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Abstract—Gene transfer is an exciting new tool in medical therapy and scientific investigation, but only
very recently has it begun to be developed in the auditory system. This paper describes iz vivo and ex vivo
experiments using an adenoviral vector (Ad. RSVntlacZ), which is a replication-deficient virus based on a
human adenoviral (serotype S) genomic backbone. The in vivo experiments demonstrate successful gene
transfer into multiple types of cochlear cells. We observed a relatively efficient transduction, several weeks
of sustained transgene expression and an absence of major lethal cytotoxicity in spiral ganglion and
epithelial cells of the cochlea in adult animals. The ex vivo experiments were performed using fibroblasts
transduced in vitro with Ad. RSVntiacZ. Two weeks after inoculation of the fibroblasts into the perilymph,
we observed transplanted fibroblasts, which were adherent to the lining of the perilymphatic spaces, and
were expressing the lacZ transgene. We speculate that, as the genetic basis of degenerative cochlear diseases
is characterized on a mutational level, transgene expression will allow us to test hypotheses regarding the
effects of specific genes on cochlear cell biology. Gene transfer will not only increase our understanding of
the pathophysiology of hearing loss, but also may provide gene therapy for disease. © 1997 ISDN
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Gene transfer is a powerful technique for altering gene expression in cells and tissues, and the
cochlea is potentially a suitable organ for experimental and therapeutic gene transfer. By nature of
its structural design, the cochlea possesses several advantages as an end-organ for gene transfer.
First, there are several cell types in the cochlea that can be quantified rather precisely. Second,
although it is encased in the temporal bone and relatively isolated, inoculation with genetic vectors
technically is feasible. Third, the enclosed fluid spaces (the scala tympani and scala vestibuli, which
contain perilymph, and the scala media, which contains endolymph) enable diffusible particles,
such as viruses or proteins, to disperse rapidly throughout the cochlea. Various agents have been
introduced experimentally into the perilymph by injection through the round window membrane,
and osmotic pumps have been used to deliver a continuous infusion® into the scala tympani and
obtain therapeutic levels of growth factors in the ear.>>*

In vivo gene transfer involves inoculation of the target organ with a vector containing a transgenic
insert."” In vivo gene transfer in the cochlea achieves transduction of cochlear cells and the transgenic
protein produced may exert an effect intracellularly, or if secreted, may diffuse throughout the
perilymph and act upon other populations of cochlear cells. In order to introduce genes into any of
the quiescent cells of the inner ear (hair cells, supporting cells of the organ of Corti and spiral
ganglion cells), in vivo gene transfer is currently the only available technique. In contrast, ex vivo
gene transfer typically involves transduction of host cells (such as dermal fibroblasts) in culture,
followed by injection of the transduced cells into the cochlea. Ex vivo gene transfer in the cochlea
has been demonstrated recently using cultures of neonatal cochlear explants.” Ex vivo gene therapy
has two advantages. First, in contrast to in vivo gene transfer in which any cochlear cells potentially
may be infected with the virus, ex vivo gene therapy utilizes a preselected host cell population.
Second, because a large number of cells may be transduced, a larger dose of transgene potentially
may be introduced into the cochlea. The applicability of ex vivo gene therapy is, however, limited
to genes that encode diffusible, secreted proteins.

{To whom correspondence should be addressed. Tel.: (313) 936-9386; Fax: (313) 647-2563; E-mail: yoash@umich.edu.
Abbreviations: PBS, phosphate-buffered saline; LTR, long terminal repeat; DAB, diaminobenzidine.
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Achieving efficient cellular transduction and transgene expression is essential for the successful
clinical implementation of gene therapy. This efficiency is best achieved using viral vectors, which
are more proficient genetic vectors than other available options, such as liposomes or plasmids.
Recombinant adenovirus and retrovirus are used frequently as vectors and each has distinctive
characteristics that may be advantageous in a particular model. Adenovirus is the vector of choice
for many investigators,>''>2* and has been used in clinical trials.*'** By virtue of its capacity to
express its genes in non-dividing cells, adenovirus, unlike retrovirus, is suitable for in vivo gene
transfer into the quiescent cells of the cochlea. However, because adenoviral particles do not
integrate into the host cell DNA, transgenic expression is relatively short-lived. None the less, in
vivo studies have demonstrated expression for as long as 2 months.>® While the brevity of adenoviral
transgene expression may be inadequate for many uses, it may be favorable in others. For example,
a potential clinical use of gene therapy in the cochlea is for the transgenic production of growth
factors or anti-oxidants to combat ototoxic trauma to the organ of Corti. Furthermore, spiral
ganglion cell death typically occurs secondarily after hair cell death. Exposure to therapeutic levels
of growth factors for a short time may rescue the spiral ganglion cells, thereby improving the hearing
outcome in cochlear implant recipients.

Based on an expanding body of literature regarding the use of recombinant human adenoviruses
for in vivo gene transfer,>5&111223242 we hypothesized that cochlear cells also would be susceptible
to in vivo transduction. We present here data demonstrating (a) the feasibility of transgene expression
in cochlear cells in the deafened cochlea using a recombinant adenovirus; and (b) successful ex vivo
gene transfer into the cochlea.

EXPERIMENTAL PROCEDURES

The vector used in our studies (Ad. RSVntlacZ) is a replication-deficient adenovirus based on a
human adenoviral (serotype 5) backbone.'®*?? The lacZ gene transcription is driven by the Rous
sarcoma virus (RSV) LTR. An SV40 polyadenylation sequence is cloned downstream from the lacZ
gene. The E. coli B-galactosidase gene is modified by a nuclear targeting (nt) epitope, so that cells
transduced with this vector may be identified by their blue nuclei after incubation in X-gal.

The in vivo experiments were performed using normal®' as well as deafened guinea pigs. To deafen
the animals, we injected kanamycin (400 mg/kg s.c.) and ethacrynic acid (40 mg/kgi.v.) as described
previously.'*?* Two guinea pigs, deafened 2 weeks previously with kanamycin and ethacrynic
acid,®* were given prophylactic chloramphenicol (30 mg/kg SC), and anesthetized with xylazine
(10mg/kg s.c.) and ketamine (40 mg/kg s.c.). The left round window was approached through a
post-auricular incision, the bulla was exposed and sharply punctured with the scalpel. The opening
was enlarged with curved forceps and the round window identified. Each guinea pig was inoculated
with 5-10 ul of an isotonic adenoviral suspension (10'! adenoviral particles/ml sterile PBS), injected
through the round window membrane using a Hamilton syringe. A fascial graft was placed over
the round window membrane, Durelon carboxylat-cement (ESPE) was applied to the bony defect,
and the soft tissue was closed in two layers. The right cochlea served as a negative control for each
animal. Seven days after viral inoculation, the animals were anesthetized with chloral hydrate
(0.1¢c/100g i.p.) and perfused transcardially with fresh 4% paraformaldehyde. The tissues were
incubated overnight in X-gal, and post-fixed with 2% glutaraldehyde. The distribution of lacZ +
cells within the cochlea was assessed stereoscopically. Cochleae then were decalcified in EDTA with
1% glutaraldehyde and prepared for sectioning (either cryo or plastic).

To assess the extent of inflammatory response, we used antibodies to detect T cells. Three guinea
pigs were inoculated with the adenoviral vector described above (10" adenoviral particles/ml),
sacrificed 1 week later, fixed in 4% PFA, reacted-with guinea pig T lymphocytes-specific antibody
(MCA 564, Serotec, U.K.). We used the peroxidase DAB reaction with a Vectastain kit (Vector
Labs) as chromogen and assessed the tissue with a stereoscope.

For the ex vivo experiments, guinea pig fibroblasts (kindly provided by Dr Thomas Carey, Kresge
Hearing Research Institute) were maintained in culture with minimal essential media under standard
culture conditions, and the same viral vector, Ad. RSVntlacZ, was used for the viral transductions.
Fibroblasts were grown to near-confluence in six-well tissue culture plates, rinsed once with PBS
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and then incubated with Ad. RSVntlacZ with a multiplicity of infection (MOI) of 10° in 1 ml aliquots
of minimal essential media at 37°C. After 2 hr, an additional 1 ml of minimal essential media with
10% fetal calf serum was added to each well. At the time of surgery, the fibroblasts were harvested
by trypsinization and 10* cells were resuspended in 10-20 ul of sterile PBS. Two guinea pigs,
deafened 2weeks previously with kanamycin and ethacrynic acid,®*® were given prophylactic
chloramphenicol (30img/kg s.c.), and anesthetized with xylazine and ketamine. The left round
window was exposed surgically, and the cells very slowly injected through the round window
membrane using a Hamilton syringe. The wound was closed as described above. The right cochlea
served as a negative control for each animal.

Post-operatively, the animals recovered without head-tilt, circling behavior or signs of systemic
toxicity. After 1 week, the animals were anesthetized with chloral hydrate (0.1¢c/100g i.p.) and
fixed transcardially with fresh 4% paraformaldehyde. The temporal bones were isolated, the apex
of the bony cochlea opened and the cochlea directly infused with fixative. To visualize lacZ in
transduced cells, cochleac were developed in X-gal. For T cell immunocytochemistry, the tissues
were permeabilized with 0.3% Triton X-100 and double-labeled with monoclonal antibody specific
for guinea pig T lymphocytes (Serotec, U.K.). Antibody binding sites were visnalized with biot-
inilated anti-mouse antibodies and peroxidase DAB reaction using the Vectastain kit (Vector Labs),
turning the positive cells brown.

RESULTS

The extent of in vivo viral transduction in deafened animals appears larger than that previously
reported in normal animals.*' Large numbers of blue nuclei were seen throughout these cochleae [Fig.
1(A)~(C)]. The T cell immunocytochemistry revealed results similar to those observed previously in
normal cochleae transduced with adenovirus. More specifically, there was a modest increase in the
number of T cells present, primarily in the lining of the perilymphatic fluids (data not shown).

The perilymph of cochleae inoculated with transduced fibroblasts was clear and without signs of
a major inflammatory response. Stereoscopic examination of inoculated cochleae demonstrated
what appeared to be a nearly confluent layer of blue nuclei lining the osseous spiral lamina of the
basal turn of the cochlea, and a few blue cells in the second and third turns [Fig. 1(D)]. The
contralateral (control) ears did not exhibit any /acZ + cells, and the vestibular tissue of the exper-
imental ears was also negative after development with X-gal. The T cell immunocytochemistry
(data not shown) demonstrated a moderate immune response, similar in magnitude to the in vivo
experiments. The T cell distribution was fairly uniform throughout the cochlea, with the exception
of the basal tum, which had virtually no inflammatory cells. Light micrograph sections demonstrated
multiple blue nuclei, as well as negative nuclei, in a thickened layer of connective tissue, lining
the osseous spiral lamina. Both gross and histologic sections in all of the experimental cochlea
demonstrated changes typically found after of pharmacological deafening, but otherwise preserved
architecture of the cochlea.

DISCUSSION

We have reported previously detailed results of in vivo gene transfer in normal guinea pigs.”' To
summarize briefly, a large number of cells with blue nuclei were observed throughout experimental
cochleae, and transduced cell types included supporting cells in the organ of Corti, several cell types
in the stria vascularis, spiral ligament cells, fibrocytes in the perilymphatic scalae and spiral ganglion
cells. Transduced cells could be detected 3 weeks after the inoculation. Hair cells were not transduced
‘with this virus. The efficiency of infection varied among animals and among cell types within an
animal; spiral ganglion cell transduction was particularly efficient in some animals, and not in
others. The T cells were observed near the fibrocytes lining the perilymphatic spaces and were
present in greater numbers in experimental cochleae than in controls. Plastic sections of experimental
ears did not reveal signs of major toxicity in the organ of Corti or the spiral ganglion regions.

The deafened cochleae transduced in vivo and presented in this paper [Fig. 1(A)~(C)], demonstrate
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Fig. 1. Guinea pig cochleae of animals transfected with lacZ adenovirus and developed with X-gal,
demonstrating transduced cells with blue nuclei. (A)-(C) Show cochleae from deafened animals transfected
in vivo, (D)~(F) are from animals transfected ex vivo. (A) Stereoscopic micrograph of a cochlea which was
inoculated with the adenovirus (on the right) exhibits blue nuclei, evenly distributed throughout the
cochlear turns. The contralateral cochlea (on the left) is the non-inoculated control. (B) Under higher
magnification, numerous blue nuclei are seen in the scala vestibuli (sv) and the scala tympani (st). (C) A
whole-mount of Reissner’s membrane from the third cochlear tum, demonstrating multiple blue nuclei.
(D) Stereoscopic view of the basal turn (scala tympani side) of a cochlea transfected ex vivo. Cells with
blue nuclei occupy the region near the osseous spiral lamina. (E) and (F) Plastic sections (at a near mid-
modiolar plane) demonstrate the osseous spiral lamina (arrow) and a thickened layer of connective tissue,
with multiple blue nuclei, lining the perilymphatic space (pl). A higher magnification view of this area (F)
shows a few lacZ negative (purple) among the lacZ positive (blue) nuclei.

a greater extent of genetic transduction than was observed previously after transduction of normal
cochleae.”

These data, as well as those previously reported®' demonstrate that in vivo gene transfer achieves
efficient gene delivery into the cochlear tissues. However, in vivo transduction of the inner ear has
two potential problems associated with it that we attempted to circumvent with ex vivo transduction.
First is the difficulty of controlling expression of the transgene. In vivo gene transfer does not allow
selection of the type or number of cells infected by the virus, or the quantity of gene product
produced. Ex vivo transduction requires that the target cells be selected, sustained in cell culture,
genetically transduced, and then transplanted into the host animal. This process allows for selection
of the host cell, determination of the MOI and episomal copy number and, after transduction,
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quantification of transgenic protein expression. All of this may be done prior to transplantation of
the cells into the cochlea.

The second potential problem with ir vivo adenoviral gene transfer is the inflammatory response
that typically is associated with an active adenoviral infection.”’ Ex vive transduction with a
replication-deficient virus does not expose the animal directly to the viral particles, and theoretically
may limit the inflammatory stimulus. In addition, adenovirus is an efficient vector for ex vivo gene
transfer, achieving high episomal copy numbers per target cell.

Although interpretation of the data on ex vivo transduction presented in this paper is limited by
the small number of experimental animals, our preliminary results demonstrate that cultured
fibroblasts can be transduced and that transgenic expression persists for at least 1week in the
cochlea. In addition, the non-injected control (right) cochleae demonstrated neither blue nuclei nor
blue cytoplasmic staining, indicating that, with the technique used here, viral infection remains
specific to the experimental organ. Moreover, no major changes were observed in the morphology
of the organ of Corti, stria vascularis or spiral ganglion cells in Rosenthal’s canal, suggesting that
adenovirus infection was not associated with direct lethal cytotoxicity to any of the epithelial or
neural cochlear cells (data not shown).

While no major toxicity was observed, the magnitude of T cell infiltration was comparable
between in vivo and ex vivo gene transfer. Our hypothesis that the latter approach may be less
immunogenic requires further study. Objectives of our current investigations are to elucidate the
components of the inflammatory stimulus through a series of negative controls and sham operations.
In addition, we are doing longitudinal studies to determine the temporal limits of cell survival and
transgene expression.

These results are consistent with other animal models demonstrating that parenteral admin-
istration of recombinant adenovirus to specific organ systems elicits an initial cell-mediated immune
response.®'® However, the magnitude of the host T cell response to the intra-cochlear administration
of recombinant adenovirus is limited. We believe that the absence of a massive immune response in
our experiments is related to the unique anatomic properties of the cochlea and the fact that the
administration procedure through the round window does not appear to compromise extensively
the integrity of the blood—perilymph barrier. The preservation of the normal anatomic isolation of
the cochlear cells from direct contact with mononuclear cells may provide for tolerable levels of
immune-mediated toxicity after a single intra-cochlear dose with recombinant adenovirus.

The data presented here, in conjunction with previously reported results,” demonstrate the
transduction of a variety of cochlear cell types using in vivo gene transfer, as well as the plausibility
of ex vivo gene transfer, all without eliciting a major inflammatory or cytotoxic response. Together
they strongly suggest that the cochlea is an adequate target organ for developing gene transfer
technology for experimental and clinical purposes.

The utility of adenovirus as a vector for transgene expression in other systems has been tempered
by its potential to cause local or systemic toxicity. While recombinant adenoviral vectors have been
shown to be effective in mediating gene transfer in the mammalian nervous system with a relatively
low risk of toxicity,® both infectious and non-infectious particles are capable of eliciting an inflam-
matory response.>*

Other potential viral vectors include herpes virus, adeno-associated virus, and retrovirus. Herpes
virus is peculiar in its natural preference for infecting neurons, making it possible to direct gene
therapy to this specific cell population. However, herpes virus is associated with considerable
cytotoxicity, which remains an obstacle in its clinical use.>'* Second generation herpes virus vectors
with reduced toxicity currently are being developed. Adeno-associated viruses, which have minimal
toxicity, have been used successfully as vectors for gene transfer and may have an expanded role in
the future.'*!” Retroviruses may be considered for ex vivo gene transfer in the cochlea; however,
their efficiency of transduction and levels of transgene expression are much lower than those achieved
with adenovirus."'** As our understanding of the viral regulation of gene expression deepens, we
may learn to prolong the duration of gene expression, minimize toxicity of infection, and increase
the specificity of infection, which would broaden the potential applicability of this very powerful
tool."

In summary, gene transfer is an exciting new technology with both experimental and potentially
therapeutic utility in the cochlea. The data reviewed and presented here demonstrate successful gene
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transfer in the cochlea. We hypothesize that, as the molecular basis for degenerative cochlear
diseases becomes better understood, transgene expression will not only allow us to test the impact
of specific genes in the cochlea, but also may open the door to repairing cochlear pathology.
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