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with pbFGF, pIM45, and pladeno-1 to produce the AAV in-
ducing bFGF gene (AAV-bFGF). After 48 hr, cells were har-
vested and lysed in Tris-HCI buffer (10 mM Tris-HCI, 150 mM
NaCl, pH 8.0) through three cycles of freezing and thawing.
One round of sucrose precipitation and two rounds of CsCl den-
sity gradient ultracentrifugation were performed to isolate
AAV-bFGF from the lysates. The vector titer was determined
by quantitative DNA dot-blot hybridization of the DNase I-re-
sistant fraction.

In vitro study: examination of the potency of AAV as a
viral vector when targeted at synoviocyles

Isolation of synoviocytes. Five Japanese white rabbits (Ori-
ental Yeast, Tokyo, Japan). 12 weeks old, weighing an average
of 2.1 kg. were used for the study. Under intravenous anesthe-
sia with pentobarbital sodium (Somnopentyl: Schering-Plough
Animal Health, Union. NJI). synovial tissues were harvested
from the knee joint, washed three times in phosphate-buffered
saline (PBS). and cut into small pieces. These pieces were then
treated with 0.25% collagenase (type II collagenase; Wor-
thington Biochemical, Lakewood, NI) for 2 hr at 37°C. The
treated synoviocytes were washed three times with PBS and
centrifuged for 5 min at 1500 rpm, and then equally divided
into four separate flat-bottomed plates (Falcon [diameter, 30
mm}; BD Biosciences Discovery Labware, Bedford, MA) at
1 X 10 cells per plate in 1.0 ml of Dulbecco’s moditied Ea-
gle's medium (DMIEM; Sigma, St. Louis, MO) supplemented
with 10% fetal calf serum (FCS) and antibiotics (penicillin G
{100 U/mi] and streptomycin [0.1 mg/mi); GIBCO-BRL Invit-
rogen, Carlsbad, CA) (DMEM-FCS), at 37°C in a 5% COq—air
atmosphere for 48 hr.

Gene transduction into synoviocytes. After 48 hr in growth
medium, the synoviocyte cultures were removed and washed
once with serum-free DMEM. A 500-ul volume of serum-free
DMEM containing AAV-LacZ was added to the control group
culture plate, and 500 ul of serum-free DMEM containing
AAV-DFGF was added (o the gene-transduced group culture
plate. This was to enable quantification of ransgene expression
at the optimal number of viral particles (107 particles per cell)
determined from pilot studies (data not shown).

Five samples from the bFGF-transduced group and five from
the control group (lacZ-transduced group) were used for the ex-
periment to determine the efficiency of gene transduction in
vitro. Culture medium was not exchanged during the examina-
tion period of 2 weeks. 3, 7, and 14 days after transduction, su-
pernatant was removed, and LacZ expression in the LacZ group
was assessed by the X-Gal staining technique (Yokoo et al.,
2005). The efficiency of gene transduction was calculated as
the average percentage of X-Gal-positive cells per total living
cells, determined by viewing three randomly selected fields
(magnification, X100} with an optical microscope.

Measurement of bEGF concentration in culture medium.
Five samples from the bFGF-transduced group and five from
the control group (lacZ-transduced group) were used to deter-
mine the accumulation of bFGF in culture supernatant. The cul-
ture medinm of bFGE-transduced or control chondrocytes was
not exchanged at each sampling. 3, 7, and 14 days after trans-
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duction, culture supernatants were collected from all four
bFGF-transduced or control group culture wells and, after cen-
trifugation, were stored at —80°C until analysis. The bFGF con-
centration in culture supernatants of both groups were measured
by enzyme-linked immunosorbent assay (ELISA), using a
bFGF-specific BLISA kit (Quantikine; R&D Systems. Min-
neapolis, MN) according to the manuvfacturer’s instructions.

In vivo study: cartilage regeneration by intraarticular
administration of AAV-bFGF

Intraarticular administration of AAV-bFGF inwo articular
cartiluge defect. Surgery and postoperative management were
carried out under certification of the Yokohama City Univer-
sity Animal Center (Yokohama City. Japan) and with the ap-
proval of the Animal Care Committee.

Twenty-four Japanese white rabbits were used for the in vivo
study. They were anesthetized as required by intravenous in-
jection of pentobarbital sodium, and both knees were sterilized
for surgery. A 2.3-cm medial parapatellar incision was made
and the patella was dislocated laterally. A full-thickness defect
(diameter, 5 mm; depth, 3 mm) was artificially created in the
patellar groove of the anterior surface of the distal femur, us-
ing a hand drill bit; 1 X 10° particles (100 pl of solution con-
taining 1 X 1019 particles/ml) of AAV-bFGF, which had been
shown to be the optimal amount in our pilot study, was ad-
ministered with a microsyringe. and the dislocated patella was
reduced to its original position immediately. The same proce-
dure was repeated for the contralateral knee. In the control
group, the same procedure was followed, but 100 ul of phos-
phate-buffered saline (PBS) solution was administered instead
of AAV-bFGF. The rabbits were allowed freedom of move-
ment immediately after surgery. Four rabbits from each group
were subsequently killed at 4, 8, and 12 weeks for macroscopic
and histological examination of the articular surface of both
knees. :

Macrescopic and histological evaluation of repaired carti-
lage. To enable comparative examination of the articular com-
ponents, four animals (both knees) from the AAV-bFGF group,
and an equivalent number from the PBS (control) group, were
sacrificed at 4, 8, and 12 weeks. Macroscopic assessment and
photography were followed by en bloc resection of the distal
end of the femur. The specimens were fixed with 10% buffered
formaldehyde for 1 week, followed by decalcification with 0.5
M EDTA solution for 2 to 3 weeks. Sagittal sections through
cartilaginous tissue and bone were prepared and stained with
hematoxylin and eosin (H&E) and safranin O. Macroscopic
findings for each specimen were evaluated semiquantitively ac-
cording to the scale described by Kumagai et al. (2003). The
Kumagai Scale for Macroscopic Assessment of Cartilage Sur-
face is an established system of parameters for grading speci-
mens in color (0=3), connection of new tissue to adjacent car-
tilage (0-2), size of remaining defect (0-5), depression of the
defect (0-4), and depth of the defect (0-2). The overall score
scales from zero, suggesting full repair, to 16, indicating no re-
pair.

Likewise, histological findings for each specimen were eval-
vated semiquantitatively according to the scale described by
Wakitani er al. (1994). The Wakitani Scale for Histological As-
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sessment of Cartilage Defects is an established system of pa-
rameters for grading specimens in cell morphology (0—4), ma-
trix staining (0-3), surface regularity (0-3), thickness of carti-
lage (0-2), and integration of donor with adjacent host cartilage
(0-2). The overall score scales from zero, suggesting full re-
pair, to 14, indicating no repair.

Evaluation of supernarant bFGF concentration afier in vivo
study. At the time of sacrifice, synovial tissue was harvested
for examination of bFGF concentration after in vivo adminis-
tration of AAV-bFGF. Harvested tissues were treated with
0.25% type II collagenase as previously described, and cultured
for 1 week at 37°C without exchange of medium. Supernatant
of the synoviocyte cultures from the bFGF group and from the
control group were analyzed at 4, 8, and 12 weeks and evalu-
ated by the ELISA method.

Immunohistological assessment for type 1l collagen in cell
martrix. Inmunohistological assessment targeted the type Il col-
lagen seen in the extracellular matrix of the regenerated carti-
lage, using rabbit anti-type II collagen antibody (Santa Cruz
Biotechnology, Santa Cruz, CA).

Statistical analysis. Data were expressed as means * stan-
dard deviation (SD). The statistical significance of differences
was calculated with StatView version 1-5.0 (SAS Institute,
Cary, NC). One-way analysis of variance (ANOVA) and the
Mann—Whitney U test were used for analyzing statistical sig-
nificance. p Values less than 0.05 were considered significant.

RESULTS

In vitro study: examination of the potency of AAV
as a viral vector when targeted at synoviocytes

Efficiency of gene wransduction into synoviocytes: LacZ ex-
pression. Values for synoviocytes transfected with AAV-LacZ
were determined at intervals of 3, 7, and 14 days after trans-
duction. The percentage of LacZ-positive cells among total liv-
ing cells was determined to be 55.8 + 6.0 (mean * SD), 83.4 =
3.8, and 92.0 * 1.6%, tespectively, at an optimal dose of 107
particles per cell (Table 1). The percentage of successfully
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transduced synoviocytes increased in a vector dose-dependent
manner up to an optimal figure of 107 particles per cell, when
approximately 100% efficiency was achieved. Doses of viral
particles above that level failed to improve the transduction rate.
Microscopic examination did not reveal any evidence of cell
death or cytopathic change in the transduced cells.

DFGF gene expression in transduced synoviocytes. bFGF
production was detected in both bFGF-transduced and control
cells. bFGF concentration in the culture supernatant was 31.2 =
7.8.80.5 + 16.4, and 120.8 = 22.5 ng/ml at 3, 7. and 14 days
after transduction, respectively, in bFGF-transduced cells
(Table 1). In control cells, the bFGF concentration was 22.6 *
9.2, 23.1 = 6.4, and 28.4 = 7.8 ng/ml at 3, 7, and 14 days af-
ter transduction. respectively. The bFGF concentration was sig-
nificantly greater in bFGF-transduced cells than in control cells
at cach sampling time point (p < 0.01).

In vivo study: cartilage regeneration by intraarticular
administration of AAV-bFGF

Macroscopic [indings on cartilage regeneration. Observation
of the articular cartilage defect site showed regeneration in both
the bFGF-transduced and control groups. At 4 weeks, cartilage
regeneration was not obvious in the control group (Fig. 1A),
whereas partial coverage by regenerated cartilage was seen in
the AAV-bFGF group (Fig. 1B). At 8 weeks, the difference in
cartilage regeneration became more apparent (Fig. 1C and D)
and at 12 weeks. the margin between the regenerated tissue and
the original cartilage was not distinguishable in the AAV-bFGF
group (Fig. 1F), whereas the margin was clearly visible in the
control group (Fig. 1E).

Histological findings on cartilage regeneration. At 4 weeks
after administration of AAV-bFGF, tissues obtained from the
bFGF-transduced group showed slight formation of a chondral
layer in the deep part of the cartilage defect. Tissue was com-
posed of round chondrocytes with weakly safranin O-stained
extracellular matrix (Fig. 2B). There was no integration of the
edges of regenerated tissue with normal adjacent cartilage or
reconstitution of the osteochondral junction in any specimen.
In the control group, the extracellular matrix was hardly stained
with safranin O (Fig. 2A). and no cartilage regeneration was

TABLE 1. TivME-DEPENDENT l.acZ EXPRESSION AND SUPERNATANT bFGF
CONCENTRATION IN CULTURED SYNOVIOCYTES?

bFGF concentration (ng/ml)

Days afier Percenage of LacZ-

transfection positive cells AAV-bEGFE group® Control group®
3 558 £ 6.0 31278 26*92

7 834 £ 38 80.5 x 16.4 23.1 £ 64
14 92016 1208 + 225 28478

*LacZ expression was assessed by X-Gal staining 3, 7, and 14 days after AAV-LacZ
transduction of chondrocytes. Values represent mean percentages = SD. bFGF con-
centration of the supernatant was analyzed by ELISA 3, 7, and 14 days after AAV-
bFGF transduction of synoviocytes. Values represent mean concentrations (ng/ml) +

SD.n=5.
bp < 0.0].
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Macroscopic photographs showing cartilage repair after interarticular administration of AAV-bFGF and control at 4,

8, and 12 weeks after operation. At 12 weeks in the AAV-bFGF group, almost complete repair is seen, whereas in the control
group, the margin between the newly formed cartilage and the surrounding normal cartilage is obvious.

seen. The tissues showed inflammatory granulation of the de-
fect area, and any bone may have been partly obscured because
of apoptosis and replacement of fibrous tissues.

At 8 weeks, in the bFGF-transduced group, the exiracellular
matrix was more distinctly stained with safranin O, and carti-
lage regeneration was seen not only in the deep part, but also
in the superficial layer (Fig. 2D). Both edges of the regener-
ated cartilage showed almost complete integration with normal
adjacent cartilage, and reconstitution of the osteochondral junc-
tion was seen in five specimens. In Fig. 2C, tissues from the
control group were essentially the same as those seen at 4
weeks. Although safranin O staining appears stronger, there is
no apparent formation of hyaline cartilage and no construct of
mature cartilage tissue is visible.

In the bFGF-transduced group at 12 weeks, the intensity and
thickness of the extracellular matrix were increased when com-
pared with the findings at 4 and 8 weeks, and the microstructure
of the regenerated tissue resembled the swrounding normal car-
tilage (Tig. 2F). There was reconstitution of the osteochondral
Junction in most specimens, and formation of the surface layer of
articular cartilage was distinctly more pronounced in contrast to
that shown in the control (Fig. 2E). In the control group, forma-
tion of hyaline cartilage-like tissue was seen in three specimens,
but others presented formation of fibrous cartilage. Extracellular
matrix stained well with safranin O in three specimens, but was
less compared with the bFGF group. There was no reconstitution
of the osteochondral junction in any specimen.

Semiquantitive macroscopic and histological analyses.
Semiquantitive analysis using the Kumagai Scale showed a sig-
nificant difference in the two groups (p < 0.01) as detailed in
‘Table 2. At 4, 8, and 12 weeks, average macroscopic scores in
the AAV-bFGF group were 9.25 = 2.21, 2.25 = 0.70, and
0.25 = 0.12 points, and the surface of the regenerated cartilage
closely resembled normal cartilage in the bFGF-transduced
group. On the other hand, macroscopic scores in the control
group showed an average of 12.0 * 2.34, 8.50 = 1.72, and
5.00 * 1.28 points at 4, 8, and 12 weeks, respectively, and re-
generated cartilage could still be distinguished from surround-
ing normal cartilage even at 12 weeks. No sign of osteoarthro-
sis, such as erosion of cartilage or formation of osteophytes,
was recognized in any of the joint surfaces during the obser-
vation period. Tumor formation was also not recognized, but
there was a slight hyperplastic change in the lateral condyle in
one knee joint of the bFGF group. No hyperplasia of synovium
was seen n any of the joints of the bFGF-transduced group.

listological analysis using the Wakitani score showed
6.75 * 1.15, 2.25 = 0.67, and 0.75 =% 0.33 points at 4, 8, and
12 weeks after AAV-bFGF administration, respectively (Table
2). In the control group, the score was 13.5 1.0, 11.0 * 1.5,
and 5.00 2 2.00 points at 4, 8, and 12 weeks respectively. The
scores in both groups decreased throughout the experimental
period. However, the score in the bFGF-transduced group be-
came significantly lower than that in the counirol group over
time (p < 0.01).
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FIG. 2. Histological assessment of prepared sagittal sections using safranin O and hematoxylin staining. At 4 weeks (A) con-
trol group extracellular matrix is hardly stained, no cartilage regeneration is seen, but the tissues show inflamnmatory granulation
of the defect area, which may obscure any bone because of apoptosis and replacement of fibrous tissue. (B) bFGF-transduced
group matrix is lightly stained and the deep part is composed of rounded chondrocytes. At 8 weeks (C) partial chondrocyte re-
pair is seen, with limited metachromasy. (D) The matrix is more distinctly stained and cartilage regeneration has advanced to the
superficial layer. At 12 weeks (E) generation of chondrocyte-like cells with irregular matrix formation is seen, but no reconsti-
tution of the bone—cartilage junciion is apparent. (F) Note the intensely stained matrix, reconstitution of the osteochondral junc-

tion, and formation of the surface layer of the articular cartilage.

bFGF concentration in synovial cell culiure after in vivo ad-
ministration of AAV-bFGF. bFGF production was detected in both
bFGF-transduced and control cells. bFGF concentration in the cul-
ture supemnatant was 133.8 + 15.6, 122.5 + 19.3, and 94.0 * 8.4
ng/ml at 4, 8, and 12 weeks after transduction, respectively, in
bFGF-transduced cells (Fig. 3). In control cells, bFGF concen-
tration was 34.0 = 7.8, 19.5 + 6.3, and 21.0 = 2.7 ng/ml at 4, 8,
and 12 weeks after transduction, respectively. bFGF concentra-
tion was significantly greater in bFGF -transduced cells than in
control cells on all days of sampling (p < 0.01).

Immunohistological assessment of the cell marrix. Immuno-

histological assessment of the extracellular matrix was made in
the AAV-bFGF group at 8 and 12 weeks. The antibody was
targeted at extracellular matrix, and clear staining was seen at
both 8 and 12 weeks. when compared with the control group
(Fig. 4).

DISCUSSION

Because of its limited self-repairing nature, regeneration of
cartilage is a difficult task, and clinical attempts have been made

TABLE 2. SEMIQUANTITIVE MACROSCOPIC AND HISTOLOGICAL ANALYSIS OF
bFGF-TRANSDUCED CARTILAGE®

Macroscopic score®

Histological score®

Weeks after

transduction AAV-bFGF-F Control AAV-bFGF Control

4 9.25 + 2.21 12.0 £ 2.34 6.75 £ 1.15 13.5 = 1.00
8 2.25 £ 0.70 8.50 +1.72 2.25 = 0.67 11.0 £ 1.50
12 0.25 £ 0.12 5.00 +1.28 0.75 = 0.33 5.00 = 2.00

“Semiquantitive macroscopic and histological scores comparing the AAV-bFGF
group and control group at 4, 8, and 12 weeks after administration. Macroscopic scor-
ing system: 0 points, maximum with complete repair; 16 points, minimum with no re-
pair. Histological scoring system: maximum and minimum scores are 0 and 14 points,

respectively. n = 8.
bp < 0.01.
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FIG. 3. bFGF concentration in culture supernatant of bFGF-transduced synoviocytes 4, 8, and 12 weeks after AAV-bFGE admin-
istration. Culture supematants of control and bFGF-transduced cells were collected 7 days after harvesting and culture, and bFGF con-
centration was determined by ELISA. Transduction of the bFGF gene significantly elevates the secretion of bFGF (*p < 0.01).

to repair human cartilage, such as implantation of autologous
chondrocytes (Richardson et al., 1999), which have proven suc-
cessful. In these cases, autologous chondrocyte grafts, harvested
from non-weight-bearing areas, were cultured in vizro and then
reinserted into the cartilage defect with coverage by a periosteal
flap. However, because of the limited amount of graft tissue
that can be obtained from the donor site, the method is limited
to small local cartilage defects. Another successful method used
clinically is mosaicplasty, used in diseases such as osteochon-
dritis dissecans, but again, patients are limited to those who suf-
fer only from small local cartilage defects. Given these limita-
tions, a more fundamental method for cartilage repair would
seem to be needed.

anti-Type II Collagen

i o i

X100

With numerous studies concerning growth factors, and dis-
covery of polent gene transporters, methods to transport these
genes into target organs have come to light (Kaplitt et al., 1994
Berns and Giraud, 1995; Xiao et al.. 1997; Schwarz, 2000).
Thus, gene therapy has become one of the most powerful tools
for treatment of degenerative disorders, but still has several
problems: the first, and perhaps most important, is that of
safety—that is, in terms of virus virulence and their ability to
self-reproduce: the second concerns their capacity to integrate
into the host genome: and the third is the issue of long-term
gene expression.

Adeno-associated virus (AAV), which was first discovered
in research of its hosting virus, the adenovirus, has several bi-

Control

AAV-bFGF

AAV-bFGF

12wks

12wks 8wks

FIG. 4. Immunochistological staining for type Il collagen. Staining is not seen in the negative control at 12 weeks. Staining of
the extracellular matrix is seen at 8 weeks, and is most strong 12 weeks after AAV-bFGF administration.
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ological advantages over other viral gene transporters, and the
only apparent disadvantage is its small size, which may limit
the size of the gene it can carry. It is most important to obtain
high-efficiency transduction and continuous local expression of
the therapeutic gene for repair of cartilage defects by gene ther-
apy. Several studies bave demonstrated the high ability of the
AAV as a gene transporter, and its ability to express the trans-
duced gene for a certain length of time (Kessler er al., 1996;
Fisher er al.. 1997; Herzog et al., 1997). There are also reports
of the utility of the AAV vector in the treatment of joint dis-
eases. in which it demonstrated high-efficiency gene delivery
into the synovium in vive (Goater er al.. 2000), and gene trans-
duction into cultured chondrocytes in vitro (Arai et al., 2000).
In our previous study, ex vivo gene transfer to periosteum-de-
rived cells, using an AAV vector, induced lacZ gene expres-
sion for 4 weeks in vivo (Kobayashi er al., 2002). However, the
ex vivo method is complex, and may not be practical in terms
of clinical therapy. On the other hand, delivering genes directly
to the surface of abnormal articular cartilage could result in
long-term treatment to accelerate cartilage repair.

Augmentation of cartilage repair by application of basic fi-
broblast growth factor (bFGF) has been reported to be efficient
(Shida et al., 1996; Cuevas et al., 1988). Weisser et al. (2001)
documented that by transplanting chondrocytes treated with sev-
eral growth factors, positive effects on cartilage repair were ob-
served only in bFGF-treated chondrocyte implants, and Fujimoto
et al. (1999) showed that in sizu delivery of bFGF also enhanced
the ability to repair cartilage. Other studies have also shown that
exogenous bFGF induced proliferation of chondrocytes, matu-
ration of cartilage, and differentiation of mesenchymal cells, and
stimulated synthesis of cartilaginous matrix (Cuevas ez al., 1988;
Shida et al., 1996). Otsuka et al. (1997) described how contin-
uous administration of bFGF, using an osmetic pump, had a
clear beneficial effect on repair of cartilage defects.

After considering the above-described findings, we were led
to believe that achieving integration of the bFGF gene into in-
traarticular tissues, such as synoviocytes, by intraarticular ad-
ministration could result in long-term expression and prolonged
secretion of the growth factor, and culminate in regeneration of
cartilage.

In this study, high-efficiency lacZ gence transduction to syn-
oviocytes was obtained in vitro, and bFGF gene expression was
detected in both bFGF-transduced and control cells. Subse-
quently, gene expression /n vivo was sustained for at least 12
weeks without any adverse effects, and the findings suggest that
in vivo gene transfer to articular cartilage defects, using the
AAYV vector, was successful.

We have shown that bFGF secretion was significantly in-
creased in bFGF-transduced synoviocytes compared with the
control groups, both in vitre and in vivo. Furthermore, repair at
a relatively early stage was noticeably different between the
bFGF-transduced and control cartilage tissue, and the eventual
histological appearance of the transfected site in the bFGF-
transduced group showed full repair compared with the control
group, where the difference was still visible.

The results demonstrate that repair of full-thickness defects
in rabbit articular cartilage can be enhanced by intraarticular
administration of AAV-bFGF, by a procedure that is much less
complex compared with the orthodox ex vivo method, and that
is equally, if not more, effective.
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Hence, it can be concluded that continuous bFGF secretion
by gene transfer was extremely effective in promoting cartilage
repair, demonstrating that this approach could in future be used
clinically as a potent method for repair of cartilaginous diseases.
However, further long-term studies will be necessary to assess
the final outcome of regenerated articular cartilage.
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Technical Report

Large-Scale Production of Recombinant Viruses by Use of a
Large Culture Vessel with Active Gassing

TAKASHI OKADA,! TATSUYA NOMOTO,! TORU YOSHIOKA,! MUTSUKO NONAKA-SARUKAWA,!
TAKAYUKI ITO,! TSUYOSHI OGURA,! MAYUMI IWATA-OKADA,? RYOSUKE UCHIBORI,!
KUNIKO SHIMAZAKI,? HIROAKI MIZUKAMI,! AKIHIRO KUME,! and KEIYA OZAWA!2

ABSTRACT

Adenovirus and adeno-associated virus (AAV) vectors are increasingly used for gene transduction experi-
ments. However, to produce a sufficient amount of these vectors for in vivo experiments requires large-ca-
pacity tissue culture facilities, which may not be practical in limited laboratory space. We describe here a
large-scale method to produce adenovirus and AAV vectors with an active gassing system that uses large cul-
ture vessels to process labor- and cost-effective infection or transfection in a closed system. Development of
this system was based on the infection or transfection of 293 cells on a large scale, using a large culture ves-
sel with a surface area of 6320 cm?. A minipump was connected to the gas inlet of the large vessel, which was
placed inside the incubator, so that the incubator atmosphere was circulated through the vessel. When active
gassing was employed, the productivity of the adenovirus and AAV vectors significantly increased. This vec-
tor production system was achieved by improved CO; and air exchange and maintenance of pH in the cul-
ture medium. Viral production with active gassing is particularly promising, as it can be used with existing
incubators and the large culture vessel can readily be converted for use with the active gassing system.

OVERVIEW SUMMARY INTRODUCTION
Large-scale production of recombinant viruses, using a

g DENOVIRUS AND ADENO-ASSOCIATED VIRUS (AAV) VECTORS
large culture vessel with active gassing, is superior to pro-

are highly efficient for transduction in many gene therapy

tocols using standard tissue culture plates or flasks because
of the higher capacity for cell growth. Although a previous
protocol for recombinant virus production in a large cul-
ture vessel had the problem of insufficient transduction ef-
ficiency resulting from inadequate gas exchange, a method
to use active gassing successfully improved productivity of
recombinant viruses. Development of a vector production
system on a large scale, using commercially available large
culture vessels, allows us to process labor- and cost-effec-
tive manipulation in a closed system.

studies (Okada et al., 2002b, 2004; Tto ez al., 2003; Nomoto et
al., 2003; Yamaguchi et al., 2003; Mochizuki et al., 2004;
Yoshioka et al., 2004; Liu et al., 2005). However, current pro-
duction methods rely on the manipulation of many individual
flasks and are not generally considered appropriate for scaling-
up of production because it would be a time-consuming and la-
bor-intensive process. Therefore, alternative tissue culture ves-
sels with higher capacity for cell growth, such as a 10-tray Cell
Factory (CF10; Nalge Nunc International, Rochester, NY) with
a surface area of 6320 cm?, could be suitable for scaling-up of

IDivision of Genetic Therapeutics, Center for Molecular Medicine, Jichi Medical School, Tochigi 329-0498, Japan.
2Division of Hematology, Department of Medicine, Jichi Medical School, Tochigi 329-0498, Japan.
3Department of Physiology, Jichi Medical School, Tochigi 329-0498, Japan.
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vector production (Okada et al., 2002a). This device is easy to
handle and can be used for efficient cell culture on a large scale
in a closed system requiring only an air filter (Berger et al.,
2002; Tuyaerts et al., 2002). Nevertheless, a previous protocol
for recombinant virus production in the CF10 had the problem
of insufficient scaling-up of vector production (Liu et al., 2003).
In that protocol, inadequate gas exchange between the culture
vessel and the incubator might have been the cause of the in-
efficient yield.

We consequently adapted an active gassing system to gen-
erate large numbers of recombinant viruses in the CF10. The
purpose of this active gassing is to control and maintain CO,
tension and pH in the growth medium by passing a gas mix-
ture through the CF10. For many types of cells, pH is an im-
portant parameter for controlling cell growth. This can be
achieved by gassing with CO, in atmospheric air in the incu-
bator. Enhanced gas exchange in a large culture vessel should
improve both viral infectivity and plasmid transfection effi-
ciency. In combination with the previously described method
of using the CF10 (Okada et al., 2002a), we have now created
a simple and highly efficient system of producing vector stock
on a large scale. Presented here is a labor- and cost-effective
method for large-scale production of adenovirus and AAYV vec-
tors with an active gassing system that uses a large culture ves-
sel to achieve transfection or infection in a closed system.

MATERIALS AND METHODS

Cell culture with active gassing

Propagation of vectors was based on the infection or trans-
fection of human embryonic kidney-derived 293B cells (Yam-
aguchi et al., 2003) by using either a flask with a surface area
of 225 cm? (Falcon, T-225; BD Biosciences Discovery Labware,
Bedford, MA) or the CF10, as described previously (Okada et
al., 2002a). Cells were cultured in Dulbecco’s modified Eagle’s
medium and nutrient mixture F12 (DMEM-F12: Invitrogen,
Grand Island, NY) with 10% fetal bovine serum (FBS; Sigma-
Aldrich, St. Louis, MO), penicillin (100 ugits/ml), and strepto-
mycin (100 pg/ml) at 37°C in a 5% CO, incubator. First, cells
were plated at 2.3 X 10° cells per T-225 or at 6.5 X 107 cells
per CF10 to achieve a monolayer at 20 to 40% confluency when
cells initially attach to the surface of the flask. The volume of
medium used per flask was 40 ml per T-225 or 1120 ml per
CF10. Subsequently, cells were grown to a confluency of
70-90% over the next 48 to 72 hr for adenovirus infection or
plasmid transfection. An aquarium pump (NISSO, Tokyo,
Japan) was used to circulate air through the CF10 with 5% CO,
and humidity control by an incubator. The CF10 was mounted
with a bacterial air filter (bacterial air vents; Pall Gelman Sci-
ences, Ann Arbor, MI) to connect the aquarium pump. The pump
was connected to the gas inlet of the CF10 and the CF10 was
placed inside the incubator, so that the incubator atmosphere was
circulated through the CF10. The flow through the CF10 was
maintained at 500 m{/min. Culture medium was sampled peri-
odically, and the CO, concentrations and pH were estimated
with a blood gas analyzer (Nova PHOX; Diamond Diagnostics,
Holliston, MA). Glucose levels of the culture medium were also
estimated with a glucose meter (Glutest Sensor, Glutest Ace GT-
1640; Sanwa Kagaku Kenkyusho, Nagoya, Japan).
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Construction and propagation of adenoviral vectors

A recombinant adenoviral vector, Ad-EGFP, was con-
structed using an adenoviral DNA~protein complex without
a transgene insert (AVC2.null) (Okada et al., 1998); it car-
ried the cytomegalovirus (CMV) promoter, cloning sites, a
simian virus 40 (SV40) intron, and the SV40 polyadenyla-
tion signal. To generate Ad-EGFP encoding enhanced green
fluorescent protein (EGFP), a Spel-Clal fragment containing
the EGFP cDNA excised from pEGFP-1 (BD Biosciences
Clontech, Palo Alto, CA) was inserted into the Xbal and NspV
sites in the DNA~protein complex, AVC2.null, using the di-
rect in vitro ligation technique (Okada et al., 1998). The lig-
ated DNA-protein complex was introduced into 293 cells by
the calcium phosphate transfection method. Viral plaques on
293 cells were isolated, amplified, and titrated by standard
techniques. To amplify the vector in 293 cells, half the
medium in the tissue culture flasks was exchanged with fresh
DMEM-F12 containing 10% FBS 1 hr before infection. Cells
were infected with the virus at 10 multiplicities of infection
(MOI) per cell. Cells were incubated to reach full cytopathic
effect, and crude viral lysate was purified by two rounds of
CsCl two-tier centrifugation. The average number of plaque-
forming units (PFU) was assessed on the basis of the 50%
tissue culture infective dose. The number of vector particles
was estimated by dot-blot hybridization of DNase I-treated
stocks with plasmid standards.

Construction and propagation of AAV vectors

AAV1-EGFP, a recombinant AAV type 1 expressing the
EGFP gene under the control of the CAG promoter (modified
chicken B-actin promoter) with the CMV-IE enhancer, was gen-
erated by the following procedure. A BamHI-Xbal fragment con-
taining EGFP cDNA excised from pEGFP-1 and a Hindlll frag-
ment containing the woodchuck hepatitis virus posttranscriptional
regulatory element (WPRE) sequence excised from pBluescript
II SK(+)WPRE-B11 (a gift from T. Hope, University of Illinois
at Chicago, Chicago, I) was cloned into an Xhol site of pCAGGS
(a gift from J.-i. Miyazaki, Osaka University Graduate School of
Medicine, Japan) to create pCAG-EGFP-WPRE, using an Xhol
linker. The EGFP expression cassette in pCAG-EGFP-WPRE was
ligated to Notl-excised pAAV-LacZ to form the proviral vector
plasmid pAAV2-CAG-EGFP-WPRE. AAYV viral stocks were pre-
pared according to a previously described protocol (Okada et al.,
2002a) with minor modifications. Half the medium in tissue cul-
ture flasks was exchanged with fresh DMEM-F12 containing 10%
FBS 1 -hr before plasmid transfection. Subsequently, cells were
cotransfected with 23 ug (per T-225) or 650 ug (per CF10) of
each of the following plasmids: a proviral vector plasmid, AAV-
1 chimeric helper plasmid plRepCap (Mochizuki et al., 2004),
and adenoviral helper plasmid pAdeno, by a calcium phosphate
coprecipitation method. Each of the vector and helper plasmids
was added to 4 ml (per T-225) or 112 ml (per CF10) of 300 mM
CaCl,. This solution was gently added to an equal volume of 2X
HEPES-buffered saline (HBS: 290 mM NaCl, 50 mM HEPES
buffer, 1.5 mM Na,HPO,, pH 7.0) and immediately mixed by
gentle inversion three times to form a uniform solution. This so-
lution was immediately mixed with fresh DMEM-
F12 containing 10% FBS outside the flasks to produce a homo-
geneous plasmid solution mixture. Subsequently, medium in the
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culture flasks was entirely replaced with this plasmid solution
mixture. At the end of incubation for 6 hr, the plasmid
solution mixture in the culture flasks was replaced with pre-
warmed fresh DMEM-F12 containing 2% FBS. Cell suspensions
were collected 72 hr after transfection and centrifuged at 300 X
g for 10 min. Each cell pellet was resuspended in 2 ml (per T-
225) or 56 ml (per CF10) of Tris-buffered saline (TBS: 100 mM
Tris-HC! [pH 8.0], 150 mM NaCl). Recombinant AAV was har-
vested by three cycles of freeze—thawing of each resuspended pel-
let. Crude viral lysate was then purified twice by passage through
a CsCl two-tier centrifugation gradient, as described previously
(Okada et al., 2002b). The viral stock was titrated by dot-blot hy-
bridization of DNase I-treated stocks with plasmid standards. To
confirm transgene expression with the propagated vector in vivo,
5-week-old male Sprague-Dawley rats were injected via the an-
terior tibial muscle with AAV1-EGFP (1 X 10!! genome copies
per rat). Fifteen weeks after injection, the rats were sacrificed and
expression was confirmed by fluorescence microscopy.

Statistical analysis

Statistical significance was determined on the basis of an un-
paired, two-tailed p value and Student ¢ test, and a p value less
than 0.05 was considered significant.

RESULTS

Improved gas exchange and maintenance of pH in
medium after recombinant adenovirus infection

Propagation of vectors was based on infection or transfection
of 293 cells on a large scale. A minipump was connected to the
gas inlet of the CF10 and placed inside the incubator, so that the
atmosphere in the incubator, containing 5% CO,, was circulated
through the CF10. The gas flow for circulation through the CF10
was maintained at 500 ml/min. An appropriate gas flow rate was
important to give a uniform distribution of the gas in the indi-
vidual trays of the CF10. A flow less than 200 mi/min gave un-
even distribution of the gas, and significantly influenced cell
growth. Gas flow that was too high also disturbed the uniformity
of cell density. Appropriate cell density and uniform distribution
of cells are critical to achieve successful gene transduction. Ap-
plication of active gassing significantly increased cell growth in
the CF10 (Table 1). CO, concentrations in the media stayed at
their initial levels when using either a T-225 or CF10 with active
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gassing (Fig. 1A). In contrast, the CO, concentration inside the
CF10 increased subsequent to adenovirus infection in the absence
of active gassing. The pH of culture medium in the CF10 with
active gassing was close to that in the T-225 and significantly
higher than that in the CF10 without active gassing (Fig. 1B).

Monitoring of cell numbers and time point for harvest

The glucose level was monitored as an index for tracing cell
growth and cytopathic effect in the CF10 to avoid the neces-
sity for a specialized microscope to monitor cells in the large
culture vessel. The glucose level decreased with increasing cell
confluency and progression of cytopathic effect (CPE) (Fig. 2).
When 80% CPE was reached, the glucose level was reduced to
about 50 mg/ml. When glucose levels were less than 25%, the
cells showed full CPE and this was regarded as the appropri-
ate time for harvest.

Improved adenovirus vector production in a large
culture vessel with active gassing

We estimated the adenovirus vector yield propagated by us-
ing 28 T-225 flasks with a surface area of 225 cm?, a CF10
with a surface area of 6320 cm?, or a CF10 in the presence of
active gassing. When active gassing was used with the CF10,
the productivity of the adenovirus vectors was dramatically in-
creased, by 53.4 times compared with that in the CF10 without
active gassing (Fig. 3). The vector yield per producer cell in
the CF10 was also significantly improved in the presence of ac-
tive gassing (Table 1). The PFU-to-particle ratios for vectors
produced in the T-225, CF10, and CF10 with active gassing
were 1:7, 1:15, and 1:10, respectively.

Efficient AAV vector production in a large culture
vessel with active gassing

Enhanced gas exchange in a large colture vessel should also
improve vector production through plasmid transfection. AAV
vectors were produced in a large vessel by a three-plasmid trans-
fection adenovirus-free protocol (Okada et al., 2002b). Three
days after plasmid transfection, the CO, concentrations in
medium from the CF10 in the presence of active gassing were
significantly less than those without active gassing (Table 2).
The pH of the culture medium in the CF10 with active gassing
was also improved. The CF-10 with active gassing was com-
patible with the three-plasmid transfection protocol for recom-
binant AAV production. When we used active gassing, the vec-

TaBLE 1. INCREASED CELL GROWTH AND VECTOR YIELD wWITH ACTIVE CO, AND
AR EXCHANGE?

Vector yield per cell

Flask Number of cells harvested (PFU/cell)
225-cm? flask (1.4 = 0.2) X 10° (per 28 flasks) 7.9 X 103
CF10 (4.9 + 1.6) X 108 4.1 X 10%
CF10 + AG (1.3 % 0.3) X 10° 8.2 X 10°

2At the time of cell harvest after adenovirus infection, cell growth and vector
yield per cell in a CF10 with a surface area of 6320 cm? in the presence or ab-
sence of active gassing (AG) were compared with that in 28 flasks with a surface

area of 225 cm? each.
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FIG. 1. Improved CO; and air exchange and maintenance of pH in conditioned medium after recombinant adenovirus infec-
tion. Subsequent to adenovirus infection in a normal flask with a surface area of 225 cm? (T-225) or a large culture vessel (a 10-
tray Cell Factory [CF10] with a surface area of 6320 cm?) in the presence or absence of active gassing (AG), CO, concentra-
tions (A) and pH (B) in conditioned medium were determined (n = 4). Asterisk indicates p < 0.05 in comparison with a CF10
without AG.
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FIG. 2. Glucose reading to monitor cell growth. Glucose reading of culture medium was used as an index to monitor cell
growth and cytopathic effect (CPE) in the CF10 to avoid the need for a specialized microscope. Cells were infected with re-
combinant adenovirus in the presence or absence of active gassing (AG) when 90% confluent.
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FIG. 3. Improved production of adenovirus vector. Adeno-

virus vector was propagated in 28 T-225 flasks (n = 4), a CF10
(n = 3), or a CF10 in the presence of active gassing (CF10 +
AG, n = 3). Adenovirus vector expressing an EGFP reporter
gene was generated in two independent experiments. The av-
erage number of plaque-forming units (PFU) was assessed by
TCIDsq. *p << 0.05 in comparison with a CF10 without AG.

tor yield per cell was increased significantly, by 3.5 times (Table
3). Although vector yield was dependent on the transgene and
construct, production of vector particles at up to 2.0 X 103 ge-
nome copies per CF-10 was achieved.

Transduction of muscles with AAV vectors produced in
a large culture vessel with active gassing

Five-week-old male Sprague-Dawley rats were injected with
AAV1-enhanced green fluorescence protein (EGFP) (1 X 101!

OKADA ET AL.

TaBLE 2. ENHANCED GaS EXCHANGE AND MAINTENANCE OF
pH w ConpITIONED MEDIUM AFTER PLASMID TRANSFECTION®

pCO; (Torr) pH
CF10 256 £ 1.1 7.23 £0.03
CF10 + AG 142 = 0.1 7.40 * 0.01

2Three days after plasmid transfection by using CF10 in the
presence or absence of active gassing (AG), CO; concentra-
tions and pH in the conditioned medium were estimated.
Means * standard deviations are shown (n = 4).

TaBLE 3. IMPROVED YIELDs oF RECOMBINANT AAV TyrE 1
BY AcTIVE GAS EXCHANGE?

Yield per vessel Yield per cell

(3.1 = 0.6) X 10°
(1.1 +0.7) x 10*

CF10
CF10 = AG

(2.2 + 0.5) X 102
(1.0 = 0.7) X 1013

aTiters of AAV1-EGFP were determined as genome copies
by dot-blot analysis of DNase-treated stocks. AG, active
gassing. Means * standard deviations are shown (n = 4).

genome copies per rat) via the anterjor tibial muscle. Fifteen
weeks after injection, the rats were sacrificed to confirm ex-
pression by fluorescence microscopy. The injected sites showed
efficient expression of EGFP (Fig. 4).

DISCUSSION

Successful vector production in a large culture vessel was
achieved by improvement of CO, and air exchange along with
maintenance of pH in the medium. Adenovirus production was
enhanced by more than 50 times with the active gassing sys-

¥I1G. 4. Transduction of muscles with AAV
vectors in vivo. Five-week-old male Sprague-
Dawley rats were injected with AAV1-EGFP
(1 X 10! genome copies per body) via the an-
terior tibial muscle. Fifteen weeks after injec-
tion, the rats were killed to confirm expression
by fluorescence microscopy. Scale bar: 100

wum.
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tem. CF-10 with active gassing was also compatible with the
three-plasmid transfection protocol for recombinant AAV pro-
duction. When we used active gassing, the productivity of the
AAV vectors was significantly increased.

In a direct comparison with vectors generated in ordinary
culture flasks, viruses from the CF10 with active gassing were
equivalent regarding function and bioactivity. The use of a
CF10 with active gassing thus resulted in the production of vec-
tors equivalent to those obtained in conventional culture dishes,
but with a dramatically reduced workload. An average yield of
approximately 1.0 X 10'* PFU requires as many as 28 T-225
flasks, according to our previous protocol. Alternatively, only
one CF10 with active gassing was enough to achieve the same
amount of virus. Furthermore, the PFU-to-particle ratio was also
increased with the use of active gassing, suggesting improved
bioactivity of the viruses. We used this system to amplify var-
ious adenovirus vectors. Although vector yield was dependent
on the transgene and construct, a proportional increase in yield
relative to surface area was achieved (data not shown).

The system was also compatible with plasmid transfection for
recombinant AAV production. Active gassing combined with a
large culture vessel significantly increased the productivity of the
AAYV vectors. The effect of enhanced gas exchange on the pro-
ductivity of AAV vectors was less than the effect on the pro-
ductivity of adenovirus vectors. Because lactate production ac-
companied by adenovirus replication is much greater than that
with AAV, the protection of cells against pH drop by maintain-
ing the CO,, tension might be a plausible explanation for the pref-
erential effect on adenovirus production. Transient transfection
in a large culture vessel also provides a simple and flexible
method of producing lentivirus-based vectors (Karolewski et al.,
2003). Therefore, our protocol would also be applicable to the
efficient production of lentivirus- or retrovirus-based vectors.

Because this system fits into existing incubators and current
vessels can readily be converted to the active gassing system, the
viral production protocol using a CF-10 counpled with active
gassing has practical utility for growing recombinant virus stocks
in a limited laboratory space. This system has proven successful
in our repeated manipulations and appears particularly promising.
We have used the CF10 with the active gassing system in more
than 400 vector preparations in the course of our more recent gene
therapy experiments. The system allows us to perform a consid-
erable number of in vivo experiments and to validate our studies.
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Specific and Efficient Transduction of Cochlear Inner
Hair Cells with Recombinant Adeno-associated
Virus Type 3 Vector
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Recombinant adeno-associated virus (AAV) vectors are of interest for cochlear gene therapy because
of their ability to mediate the efficient transfer and long-term stable expression of therapeutic genes
in a wide variety of postmitotic tissues with minimal vector-related cytotoxicity. In the present study,
seven AAV serotypes (AAV1-5, 7, 8) were used to construct vectors. The expression of EGFP by the
chicken B-actin promoter associated with the cytomegalovirus immediate-early enhancer in cochlear
cells showed that each of these serotypes successfully targets distinct cochlear cell types. In contrast
to the other serotypes, the AAV3 vector specifically transduced cochlear inner hair cells with high
efficiency in vivo, while the AAV1, 2, 5, 7, and 8 vectors also transduced these and other cell types,
including spiral ganglion and spiral ligament cells. There was no loss of cochlear function with
respect to evoked auditory brain-stem responses over the range of frequencies tested after the
injection of AAV vectors. These findings are of value for further molecular studies of cochlear inner
hair cells and for gene replacement strategies to correct recessive genetic hearing loss due to
monogenic mutations in these cells.

Key Words: adeno-associated virus, serotype, gene transfer, cochlea, hair cells

INTRODUCTION
The total number of hair cells in the cochlea is finite.

However, these vectors were found to provoke a strong
immune response that could damage recipient cells and

They are not renewed and there is very little (if any)
redundancy in this population. The irreversible loss of
cochlear hair cells is presumed to be a fundamental cause
of permanent sensorineural hearing loss. Gene transfer
into hair cells presents numerous opportunities for
protecting these cells. There is considerable interest in
the development of viral vectors to deliver genes to the
cochlea to counteract hearing impairment, and recent
studies have focused on vectors based on adenovirus [1-
3], herpes simplex virus [4-6], lentivirus [7], and adeno-
associated virus (AAV) [8,9]. The patterns of vector-
encoded transgene expression have been found to differ
significantly among vectors. Cochlear hair cells can be
efficiently transduced with adenovirus vectors [10-12].

compromise cochlear function [10,13,14]; they are also
incapable of mediating prolonged transgene expression
[15,16). Although AAV vectors might overcome these
problems, the transduction of hair cells by AAV2-derived
vectors is controversial [8,10,17]. To our knowledge,
other AAV serotypes have not yet been tested as cochlear
gene transfer vectors in vitro or in vivo. AAV vectors are of
interest in the context of gene therapy because they
mediate efficient transfer and long-term stable expression
of therapeutic genes in a wide variety of postmitotic
tissues with minimal vector-related cytotoxicity.

In this study, we assessed the utility of seven AAV
serotypes as vectors with the chicken p-actin promoter
associated with a cytomegalovirus immediate-early
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enhancer (CAG)-driven enhanced green fluorescent
protein (EGFP) gene {18] in the murine cochlea. Vectors
were introduced by microinjection through the round
window membrane [19]. As a result, we determined
that the specific and efficient gene transduction of
inner hair cells could be achieved by using AAV type 3
vectors.

RESULTS

Expression Profile of EGFP in the Cochlea

Several cell types line the cochlear duct and support the
hair cells (Fig. 1A). We carefully made a small opening in
the tympanic bulla and injected vectors derived from the
AAV1-4, 7, and 8 pseudotypes into the cochlea of two
strains of mice (C57BL/6] and ICR) through the round
window membrane (Fig. 1B). The mode of EGFP expres-
sion in various murine cochlear hair cells had a close
similarity and was essentially equal for both strains. We
determined the distribution of AAV vector-mediated
EGFP expression throughout the cochlea for all serotypes
tested (Table 1). A principal finding is that the inner hair
cells in the organ of Corti showed clear evidence of EGFP
expression with all of the AAV serotype-derived vectors
except for the AAV4 vector (Fig. 2). This result indicates
that most of the vectors (AAV1-5, 7, and 8) could
efficiently transduce cochlear inner hair cells in vivo
when slowly infused into the scala tympani. The AAV3-
based vector was the most efficient and specific of the
serotypes in transducing cochlear inner hair cells (Fig. 3).
Transduction with 5 x 10'° genome copies (gc)/cochlea
of the AAV3 vector resulted in robust transgene expres-

B
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sion in the inner hair cells. The spiral ganglion cells
showed significantly higher levels of fluorescence per
unit area with the AAVS-based vector (Fig. 2n), and the
spiral ligament cells were transduced prominently with
the AAV1 and AAV7 vectors (Figs. 2d and 2r). Histological
sections of cochleae injected with the AAV4 vector
identified EGFP-positive cells predominantly in connec-
tive tissue within the mesothelial cells beneath the organ
of Corti and in mesenchymal cells lining the peril-
ymphatic fluid spaces (Figs. 2j and 21). Furthermore, we
detected intense expression with the AAVS5- and AAVS-
based vectors in the inner sulcus cells and in Claudius’
cells (Figs. 2p and 2x). We did not detect notable levels of
gene expression in the outer hair cells, supporting pillar
cells, or stria vascularis cells for any serotype.

Long-term Expression of EGFP

We examined cochlear expression of the EGFP transgene
in animals sacrificed at 1-12 weeks. Expression persisted
in cochlear tissues for up to 3 months after infusion,
while the extent of expression peaked at 2 weeks.

Transgene Activity

We determined the percentage of inner hair cells
transduced with the AAV3 vector. The mid- to high-
frequency regions of the cochlea were efficiently trans-
duced, as shown in Fig. 3. Almost all of the inner hair
cells in the basal and middle cochlear regions were
transduced with the AAV3 vector (Fig. 4). Transgene
expression was not detected in the hair cells of the apical
turn of the cochlea. The predominant expression in the
middle and basal cochlear turns is reasonable, as the virus

Ve A

I
Stapedial artery Round window

FIG. 1. (A) Schematic diagram of a cross section of the cochlea, demonstrating the scala vestibuli, scala tympani, and scala media or cochlear duct. The organ of
Corti rests on the basilar membrane, with the hair cell cilia embedded in the gelatinous tectorial membrane. The outer margin of the cochlear duct contains the
stria vascularis. Reproduced, by permission of the publisher, from [44]. (B) Direct visualization of the round window membrane in the right ear. The upper side of
the picture is the back of the mouse and the right side is the head of the animal. The stapedial artery, a branch of the internal carotid artery, transverses an open
bony semicanal within the round window niche. Bar denotes 500 um, 15% original magnification.
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The level of expression was graded by fluorescence intensity on a four-level scale (+, +4, +++, ++++) depending on the pixel/unit area count. ++++ means the strongest intensity of EGFP expression, + means the weakest intensity of EGFP

expression, while — means no fluorescence.

was slowly infused into the scala tympani adjacent to the
most basal turn of the cochlea. The percentage of
transduced inner hair cells from the basal (high frequen-
cies) to the apical (low frequencies) cochlear regions is
shown in Fig. 4.

Cytotoxicity e

We detected no deleterious effects on the viability of
transduced cells. We compared evoked auditory brain-
stem response (ABR) threshold levels before and after
injection, using a two-way repeated measure of the
analysis of variance. There was no significant loss in
ABR and hence no change in cochlear function for up to
10 days following vector infusion (Figs. SA and 5B). In
addition, the cellular and tissue architecture of experi-
mental cochleae remained intact. There was no evidence
of endolymphatic hydrops after AAV vector injection in
any of the animals. We observed no significant destruc-
tion of the inner or outer hair cells (Fig. 5C).

Discussion

In the present study, we assessed the utility of vectors
derived from seven AAV serotypes for gene delivery into
the cochlea. Our results showed that the AAV3 vector was
the most efficient and specific in transducing cochlear
inner hair cells, although these cells could also be
transduced with AAV1, 2, 5, 7, and 8 vectors. The
transduction efficiency of the spiral ganglion by the
AAVS5 vector was particularly high, followed by that of
the AAV1, AAV2, and AAV7 vectors. The efficient and
specific transduction of inner hair cells with the AAV3
vector suggests that it recognizes a unique host range
with a distinct cellular receptor. Transduction efficiency
is dependent on initial viral binding (a property of the
viral capsid), entry, and various postentry processes such
as intracellular trafficking and second-strand synthesis
[20-22]. The genome size of AAV vectors has also been
demonstrated to affect transduction efficiency [23].
Comparisons of the serotypes have indicated that hetero-
geneity in the capsid-enicoding regions and a differential
ability to transduce cells may be associated with different
receptor and co-receptor requirements for cell entry [24].
However, the receptors and co-receptors of AAV3 have
not yet been clearly identified.

In the current study, we found that cochlear inner hair
cells could be transduced with six AAV serotypes,
although Lalwini et al. [8] reported that outer hair cells
could be transduced with a low titer (1 x 10° viral
particles/ml) of AAV2 in vivo. After injecting the AAV2
vector, we found that the spiral ganglion neurons, the
inner hair cells, and the cells in the spiral ligament were
all transduced. This transduction pattern differs from that
reported in previous studies [8,10,17], and this discre-
pancy might be due to the different delivery methods and
dissimilar promoters. Although the CAG promoter directs
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Dissection

Cryosection

g 60x h

higher expression than do the cytomegalovirus (CMV)
and EF-1o promoters [25], each promoter drives reporter
gene expression in different cell types [26,27].
Cell-specific or -selective infectivity of the viral vectors
suggests the presence of various factors to introduce the
distinct expression patterns of the transgenes. Spiral
ganglion neurons and glial cells can be transduced with
a lentivirus-GFP construct in vitro but not in vivo [7]. The
differential transducibility under in vivo and in vitro
conditions reflects a high degree of structural isolation
of the spiral ganglion and other cell types—such as the
cells on the periphery of the endolymph—from the
perilymph into which the viral vector was introduced.
The strict separation of the endolymph from the peril-
ymph is maintained by tight junctions that line the
boundary between these fluid chambers. The size of the
viral particle may contribute to the observed variability in
transgene expression promoted by different vectors. The
diameters of adenovirus and retrovirus (including lenti-
virus) particles are approximately 75 nm and greater than
100 nm, respectively, while the diameters of AAV vectors
are typically 11-22 nm [28,29]. Thus, the larger size of
lentiviruses and adenoviruses may limit their subsequent

FIG. 3. Cochlear transduction with AAV3-
CAG-ECFP. Dissected cochleae and cryosec-
tions show transgene expression in inner hair
cells. (a) A light photomicrograph of the
basal turn of the cochlea is shown, illustrat-
ing its laminar structure. (b) A fluorescence
photomicrograph of this dissection. (c) A
higher magnification view of the dissection
shown in (b), iflustrating a row of inner hair
cells in the organ of Corti expressing EGFP.
(d-i) Representative photomicrographs from
three magnifications of a radial cochlear
cryosection. (d) Light photomicrography of
an intact cochlear duct. Fluorescence photo-
micrography of this duct is shown in (e). ¢h
and i) A higher magnification of (e), illustrat-
ing EGFP expression within inner hair cells.
Cryosections show transgene expression in
the inner hair cells (arrows). Scale bars: 4%,
250 pm; 10X, 100 um; 20%, 50 pm; 40X,
25 um; 60X, 25 um.

dissemination from the perilymph into the endolymph.
The variable patterns of adenovirus- and lentivirus-
mediated gene expression seen with different methods
of inoculation may be due to the inoculation route, the
volume and number of viral particles, differences in viral
preparation, or differences in the method of transgene
detection. The introduction of adenovirus vectors by
cochleostomy or with an osmotic pump via the round
window leads to a more efficient transduction of cochlear
hair cells {30-32]. The apical domain (apical membrane
and stereocilia) of cells in the sensory epithelium (hair
cells and supporting cells) is bathed in endolymph, while
the basal-lateral domain is immersed in perilymph.
Access of the viral vectors to the endolymphatic space
by cochleostomy may facilitate the transduction of hair
cells and supporting cells. However, although the coch-
leostomy procedure has been tested, inoculation into the
membranous labyrinth could not be confirmed [32]. In
the present study, AAV vectors were found to infect
cochlear hair cells easily in vivo, via round window
injection.

Gene transfer into the cochlea through the round
window membrane is ideal, because this procedure

FIG. 2. Transduction of the cochleae by AAV1-, AAV2., AAV4-, AAVS-, AAV7-, and AAV8-based vectors. (a, ¢, e, g, i, k, m, o, g, 5, u, and w) Light
photomicrographs of cachlear cryosections. (b, d, f, h, j, I, n, p, 1, t, v, and x) Fluorescence photomicrographs (green fluorescence from transgene). The spiral
ligament cells were transduced prominently with the AAV1 and AAV7 vectors (d and r). Transgene expression in inner hair cels was detected with AAV1-, AAVZ-,
AAVS5-, AAV7-, and AAV8-based vectors (b, h, n, t, and x). AAV4-based vector faintly transduced mesenchymal cells (j and I). The spiral ganglion cells showed
significant levels of fluorescence with the AAV5-based vector (n). Intense fluorescence was detected with the AAV5- and AAV8-based vectors in the inner sulcus
cells (p and x). Scale bars: 10, 100 pm; 20x, 50 um; 40X, 25 pm; 60X, 25 um.
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FIG. 4. EGFP expression profile of inner hair cells transduced with AAV3, as
shown for a cross section subdivided into 12 segments ranging from the basal
(high frequencies) to the apical (low frequencies) cochlear regions.

requires simple surgery without cochlear trauma [19].
Another critical factor in assessing the utility of a gene
transfer vector is safety. Factors determining safety
include the toxicity of the gene transfer agent itself, the
provocation of immune responses, the generation of
replication-competent virus, and the risk of creating
genetically modified cells by insertional mutagenesis.
The cells and tissues within the AAV-EGFP-perfused
cochleae were free from inflammation and were generally
intact. No pathological changes were observed in the
organ of Corti, stria vascularis, or spiral ganglion cells.
The long-term expression of EGFP within the cochlear
tissues is consistent with data obtained from other
animal models and different organ systems [9,33]. Since
EGFP is known to introduce cellular toxicity, vectors
expressing physiologically therapeutic proteins would
achieve longer transduction periods than EGFP. Gene
transfer into the inner hair cells presents numerous
opportunities for auditory neuroscience. Potential appli-
cations include the localization of proteins by expression
of tagged constructs, the generation of dominant-neg-
ative or antisense knockouts of endogenous proteins, the
rescue of mutant phenotypes to identify disease genes,
and perhaps even the treatment of auditory disorders.
Advances in the molecular basis of auditory diseases have
allowed the identification of a number of genetic
disorders such as presbycusis, acoustic trauma, and
ototoxicity. The development of gene therapy now
allows us to evaluate the effects of transferring therapeu-
tic genes into the inner ear by several different strategies.
The expression of marker genes in the inner ear tissue has
been demonstrated. Further studies will improve our
understanding of cochlear function as well as provide

for the development of novel therapies for a wide variety
of inner ear diseases. Intracochlear gene transfer using
AAV vectors has been established as a viable experimental
proposition. Future study will include the transfer of
functioning genes in vivo and the development of
alternative vectors. While clinical application may be
some way off, it is vital that gene delivery techniques are
optimized in anticipation of future need.

In conclusion, the data presented in this paper
demonstrate successful gene transfer into several types
of cochlear cells in vivo with AAV-based vectors. Interest-
ingly, the AAV3 vector promoted inner hair cell-specific
transduction. These findings are of value for further
molecular studies of the cochlear inner hair cells and
for gene replacement strategies to correct hereditary
hearing loss due to specific monogenic mutations affect-
ing cochlear inner hair cells.

MATERIALS AND METHODS

Construction and preparation of proviral plasmids. The AAV vector
proviral plasmid pAAV2-LacZ harbors an Escherichia coli p-galactosidase
expression cassette with the CMV promoter, the first intron of the
human growth hormone gene, and the SV40 early polyadenylation
sequence, which are flanked by inverted terminal repeats (ITRs) [34].
The LacZ expression cassette of pAAV2-LacZ was ligated to Notl-excised
PAAVS-RNL [35] to form the proviral plasmid pAAVS-LacZ. The pAAV2-
CAG-EGFP-WPRE construct consists of the EGFP gene under the control
of the CAG promoter (the chicken p-actin promoter associated with the
cytomegalovirus immediate-early enhancer) and WPRE (woodchuck
hepatitis virus posttranscriptional regulatory element) flanked by ITRs.
The WPRE cassette augments the stability of transgene mRNA [36] and
increases EGFP expression levels, thereby ensuring long-term transgene
expression. A BamHI-Xbal fragment containing the EGFP cDNA excised
from pEGFP-1 and a Hindlll fragment containing the WPRE sequence
excised from pBS II SK*WPRE-B1l (a gift from Dr. J. Donello) was
ligated to Xhol linkers and cloned into an Xhol site of pCAGGS (a gift
from Dr. J.-I. Miyazaki) to create pCAG-EGFP-WPRE. The EGFP
expression cassette from pCAG-EGFP-WPRE was ligated to the Notl-
excised pAAV2-LacZ and pAAV5-RNL [35] to form the proviral plasmids
PAAV2-CAG-EGFP-WPRE and pAAVS5-CAG-EGFP-WPRE, respectively.
The AAV-helper plasmid harbors Rep and Cap. The adenovirus helper
plasmid pAdenoS (identical to pVAE2AE4-5) encodes the entire E2A
and E4 regions and the VA RNA I and II genes [37]. Plasmids were
purified with the Qiagen plasmid purification kits (Qiagen K.K., Tokyo,
Japan).

Recombinant AAV vector production. Vectors derived from the AAV1-4,
7, and 8 pseudotypes were produced with the AAV packaging plasmid
pPAAV1RepCap (for AAV1) [38), pHLP19 (for AAV2), pAAV3RepCap (for
AAV3) [39], pAAV4RepCap (for AAV4) [40], pAAV7RepCap (for AAV7)
{41], or pAAV8RepCap (for AAV8) [41] and the AAV proviral plasmid
PAAV2-LacZ or pAAV2-CAG-EGFP-WPRE. The plasmids pAAVS5RepCap
[35] and pAAVS-LacZ, or pAAVS-CAG-EGFP-WPRE, were used to produce
vector with the AAVS pseudotype [42]. Seven AAV serotype vectors were
produced as previously described by the three-plasmid transfection
adenovirus-free protocol [37]. Briefly, three days before transfection,
293 cells were plated onto a 10-tray Cell Factory (Nalge Nunc Interna-
tional, Rochester, NY, USA; 6 x 107 cells/ 10-tray). The cells were
cotransfected with 650 pg each of the proviral plasmid, the AAV vector
packaging plasmid, and the adenovirus helper plasmid pAdeno$5 {34} by
the calcium phosphate coprecipitation method. The medium was
changed following incubation for 6-8 h at 37°C. Recombinant AAV was
harvested 72 h after transfection by three freeze/thaw cycles. The crude
viral lysate was purified twice on a cesium chloride two-tier centrifugation
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