications of
phenobarbital (585 mg/kg) and phenytoin sodium (75 mg/kg)
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(Beuthanasia-D Special, Schering-Plough Animal Health, Union,
NJ, USA) and sacrificed via intracardiac perfusion with 4% parafor-
maldehyde in PBS. The temporal bones were removed and trimmed.
The staples was removed, and the round window was opened with a
needle. The temporal bones were postfixed overnight in 4% parafor-
maldehyde in PBS at 4�C. After rinsing in PBS three times for
30 min, the temporal bones were decalcified in 10% EDTA for 48
h. The decalcified otic capsule was carefully removed, and the organ
of Corti was dissected away from the modiolus. The tissue was then
incubated in PBS + 0.1% Triton X-100 for 10 min, followed by stain-
ing with phalloidin-FITC (1:80, Abcam, catalog no. ab235137) in
PBS + 0.1% Triton X-100 for 20 min at room temperature. The tissue
was washed three times for 10 min in PBS and mounted in Vecta-
shield Plus mounting medium (Vector Labs, Newark, CA, USA).

Statistical analyses

The data are represented as mean ± SD and were analyzed with
GraphPad Prism 5 software (GraphPad, La Jolla, CA, USA). To
compare two groups (Figure 1), an unpaired, two-tailed t test was per-
formed. In contrast, multiple groups were analyzed by one-way
ANOVA together with Dunnett’s post hoc test. A p % 0.05 (*) was
considered statistically significant, p % 0.01 (**) was considered
very significant, and p% 0.001 (***) was considered extremely signif-
icant. Each experiment’s sample size (n) was specified in the respec-
tive figure legend.
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