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degeneration, preserves their axons innervating the muscle, and inhibits
atrophy of the treated muscle (Fig. 5b-d).

These findings indicate that rAAV-mediated GDNF delivery to
muscle is a promising approach to gene therapy for ALS, although further
improvements are necessary to extend the duration of the protective
therapeutic effect.

4. CONCLUSIONS

Advances in gene transfer methods, and particularly in the
development of improved viral vectors, have expanded the potential of gene
therapy to tackle neurodegenerative diseases. At present, the rAAV vector
represents one of the most powerful vehicles for delivering therapeutic genes
into mammalian brain and muscle. Using rAAV vectors, we have
demonstrated 1) that significant functional recovery was achieved by direct
gene delivery of DA-synthesizing enzymes into the striatum in a primate
model of PD and 2) that delayed delivery of a GDNF gene prevents nigral
neurodegeneration and promotes functional recovery in a rat model of PD.
We have also shown that the intramuscular administration of a rAAV vector
harboring the GDNF gene to a mouse model of ALS can significantly delay
the onset of disease, lengthen the life-span, abate the behavioral impairment,
and promote motoneuron survival via retrograde transportation of the
transgene product to motoneurons in the spinal cord. Although it will
probably be necessary to develop vector constructs that allow some
regulation of gene expression to avoid excess production of DA or GDNF
before going into clinical arena, gene therapy using rAAV vectors will offer
a niovel and feasible approach to the treatment of neurodegenerative disorders
in the near future. Strategies aimed at correcting the gene. defect will be
developed especially for gene deletion-based genetic disorders, and the
clucidation of mechanisms whereby genetic mutations lead to the loss of
neurons in familial PD or ALS will provide new targets for gene therapy. A
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combination of gene therapy and cell transplantation appears to be the next
therapeutic strategy in some diseases.
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6. SUMMARY - The recombinant adeno-associated viral (rAAV) vector is a suitable
vehicle for delivering therapeutic genes into mammalian central nervous system and
muscle. Long-term expression of transgene is achieved without remarkable toxicity and
inflammation. Using rAAYV vectors, we attempted to restore motor functions in animal
models of Parkinson’s disease (PD) and amyotrophic lateral sclerosis (ALS). To achieve
efficient production of dopamine (DA) in the striatum, we made rAAV vectors expressing
DA-synthesizing enzymes: tyrosine hydroxylase, aromatic L-amino acid decarboxylase, and
GTP cyclohydrolase 1. Stereotaxic injection of these vectors into the unilateral putamen of
a primate model of PD resulted in amelioration of motor dysfunctions with robust
transgene expression in the treated putamen. An alterative strategy for gene therapy in PD
is TAAV vector-mediated gene transfer of a glial cell line-derived neurotrophic factor
(GDNF) gene into the striatum. Sustained expression of GDNF rescued nigral neurons and
led to functional recovery in a rat model of PD. Protective effects on spinal motoneurons
were also achieved by gene transfer of GDNF into muscles in transgenic ALS mice. Gene
therapy using rAAV vectors may offer novel and feasible treatment options in
neurodegenerative disease.

Key words: adeno-associated virus; Parkinson’s disease; amyotrophic lateral sclerosis.
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Objective. To examine the effects of basic fibro-
blast growth factor (bFG¥F) gene-transduced chondro-
cytes on the repair of articular cartilage defects.

Methods. LacZ gene or bFGF gene was trans-
duced into primary isolated rabbit chondrocytes with
the use of a recombinant adeno-associated virus (AAY)
vector. These gene-transduced chondrocytes were em-
bedded in collagen gel and transplanted into a full-
thickness defect in the articular cartilage of the patellar
groove of a rabbit. The efficiency of gene transduction
was assessed according to the percentage of LacZ-
positive cells among the total number of living cells, The
concentration of bFGF in the culture supernatant was
measured by enzyme-linked immunosorbent assay to
confirm the production by bFGF gene-transduced chon-
drocytes. At 4, 8, and 12 weeks after transplantation,
cartilage repair was evaluated histologically and graded
semiquantitatively using a histologic scoring system
ranging from 0 (complete regeneration) to 14 (no regen-
eration) peints.

Results. LacZ gene expression by chondrocytes
was maintained until 8 weeks in >85% of the in vitro
population. LacZ-positive cells were found at the trans-
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plant sites for at least 4 weeks after surgery. The mean
concentration of bFGF was significantly increased in
bFGF gene-transduced cells compared with control
cells (P < 0.01). Semiquantitative histologic scoring
indicated that the total score was significantly lower in
the bFGF-transduced group than in the control group
threughout the observation period,

Conclusion. These results demonstrated that gene
transfer to chondrocytes by an ex vivo method was
established with the AAV vector, and transplantation of
bFGF gene-transduced chondrocytes had a clear bene-
ficial effect on the repair of rabbit articular cartilage
defects.

Damage of articular cartilage leads to joint dys-
function associated with pain or limited range of motion
and usually progresses to degeneration of the articular
surface, resulting in osteoarthritis. It is well recognized
that articular cartilage is a highly differentiated tissue
with a limited capacity for self-repair. Current therapy
for osteoarthritis consists of short-acting antiinflamma-
tory drugs, intraarticular injection of steroids or other
agents, such as hyaluronic acid, and surgical interven-
tion. However, these treatments may not relieve joint
pain completely. Therefore, cartilage repair scems to be
essential for the prevention of a catastrophic outcome in
a joint. Several studies describing the successful repair of
osteochondral defects by the transplantation of cultured
chondrocytes have been reported (1). However, a major
problem with cartilage repair by antologous chondrocyte
transplantation is that a large quantity of chondrocytes
from normal articular cartilage is required, whereas
donor sites have a limited capacity to provide chondro-

cytes.
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Many studies have demonstrated that basic fibro-
blast growth factor (bFGF) is one of the most potent of
the various growth factors for cartilage repair (2-6). In
order to establish an efficient approach for the treat-
ment of cartilage defects, it may be advantageous to
maintain a certain level of growth factor locally for a
long time.

A new therapcutic approach to cartilage repair,
gene therapy, has been described, in which genes are
transduced into chondrocytes with the use of naked
DNA or viral vectors (7-10). However, problems with
this mcthod are related to the ability to obtain high-
efficiency transduction, to maintain long-term expres-
sion of the therapeutic gene, and safety. Recently, the
adeno-associated virus (AAV) has been recognized as a
tool for transducing a gene into target cells (11-14).
Gene therapy with AAV has several advantages, includ-
ing the lack of virulence of the wild-type virus, the safety,
since there is no replication activity alone, the ability to
transduce to nondividing cells, the integration into the
host genome, and the long-term expression of the trans-
duced gene.

In this study, we attempted to usc this new
delivery vector to repair cartilage defects, in an ex vivo
method. The purpose of this study was to evaluate the
utility of the AAV vector for ex vivo gene delivery to
chondrocytes and to investigate the repair of an articular
cartilage defect by transplantation of bFGF gene-
transduced chondrocytes.

MATERIALS AND METHODS

AAV vector production. Two AAV constructs were
prepared for this study: AAV-LacZ contained the bacterial
B-galactosidase (LacZ) gene and AAV-bFGF contained the
bFGF gene, which harbors a nuclear localization signal under
the regulation of the cytomegalovirus immediate early pro-
moter. The AAV subtype 2 vector plasmid used in this study,
pLlacZ, was derived from the vector plasmid pW1, which
contains the LacZ gene, as previously described (15). Recom-
binant bFGF genc (GenBank accession no. X07285) was
obtained from Takeda Chemical Industries {Osaka, Japan). A
fragment containing bFGF complementary DNA was ampli-
ficd by polymerase chain reaction using the following primer
pairs with the Eco RI or the Xho [ site: 5'-
ATGAATTCATGGCTGCCGGCAGCATCACTTCGCTT-3'
and 5'-ATCTCGAGAGAGTCAGCTCTTAGCAGAC-3'.
The fragment was subcloned hetween the Eco RI and Xho 1
sites of the pLacZ AAV vector plasmid to replace the LacZ
gene (pbFGF). An AAYV helper plasmid containing subtype 2
AAYV rep and cap genes, which are required for replication and
capsid formation of AAV vectors, pIM45 was used. A plasmid
containing the E2A, E4, and VA genecs of the adenovirus
genome, pladeno-1, was used in place of helper adenovirus for
AAYV vector production.

Subconfluent human fetal kidney cells (293 cells) were

cotransfected by the calcium phosphate coprecipitation
method with pbFGF, pIM45, and pladeno-1 to produce the
AAV-inducing bFGF gene (AAV-bFGF). After 48 hours, the
cells were harvested and lysed in Tris HC! buffer (10 mAf Tris
HCI, 150 mM NaCl, pH 8.0) through 3 cycles of freezing and
thawing. One round of sucrose precipitation and 2 rounds of
CsCl density-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 [-resistant fraction.

Isolation of chondrocytes. Thirty-nine 10-week-old
Japanese white rabbits (Oriental Yeast Company, Tokyg,
Japan), weighing an average of 1.8 kg, were used in this study.
They were divided into 3 groups: 9 for the LacZ-transduced
group, 12 for the bFGF-transduced group, and 18 for the
control group. Under intravenous anesthesia with pentobarbi-
tal sodium (Somnopentyl; Schering-Plough, Union, NJ), artic-
ular cartilage tissues (4 X 4-mm slices} were harvested from
the patellar groove of the right knee, washed 3 times in
phosphate buffered saline (PBS), and cut into small pieces,
The picces were treated with 0.05% trypsin and 0.001M EDTA
(Gibco BRL, Gaithersburg, MDY} for 30 minutes at 37°C and
digested sequentially with 0.25% collagenase (type II collage-
nase; Worthington, Lakewood, NJ) for 3 hours at 37°C. The
isolated chondrocytes were washed 3 times with PBS,

The mean number of cells collected from each rabbit
was 2.4 % 10° (SD 0.5 % 10%). These cells were divided into 4-6
culture wells and cultured in 24-well flat-bottomed plates
(Falcon, Lincoln Park, NI} at a concentration of 5 x 10*
cellsiwell in 0.5 ml of Dulbecco’s modified Eagle’s medium
(DMEM, Sigma, St. Louis, MO) supplemented with 10% fetal
calf serum (FCS) and antibiotics (100 units/ml of penicillin G,
0.1 mg/ml of streptomycin; Gibco BRL) (DMEM-FCS), at
37°C in an atmosphere of 5% CQ, in air,

Gene transduction into chondrocytes. Chondrocytes
were cultured for 3 days, removed from the growth medium,
and washed once with serum-free medium. To the culture wells
for the transduced group was added 500 ul of scrum-free
DMEM containing AAV-LacZ or AAV-bFGF to enable quan-
tification of transgene expression at the optimal number of
viral particles (10° particles per cell) determined from the
LacZ gene group experiments. To culture wells for the controt
group was added 500 ul of serum-free DMEM containing Tris
buffer alone. After incubation for 1 hour at 37°C, 500 ul of
DMEM-FCS was added to each culture well for both culture
groups. One sample from each rabbit was used for autologous
transplantation. The remaining samples were used for in vitro
experiments.

Twenty samples from the LacZ-transduced group and
20 from the control group were used for the experiment to
determine the efficacy of gene transduction in vitro. Culture
medium was exchanged twice a week after gene transduction
up to the time of analysis. At 3, 7, 14, 28, and 56 days after
transduction, LacZ expression was assessed using the X-Gal
staining technique (16), as follows. Cells were washed 3 times
with PBS and fixed with 0.5% glutaraldehyde for 10 minutes,
followed by 2 rinses in PBS containing 1 mmole/titer of MgCl,.
The cells were finally incubated with X-Gal substrate (1 mg/ml
of X-Gal, 1 mmole/liter of MgCl,, 5 mmoles/liter of
K, Fe[CN],/K;Fe[CN], in PBS) for 12 hours at 37°C. Efficiency
of gene transduction was calculated as the average percentage
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of X-Gal-positive cells per total number of living cells in 3
randomly sclected ficlds viewed with an optical microscope.

Measurement of bFGF concentration in culture me-
dium. Samples from 12 rabbits in the bFGF-transduced group
and from 12 rabbits in the control group were used for
determinations of accumulated bFGF production in the cul-
ture supernatant. The culture medium was not changed at each
sampling of either group. At 3, 7, and 14 days after transduc-
tion, culture supcrnatants were collected from every 4 bFGF-
transduced or control group culture wells, respectively, and
after centrifugation, were stored at —80°C until analyzed. The
bFGF concentration in the culture supernatants was measured
by enzyme-linked immunosorbent assay (ELISA) using a
bFGF-specific ELISA kit (Quantikine; R&D Systems, Minne-
apolis, MN) according to the manufacturer’s instructions.

Autologous transplantation of gene-transduced chon-
drocytes inte an articular cartilage defect. Chondrocytes from
the LacZ-transduced, bFGF-transduced, and control groups
were cultured for 1 week after gene transduction, collected
from the culturc wells by trypsinization, and then centrifuged.
The supernatant was removed, and chondrocytes were embed-
ded in a 0.2% solution of type I collagen (Cellgen; Koken,
Tokyo, Japan) at a density of 1 % [0%ml. For autologous
transplantation, chondrocytes were suspended in the collagen
gel by incubation at 37°C for 1 hour.

Rabbits were anesthetized with pentobarbital sodium,
and the left hind leg of each rabbit was sterilized for surgery.
A 3-cm medial parapatellar incision was made over the knee,
and the patella was dislocated laterally. A full-thickness defect
in the articular cartilage (5 mm in diameter; 3 mm deep) was
made in the patellar groove using a hand drill. The collagen gel
containing ~7.5 X 10" autologous chondrocytes was trans-
planted into the full-thickness defect. A periosteal flap of
~5 ¥ 5 mm was harvested from the anteromedial surface of
the tibia and sutured to the peripheral rim of the artificial
defect with 5-0 nylon thread. The cambium layer of the
periosteal flap was faced toward the joint space. The rabbits
were allowed to move freely immediately after surgery.

Among the 39 rabbits, LacZ-transduced chondrocytes
were transplanted into 9, bFGF-transduced chondrocytes into
12, and chondrocytes without gene transduction into the
remaining 18.

Evaluation of LacZ expression at the site of transplan-
tation. Rabbits from the LacZ-transduced (n = 3} and control
(n = 2) groups were killed at 1, 2, and 4 weeks after
transplantation. The specimens were harvested from the pa-
tellar groove, embedded in TissueTek OCT compound
(Sakura Finetek USA, Torrance, CA), and immediately frozen
in nitrogen liquid. The frozen specimens were scctioned into
20-pm slices with a cryotome {Coldtome CM-502; Sakura
Seiki, Tokyo, Japan) and double-stained with X-Gal and
hematoxylin and eosin (H&E).

Histologic evaluation of repair cartilage. Rabbits from
the bFGF-transduced (n = 4) and control (n = 4) groups were
killed at 4, 8 and 12 weeks after transplantation. The distal
part of the femur was resected en blog, fixed with 10% buffered
formalin, and decalcified with a 0.5M EDTA solution. Sagittal
sections were prepared and stained with H&E, toluidine blue,
or Safranin O-fast green. The histologic features of each
specimen were evaluated semiquantitatively using the histo-
logic scoring system described by Wakitani et al (17). This
system consists of 5 categories (cell morphology, matrix stain-
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ing, surface regularity, cartilage thickness, and integration of
donor with host) scored on a 0-14-point scale, where ¢ =
complete regeneration and 14 = no regeneration.

Statistical analysis. Data are expressed as the mean *+
SD. The statistical significance of differences was calculated
with the use of StatView software (version J-5.0; Abacus
Concepts, Berkeley, CA). One-way analysis of variance and the
Mann-Whitney U test were used for analyzing statistical
significance. P values less than 0.05 were considered signifi-
cant.

RESULTS

In vitro experiment. Efficiency of gene transduc-
tion of chondrocytes. The efficiency of gene transduction
was determined for chondrocytes transfected with AAV-
LacZ at 7 days after transduction. The mean * SD
percentage of LacZ-positive cells among the total num-
ber of living cells was 43.7 * 8.8%, 624 * 5.1%, 97.7 =
0.6%, and 98.2 + 1.5% at a vector dose of 10, 10°, 10°,
and 10° particles/cell, respectively (Figure 1). The per-
centage of successfully transduced chondrocytes in-
creased in a vector dose-dependent mannetr. A vector
dose of >10° particles/cell did not improve the transduc-
tion rate. The optimal dose of virus that was required to
achieve transduction of ~100% of the chondrocytes was
determined to be 10° particles/cell.

LacZ gene expression was highly maintained
until 56 days after gene transduction. The mean * SD
percentage of LacZ-positive cells was 69.4 = 15.1%,
97.7 = 0.6%, 972 * 1.8%, 958 = 2.9%, and 85.8 =
6.2% at 3, 7, 14, 28, and 56 days after transduction,
respectively (Figure 2). The greatest population of
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Figure 1, Vector dose-dependent LacZ expression in cultured chon-
drocytes, On day 7 after adeno-associated virus-LacZ transduction
into chondrocytes, LacZ expression was assessed by X-Gal staining.
The percentages of LacZ-positive cells among the total number of
living cells were 43.7%, 62.4%, 97.7%, and 98.2% at doses of 10°, 104,
10%, and 10° particles/cell, respectively.
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Figure 2. Time-dependent expression of LacZ in cultured chondro-
cytes. The percentages of LacZ-positive cells were 69.4%, 91.7%,

97.2%, 95.8%, and 85.8% at 3, 7, 14, 28, and 56 days after transduction,
respectively.

LacZ-expressing cells was 97.7% at 7 days (Figure 3A),
and more than 85% of the population was maintained
up to 56 days. Cells without LacZ transduction in the
control group failed to reveal LacZ expression at any
sampling point (Figure 3B). There was no microscopic
evidence of cell death or cytopathologic changes in the
transduced cells as determined by optical microscopy.
Expression of bFGF gene by transduced chondro-
cytes. Production of bFGF was detected in both bFGF-
transduced cells and control cells. The mean * SD
bFGF concentration in culture supernatants from the
bFGF-transduced cells was 88.2 = 9.8 ng/ml, 130.9 =
28.8 ng/ml, and 240.6 = 22,5 ng/ml at 3, 7, and 14 days
after transduction, respectively (Figure 4). In control
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Figure 3. Photomicrographs of transduced chondrocytes stained with
X-Gal. A, LacZ group chondrocytes were stained with X-Gal on day 7
after adeno-associated virus—LacZ transduction. LacZ-positive cells
are stained blue. B, Contrel group chondrocytes showed no LacZ-
positive cells. {Original magnification X 100.)
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Figure 4. Concentration of basic fibroblast growth factor (bFGF) in
culture supernatants of bFGF-transduced chondrocytes. Culture su-
pernatants of control and bFGF-transduced cells were collected on
days 3, 7, and 14 after transduction, and the bFGF concentration was
determined by enzyme-linked immunosorbent assay. Transduction of
the bFGF gene significantly elevated the secretion of bBFGF (* = P <
0.01).

cells, the bFGF concentration was 35.0 = 15.8 ng/ml,
44.5 *+ 16.4 ng/ml, and 62.3 = 258 ng/ml at 3, 7, and 14
days after transduction, respectively. The bFGF concen-
tration was significantly pgreater in bFGF-transduced
cells than in the control cells on all sampling days (P <
0.01).

The mean number of chondrocytes in the bFGF-
transduced group was 14.1 X 10* (SD 1.1 x 10*) and
348 x 10* (SD 6.2 x 10% at 7 and 14 days after
transduction, respectively. In the control group, the
numbers were 6.4 X 10* (SD 1.5 X 10*) and 17.0 x 10*
(SD 32 x 10% at 7 and 14 days after transduction,
respectively, The mean number of chondrocytes in the
bFGF-transduced group was significantly higher than
that in the control group during the period of culture
(P < 0.01).

In vivo experiment. LacZ expression at the trans-
plant site. Throughout the observation period, X-Gal
staining of LacZ-transduced cells showed cells with blue
nuclei distributed across the entire regenerated cartilage
under the layer covered by the transplanted periosteal
flap. The controls, which received transplants without
LacZ-transduced chondrocytes, did not show LacZ-
positive cells at any week of sampling. No adverse effects
related to the virus were observed in this ex vivo gene
transfer experiment.

Macroscopic findings at the site of transplanta-
tion of the bFGF-transduced chondrocytes. Macro-
scopic observation of the transplant site showed re-
generation of the articular cartilage defect in both the
bFGF-transduced and control groups. At 12 weeks,
the margin between the regenerated tissue and the



168

YOKOO ET AL

Figure 5. Photomicrographs of sagittal sections of articular cartilage defects in rabbits after transplantation with basic fibreblast growth
factor (bFGF)-transduced chondrocytes (A, C, E, and G) and control chondrocytes (B, D, F, and H). Photomicrographs of the junction
area are also shown (G and F). In the bFGF-transduced group, at 4 weeks (A), the deep layer is composed of round chondrocytes, but
the matrix is weakly stained. At 8 weeks (C), the matrix is more distinctly staincd, but the superficial region is weakly stained. At 12 weeks
(E and G), the matrix is intenscly metachromatically stained, and there is reconstitution of the osteochondral junction in most specimens.
In the control group, at 4 wecks (BY and 8 weeks (D), the matrix is faintly stained. At 12 weeks (F and H), the deep layer of the matrix
stained well, but staining is reduced in the superficial layers. Solid arrows indicate regenerated cariilage; open arrows indicate surrounding
normal cartilage. Sections were stained with Safranin O-fast green. Bars in A and F = 1 mm; bars in G and H = 100 p2m.

original cartilage was not distinguishable in both
groups. The surface of the regenerated cartilage
closely resembled normal cartilage in the bFGF-
transduced group, but that in the control group could
still be distinguished from surrounding normal carti-
lage. No sign of osteoarthrosis, such as erosion of

cartilage or osteophyte formation, was seen in any of the
knces during the observation period.

Histologic findings of regenerated cartilage follow-
ing transplantation of bFGF-transduced chondrocytes. At
4 weeks after transplantation, in the tissues obtained
from the bFGF-transduced group, the deep part of the
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Table 1. Histologic scores of regencrated cartilage at 4, 8, and 12
weeks*

Weeks after Control bFGF-transduced
transplantation group group
4 88+ 1.0 6.5 = 0.67
8 70+ 14 4.3 * 1.0}
12 35%1.7 28 + 1.0t

* The histologic features were scored on a 0-14-point scale as de-
scribed by Wakitani et al (17), where 0 represents complete regener-
ation and 14 represents no regeneration. Values are the mean * SD.
bFGF = basic fibroblast growth factor.

T P < 0.01 versus controls.

regenerated tissue was composed of round chondro-
cytes, with an extracellular matrix that stained weakly
with Safranin O (Figure 5A). There was no integration
of the edges of the regenerated tissue with the adjacent
normal cartilage or reconstitution of the osteochondral
junction in any specimen. In the control group, the
extracellular matrix was faintly stained with Safranin O
(Figure 5B).

At 8 weeks, the bFGF-transduced group showed
an extracellular matrix that was morc distinctly stained
with Safranin O in the deep part, while the superficial
part was wcakly stained (Figure 5C). Although both
edges were integrated with the adjacent normal carti-
lage, reconstitution of the osteochondral junction was
not seen in any specimen. The tissues from the control
group at 8 weeks were essentially the same as those at 4
weeks (Figure 5D),

In the bFGF-transduced group at 12 weeks, the
intensity and thickness of the extracellular matrix that
was metachromatically stained with Safranin O were
increased as compared with the findings at 4 and 8
weeks, and the microstructure of the regenerated tissue
resembled the surrounding normal cartilage (Figures 5E
and G). There was reconstitution of the osteochondral
junction in most of the specimens. In the control group,
the deep layer of the regencrated cartilage matrix
stained well with Safranin O, but staining was reduced in
the superficial layers (Figures 5F and H). There was no
reconstitution of the osteochondral junction in any of
the control specimens.

The Wakitani score was 6.5 * 0.6, 4.3 = 1.0, and
2.8 £ 1.0 points {(mean * SD) at 4, 8, and 12 weeks after
transplantation, respectively, in the bFGF-transduced
group. In the control group, the score was 8.8 = 1.0,
7.0 = 1.4,and 5.5 = 1.7 points at 4, 8, and 12 weeks after
transplantation, respectively (Table 1). The scores in
both groups gradually decreased throughout the exper-
imental period. However, the score in the bFGF-
transduced group became significantly lower than that in

the control group with the passage of time postopera-
tively (P < 0.01).

DISCUSSION

Autologous chondrocyte transplantation has
been successfully applied in recent years to the treat-
ment of focal cartilage defects in a series of patients
(18). Autologous chondrocytes for grafting are har-
vested from non-weight-bearing areas, cultured in vitro,
reinjected into the cartilage defect, and the area is
covered with a periosteal flap that is sutured in place.
However, this method may be limited to small local
cartilage defects, since the number of cells collected
from donor sites to be used for cultivation is still limited.

Augmentation of the procedure with bFGF for
help in repairing the cartilage has been reported to be
efficacious (4-6,19). Weisser et al (4) reported that
among several different growth factors used to treat
transplanted chondrocytes, positive effects on cartilage
repair were observed only with the bFGF-treated chon-
drocyte implants (4). Previous studies showed that exog-
enous bFGF induces the proliferation of chondrocytes,
the maturation of cartilage, and the differentiation of
mesenchymal cells, and it stimulates the synthesis of
cartilaginous matrix (5,6). Otsuka et al (19) reported
that continuous administration of bFGF using an os-
motic pump had a clearly beneficial effect on repair of
cartilage defects. However, bFGF alone did not lead to
complete structural restitution of hyaline cartilage to
repair the full-thickness defects of articular cartilage.
Prolonged local expression of bFGF by transduction of
the genetic code of bFGF into chondrocytes would be an
efficient treatment for articular cartilage defects.

For the repair of cartilage defects with gene
therapy, it may be necessary to obtain high-efficiency
transduction and continuous local expression of the
therapeutic gene. Several studies have demonstrated
that the AAV vector has the ability to highly efficiently
transduce a gene into cells, to integrate into the host
genome, and to express the transduced gene for a long
time (20-22). There are studies of the utility of the AAV
vector for joint disease that demonstrated high-
efficiency gene delivery to the synovium in vivo (23) or
gene transduction to cultured chondrocytes in vitro (24).
Delivering genes directly to the surface of the abnormal
articular cartilage in order to accelerate cartilage repair
could result in a long-term treatment. The advantage of
ex vivo gene delivery would be direct delivery of the
therapeutic gene to the abnormal articular cartilage and
the ability to limit the area of gene expression to the
cartilage defect alone. In our previous study, ex vivo



170

gene transfer to periosteum-derived cells using an AAV
vector induced LacZ expression for 4 weeks in vivo (25).

In this study, high-efficiency LacZ gene transduc-
tion into chondrocytes was obtained long-term in vitro,
and LacZ gene expression in vivo was sustained without
any adverse cffects. These findings suggest that gene
transfer to an articular cartilage defect by use of the ex
vivo method was established with the AAV vector.
Cartilage repair was slightly inferior to that described in
previous reports, even though we used 10-week-old
rabbits for the experiment. One of the reasons was
thought to be differentiation to fibrous chondrocytes
during the 1-week culture before transplantation. The
cell number and the bFGF secretion were significantly
increased in bFGF-transduced chondrocytes compared
with the control chondrocytes in vitro. Furthermore, the
histologic appearance of the transplant site in the bFGF-
transduced group was fully repaired compared with that
in the control group. The repair at a comparatively early
stage was apparently different between bFGF-
transduced and null chondrocytes even at 12 weeks.
Continuous bFGF secretion by gene transfer seemed to
be an effective way to promote cartilage repair.

These results demonstrate that repair of full-
thickness defects in rabbit articular cartilage can be
enhanced by transplantation of bFGF gene-transduced
chondrocytes. This method scems to be one of the best
techniques for achieving repair of articular cartilage
defects.
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Inflammation is a major contributor to atherosclerosis by its
effects on arterial wall biology and lipoprotein metabolism.
Interleukin-10 (IL-10) is an anti-inflammalory cytokine that
may modulate the atherosclerotic disease process. We
investigated the effects of adeng-associated virus (AAV)
vector-medialed gene transfer of IL-10 on atherogenesis in
apolipoprotein E (ApoE)-deficient mice. A murine myoblast
cell line, C2C12, transduced with AAV encoding murine IL-10
(AAV2-miL10} secreted substantial amounts of IL-10 info
conditioned medium. The production of monocyte chemo-
attractant protein-1 (MCP-1) by the murine macrophage cell
line, J774, was significantly inhibited by conditioned medium
from AAVZ2-miL10-transduced C2C12 cells. ApoE-deficient
mice were injected with AAVS5-miL 10 into their anterior tibial
muscle at 8 weeks of age. The expression of MCP-1 in the
vascular wall of the ascending aorta and serum MCP-1
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Introduction

The inflammatory reaction irivolves complex interactions
between inflammatory cells (Iymphocytes and macro-
phages) and vascular endothelial and smooth muscle
cells. The disturbance of vascular wall integrity and
homeostasis by inflammation is thought to be a major
contributor to atherosclerosis. Therefore, an anti-inflam-
matory strategy may be a promising approach to prevent
and treat atherosclerotic disease. Another critical feature
of atherogenesis is lipid accumulation. Several large-
scale clinical trials have demonstrated that lipid reduc-
tion therapy involving HMG-CoA reductase inhibitor
(statin} is useful for atherosclerotic disorders, such as
ischemic heart disease.’? Recent studies have indicated
that statins have pleiotropic effects on the atherogenic
process, including an anti-inflammatory effect.* On the
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concentration were decreased in AAV5-miL10-transduced
mice compared with AAV5-LacZ-transduced mice. Oif red-O
staining of the ascending aorta revealed that IL-10 gene
transfer resulted in a 31% reduction in plaque surface area.
Serum cholesterol concentrations were also significantly
reduced in AAV5-miL 10-transduced mice. To understand the
cholesterol-lowering mechanism of IL-10, we measured the
ceflufar cholesterol level in HepG2 cells, resulting in its
significant decrease by the addition of IL-10 in a dose-
dependent manner. Furthermore, IL-10 suppressed HMG-
CoA reductase expression in the HepG2 cells. These
observations suggest that intramuscular injection of AAV5-
miL10 into ApoE-deficient rmice inhibits atherogenesis
through anti-inflammatory and cholesterol-lowering effects.
Gene Therapy {2004} 11, 1772~1779. doi:10.1038/
$j.gt.3302348; Published online 21 October 2004

other hand, proinflammatory cytokines, such as tumor
necrosis factor (TNF)-¢, interleukin (IL)-1, and IL-6, have
profound effects on lipid metabolism.* These findings
suggest that there are complex interactions between
inflammation and lipid metabolism.

IL-10, which is secreted by a wide variety of cells such
as lymphocytes and macrophages, is a key inhibitor in a
number of inflammatory responses,® including the pro-
duction of proinflammatory cytokines and chemokines
and the expression of endothelial adhesion molecules. IL-
10 expression has been identified in early and advanced
atherosclerotic plaques®” and is thought to have potential
antiatherogenic effects. Indeed, recent studies have shown
that IL-10-transgenic mice fed a high-fat diet exhibit a
decrease in atherogenesis.® Conversely, IL-10-deficient
mice were found to suffer from more severe athero-
sclerosis, and the atherogenic tendency of these mice was
ameliorated by the plasmid-mediated introduction of IL-
10° IL-10 is thought to have a protective role in human
atherosclerotic disease as well.’®"

Despite the tremendous interest in the effects of
cytokines on inflammation and lipoprotein metabolism,
there have been few studies that have examined the



influence of IL-10 on these processes in vivo.**'* As
atherogenesis is a chronic process, the long-term expres-
sion of IL-10 is required in order to assess its effects on
this disease. In this study, we have used adenc-
associated virus (AAV) vectors for IL-10 gene transfer
to investigate the antiatherosclerotic effects of IL-10
in vivo, because these vectors can transduce skeletal
muscle and permit the sustained expression and sys-
temic delivery of therapeutic proteins following a single
intramuscular administration.'*

Results

IL-10 expression in C2C12 cells

We first verified the integrity of our vectors in vitro.
Differentiated C2C12 cells, murine myoblasts, were
transduced with AAV encoding murine IL-10 (AAV2-
mIL10) at various dosages and cultured for 48 h. The
concentration of IL-10 in the conditioned medium was
found to increase in a vector dose-dependent manner
(Figure la). Western blot analysis demonstrated the
presence of an 18kDa product, the size expected for
murine IL-10, in the conditioned medium of AAV2-mIL10-
transduced C2C12 cells, but not in the conditioned
medium of AAV2-LacZ-transduced cells (Figure 1b).

To evaluate the biological activity of secreted IL-10,
we examined the influence of conditioned medium from
AAV2-mIL10-transduced C2C12 cells on cytokine pro-
duction by J774 cells, murine macrophages. As shown in
Figure 1lc, treatment with lipopolysaccharide (LPS)
increased the production of the cytokines, IL-6, TNF-a,
and monocyte chemoattractant protein-1 (MCP-1), from
J774 cells. These increases were significantly inhibited by
the addition of conditioned medium from AAV2-mIL10-
transduced C2C12 cells, and the preduction of these
cytokines was completely restored in the presence of
anti-mIL-10 antibody (1 pg/ml). Unstimulated J774 cells
did not exhibit any change in cytokine expression when
exposed to the conditioned medium.

IL-10 expression in apolipoprotein E-deficient mice
We next injected AAV2-mIL10 and AAV5-mIL10 into
the anterior tibial muscle of apolipoprotein E (ApoE)-
deficient mice. The serum concentration of IL-10 in-
creased in a vector dose-dependent manner, and the
efficacy of transduction was higher in AAV5-mIL10-
treated mice than in AAV2-mIL10-treated mice at the
same vector dose {1 x 10" genome copies/body) (Figure
2). When 1x 10" genome copies/body of AAV5-mIL10
were injected, the serum IL-10 levels (1.2—4.9 ng/mbD
were maintained at a higher than physiological range (up
to 160 pg/ml) for 8 weeks. Moreover, the serum IL-10
levels at 14 months were 398.3 +146.6 pg/ml.

Effect of IL-10 on MCP-1 expression

We then investigated the anti-inflammatory effects of
IL-10 in ApoE-deficient mice by focusing on the
expression of MCP-1, a potent chemokine implicated in
atherogenesis. ApoE-deficient mice transduced with
AAV5-mIL10 at 4 weeks old were evaluated at 8 weeks
old. Few atherosclerotic lesions were detected by oil red-
O staining at this time point. An immunochistochemical
analysis of MCP-1 in the aortic sinus of ApoE-deficient
mice revealed that MCP-1 expression was modestly
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Figure 1 Transduction of the IL-10 gene into C2C12 cells with AAV2-
mIL10. (a} Concentration of IL-10 in the conditioned medium of AAV2-
mIL10-transduced C2C12 cells. The IL-10 concentration was measured by
ELISA 48 h after transduction with the indicated number of genome copics
per cell {g.c.fceil). (b}, Western blotting with an anti-IL-10 antibody wns
performed after immunoprecipitation of the conditioned medium of AAV2-
mIL10- and AAV2-LacZ-transduced C2C12 celis. Recombinant mouse
IL-10{rIL-10) was used as a positive confrol. (¢} LPS-stimulated [774 cells
were incubated with the conditioned medium of AAV2-mIL10- (solid bars)
or AAV2-LacZ (open bars)-transduced C2C12 cells for 24 k in the presence
or absence of anti-IL-10 antibody (1 ugfmi}. IL-6, TNF-a, and MCP-1
concentrations were analyzed by ELISA, Data are means +s.eam. (n=4),

suppressed in AAV5-mIL10-transduced mice, whereas it
was clearly observed in the vascular wall of AAV5-LacZ-
transduced mice {Figure 3a). Moreover, 8 weeks after
gene transfer, the serum concentration of MCP-1 in
AAV5-mIL10-transduced mice was significantly reduced
compared with that in AAV5-LacZ-transduced mice
(Figure 3b).

Effects of IL-10 on atherogenesis

We evaluated the lesion area in ApoE-deficient mice
fed an atherogenic diet 8 weeks after gene transfer. As
shown in Figure 4, the aortic sinus of mice transduced
with AAV5-mIL10 revealed a significant decrease in oil
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Figure 2 Serum concentration of IL-10 after transduction of AAV-mIL10
into the anterior tibial muscle of ApoE-deficient mice. ApoE-deficient mice
at § weeks of age were inoculated with AAV2-mIL10 (1 x 10" g.c.fbody),
AAVS-mIL10 (1 x10%~1x10¥gcfbody), or  AAVS-LacZ
(1 x 10" g.c.fbody) by infection into the anterior tibial muscle. At 2, 4,
and 8 weeks after injection, the serum IL-10 concentration was measured.
Data are means+s.eam. (n=3-7).
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Figure 3 Systemic and local MCP-1 expression in ApoE-deficient mice.
(a) Intmunohistochemical staining of the aortic sinus segment in Apok-
deficient mice was performed 4 weeks after inoculation with AAV5-mIL10
(1x 10" g.c.fbody), Enhanced MCP-1 expression twas observed in the
vascular wall of AAV5-LacZ mice, but was suppressed in AAV3-mIL10-
transduced mice. I, intima; A, adventitia. (b) The serum MCP-1
concentration in ApoE-deficient mice was measured 8§ weeks after
inoculation with AAV5-mIL10 or AAVS-LacZ. Means and s.e.m. for each
group are presented as histograms (n=6 for LacZ, n=13 for IL-10).

red-O-positive areas compared to that of mice trans-
duced with AAV5-LacZ. The systemic overexpression of
IL-10 resulted in a 31% reduction in plaque surface area
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Figure 4 The inhibitory effect of IL-10 on afherogenesis in ApoE-deficient
mice, {a) At 8 weeks after inoctlation with AAV5-miIL10 (1 x 102 g.e.f
body), the proximal aortas were removed, sectioned, and stained with oil
red-0. (b) Oil red-O-positive areas were analyzed in comparison with the
total cross-sectional vessel wall area. The average values for five sites from
each animal were used for analysis. Means and s.e.m. for each group are
presented as histograms (n=5 for LacZ, n=9 for IL-10).

{AAV5-IL-10, 26.5+1.9% versus AAV5-LacZ, 37.7+2.2%
of total cross-sectional vessel wall area, P <0.01). Figure 5
shows that serum MCP-1 concentration correlates with
the extent of atherosclerotic lesion formation, suggesting
that a decrease in MCP-1 expression is related to a
decrease in atherosclerotic lesion formation.

Effect of IL-10 on lipids

We investigated the effects of IL-10 expression on the
level of serum lipids. Total cholesterol levels were
significantly reduced in the AAV5-mIL10-transduced
mice (931+432, 10744419 mg/db) compared to the AAVS-
LacZ-transduced mice (22124640, 1840+421 mg/d],
4 weeks and 8 weeks after gene transfer, respectively).
Triglyceride level in the AAV3-IL10-transduced mice 8
weeks after gene transfer was also reduced (171.7 £67.3 mg/
dl) compared to that in the AAV5-LacZ-transduced mice
(291.6+172.4 mg/dl, P<0.05).

Nonlinear regression fitting to a sigmoidal dose curve
revealed a high correlation between the serum cholester-
ol level and IL-10 concentration (r=0.857), with an
estimated ECso of 5.3 ng/ml (Figure 6a). In addition, the
serum cholesterol concentration positively correlated
with the atherosclerotic lesion area {r=0.728, P<0.01;
Figure 6b). IL-10 gene transfer did not affect body
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Figure 5 Correlation between serum MCP-1 concentration and extent of
atherosclerotic lesion  formation, The serum MCP-1  concentration
positively correlated with oil red-O-positive surface aren in ApoE-deficient
mice 8 weeks after inoculation with AAV5-mIL10 (r=0.737, P =0.0076).

weight, food intake, blood sugar levels, or blood pressure
(data not shown).

To assess whether IL-10 causes changes in the
lipoprotein profile of apoE-deficient mice, plasma lipo-
proteins were subjected to agarose gel electrophoresis.
No differences in the patterns of lipoprotein expression
were observed in AAV5-mIL10-transduced mice and
AAVS5-LacZ-transduced mice (data not shown).

To further understand the mechanism by which the
serum cholesterol level is decreased in AAV5-mIL10-
transduced mice, we evaluated cholesterol levels of
HepG2 cells, human hepatocytes, incubated in the
absence of lipoprotein. As shown in Figure 7, the level
of cholesterol in HepG2 cells was significantly decreased
by the addition of IL-10 in a dose-dependent manner.
The level of intracellular cholesterol was also signifi-
cantly decreased by the addition of HMG-CoA reductase
inhibitor, fluvastatin, to these cells. When HepG2 cells
were incubated in the presence of lipoprotein, the level of
cholesterol in the conditioned medium was not de-
creased by the addition of IL-10 {(data not shown), These
data suggest that IL-10 reduces de nove cholesterol
synthesis, but does not stimulate cholesterol uptake by
hepatocytes. Furthermore, we estimated the effect of
IL-10 on the expression of HMG-CoA reductase. Inter-
estingly, IL-10 significantly decreased mRNA levels of
HMG-CoA reductase (P<{0.01), while fluvastatin, en-
zyme inhibitor, did not alter the expression of the
enzyme itself (Figure 8).

Discussion

IL-10, a pleiotropic cytokine produced by Th2-type T
cells, B cells, monocytes, and macrophages, has potent
anti-inflammatory properties. The main finding of the
present study is that AAV vector-mediated IL-10 gene
transfer to ApoE-deficient mice following a single
intramuscular administration inhibits atherosclerotic
lesion formation through the inhibition of MCP-1
expression and the reduction in the level of serum
cholesterol.
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Figure 6 (a) Curve-fitting of the serum cholesterol concentration against
the serum IL-10 concentration 8 weeks after inoculation of AAVS-
mIL10 yielded a close fit (r=0857) to a dese-response curve
(y=1628.3 x ™), with an ECs of 5.3 ng/ml. (k) The serum cholesterol
level positively correlated with atherosclerotic lesion surface area 8 weeks
after inoculation with AAV5-mIL10 (r=0.728, P=0.0022).

Differentiated C2C12 cells transduced with AAV2-
mIL10 were verified by Western blot analysis and
enzyme-linked immunosorbent assay (ELISA) to express
IL-10. The biological activity of the secreted IL-10 was
also confirmed. Conditioned medium from C2C12 cells
transduced with AAV2-mIL10 significantly inhibited the
production of IL-6, TNF-o, and MCP-1 by J774 cells
in response to LPS treatment. Based on these in vitro
observations, we used recombinant AAV constructs to
evaluate the effects of IL-10 on atherogenesis in ApoE-
deficient mice. Intramuscular injection of AAV5-mIL10
into ApoE-deficient mice resulted in long-term systemic
IL-10 expression. The serum IL-10 concentration was
sustained at levels higher than 398.3+146.6 pg/ml
(n=6) up to 14 months after gene transfer (1 xI10%
genome copies/body).

Although double-stranded AAV genomes probably
remain extrachromosomal in mouse myofibers, their
tight association with chromatin allows their persistence
and stable expression over periods of several months.!>"7
This particular feature of AAV vectors might be advanta-
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Figure 7 Cellular cholesterol level of HepG2 cells incubated in the absence
of LDL cholesterol. Recombinant human IL-10 (1-100 ngfml) or
Puvastatin (10-° molfl}) was added to the culture for 48 h. Data are
meansts.em. (n=4).
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Figure 8 Relative HMG-CoA reductase expression in HepG2 treated with
recombinant IL-10 as analyzed by quantitative PCR. The relative
expression of the HMG-CoA reductase mRNA was determined as the
ratio of the expression in HepG2 treated with IL-10 or fluvastatin to that in
HepG2 incubated normally (control). Data are means +s.e.m. (n=3-5).

geous in investigating the effects of transgenes on chronic
disease processes. Previous reports demonstrated that
there was a significant difference in transgene expression
by various AAV serotypes transduced into rodent
muscle.’®2” The AAV1 and AAVS5 serotypes were shown
to produce 100- to 1000-fold higher serum levels of
transgene products, as compared to the AAV2. We
selected AAVS for use in in vivo experiments, since we
also observed that gene transfer with AAV5 promoted
a much higher level of expression of IL-10, as compared
to AAV2-mediated transfer (Figure 2). However, AAV1 is
reported to more efficiently transduce muscle than AAVS5.
Therefore, we anticipate that the use of AAV1 in future
experiments would allow for a minimized vector dosage.

We focused on the effect of IL-10 on in vivo MCP-1
expression. MCP-1, one of the most studied members
of the C-C family of chemokines, is expressed in several
cell types in the arterial wall, including vascular
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endothelial cells, smooth muscle cells, and monocytes/
macrophages, under numerous inflammatory conditions.
Therefore, MCP-1 is thought to play an important role
in the ongoing recruitment of monocyte-macrophages
into developing lesions in vive*' Previously, we® and
others®? reported enhanced MCP-1 expression in
experimental and human atherosclerotic lesions. A role
for MCP-1 in the initiation of atherogenesis was demon-
strated by knockout mice in which the MCP-1 gene itself
or its receptor CCR2 was inactivated.?** In our study,
we demonstrated that serum MCP-1 concentrations are
significantly lower in IL-10-transduced mice than in
control mice. In addition, we observed enhanced MCP-1
expression in the vascular wall of ApoE-deficient mice,
as reported previously,®® which was significantly inhib-
ited by IL-10 gene transfer. Moreover, the extent of
atherosclerotic lesion formation was significantly de-
creased in AAV5-mIL10-transduced mice, and positively
correlated with serum MCP-1 concentration. These
results suggest that the observed antiatherogenic effect
of IL-10 is partly mediated by the inhibition of systemic
and local MCP-1 expression.

We also investigated the effect of IL-10 on serum
cholesterol levels. Nonlinear regression of serum choles-
terol levels relative to serum IL-10 levels revealed a close
correlation to a dose—effect model with an ECs, (5.3 ng/
ml). It is well known that high cholesterol levels lead to
atherogenesis in both humans and mice. Atherosclerotic
lesion surface area also correlated with the serum
cholesterol concentration in our study. van Exel et al'?
recently found a negative correlation between a low 1L-
10 production capacity of whole blood and total
cholestero!l level in humans. They speculated that high
levels of IL-10 counteract the effects of TNF-o and IL-6 on
lipid metabolism. This clinical observation corresponds
well with our observation that the serum IL-10 concen-
tration negatively correlates with the reduction in serum
cholesterol.

Pinderski et 4l® found that IL-10-transgenic mice
showed a decrease in atherosclerotic lesions compared
to control mice. However, they found no difference in
plasma cholesterol levels between the transgenic and
control mice. On the other hand, Von Der Thusen ef al**
showed that prolonged hepatic expression of IL-10 could
be achieved following intravenous adenovirus-mediated
IL-10 gene transfer to LDL receptor-deficient mice.
Administration of IL-10 resulted in reductions in athero-
sclerotic lumen stenosis and of serum cholesterol,
although the cholesterol-lowering mechanism was not
clarified.

We analyzed the intracellular cholesterol level of
HepG2 cells cultured with acetic acid, a cholesterol
substrate, in the absence of lipoprotein. This assay can
measure de novo cholesterol synthesis, but not cholesterol
uptake, in these cells. We also used fluvastatin at a dose
of 10-*mol/] to inhibit de novo cholesterol synthesis
almost completely.® The results of these experiments
suggested that IL-10, like fluvastatin, significantly in-
hibits the hepatic production of cholesterol. It was
reported that TNF-¢ and IL-1 increase the levels of
HMG-CoA reductase mRNA without affecting the levels
of LDL receptor mRNA .28 In other words, the increase in
serum cholesterol levels observed after TNF-o and IL-1
administration is caused by an increase in hepatic
cholesterol synthesis rather than a decrease in the



clearance of circulating cholesterol. These observations
suggest that IL-10 might have direct effects on cholesterol
metabolism through the HMG-CoA reductase pathway.
We evaluated the expression of HMG-CoA reductase
using quantitative PCR. As is expected, [L~10 modulated
HMG-CoA reductase expression, whereas fluvastatin
did not. These data suggest that the use of IL-10 in
combination with statin may improve cholesterol-low-
ering effects and benefit the patients with atherosclerotic
diseases.

Finally, we evaluated whether the downregulation of
the MCP-1 was affected by the cholesterol-lowering
effects of IL-10 or not Stepwise regression analysis
revealed that not only serum cholesterol but also MCP-1
concentration might be significant independent predic-
tors of atherosclerotic lesion area. Therefore, we specu-
Jated that anti-inflammatory effect of IL-10 plays an
important role in anti-atherogenic effect as well as its
cholesterol-lowering effects.

In summary, AAV5-mediated IL-10-gene transfer into
the skeletal muscle could introduce efficient and stable
IL-10 expression, resulting in a significant antiathero-
genic effects in ApoE-deficient mice. It was suggested
that this effect was mediated through the anti-inflam-
matory and cholesterol-lowering effects of IL-10. These
results indicate the presence of complex interactions
between inflammation and lipid metabolism, as well as
the effectiveness of anticytokine therapy using IL-10 in
the treatment of atherosclerotic disease.

Materials and methods

Production of AAV vectors

Two recombinant AAV serotypes, type 2 and type 5, were
used in these experiments. AAV2 and AAV5 expressing
the Escherichia coli B-galactosidase gene under the control
of the cytomegalovirus promoter (AAV2-LacZ and
AAV5-LacZ) were generated with the proviral plasmids
pAAV-LacZ and pAAVS-RNL, respectively. To create
AAV2 and AAV5 derivatives expressing murine IL-10
(AAV2-mIL10 and AAV5-mIL10), murine IL-10 ¢DNA
(RIKEN DNA Bank, RDB-1476) was cloned into the
BamHI site of pCMV to form pCMVmIL10. The IL-10
expression cassette in pCMVmIL10 was ligated as a Notl
fragment to Notl-digested pAAV-LacZ and pAAV5-RNL
to form the proviral plasmids pAAV2-mIL10 and
pAAV5S-mIL10, respectively.

AAV viral stocks were prepared according to the
previously described three-plasmid transfection adeno-
virus-free protocol.? Briefly, 60% confluent 293 cells were
cotransfected with the proviral plasmid, an AAV helper
plasmid (pHLP19* for AAV2 or pAAV5RepCap® for
AAV5), and the adenoviral helper plasmid pAdeno. The
crude viral lysate was purified by two rounds of CsCl
two-tier centrifugation.® The viral stock was titered by
dot-blot hybridization with plasmid standards.

PAAVS5-RNL and pAAV5-RepCap (identical to 5Re-
pCapB) were kindly provided by Dr JA Chiorini, and
pAAV-LacZ, pHLP19 and pAdeno were obtained from
Avigen, Inc. (Alameda, CA, USA).

In vitro IL-10 gene transfer
The C2C12 cells were cultured in six-well plates with
2 mt Dulbecco’s minimal essential medium (DMEM)

Antiatherogenic effect of AAV-mediated IL-10 gene transfer
T Yoshioka ef a!

containing 5% horse serum. At 8 days after plating,
differentiated C2C12 cells were transduced with AAV2-
mIL10 at various vector doses. The expression of IL-10
was detected by Western blot analysis after immunopre-
cipitation of conditioned medium and cell lysates. 1L-10
concentrations were measured by ELISA (R&D Systems).
To investigate the biological activities of IL-10, cultured
medium from transduced C2C12 cells was added to
cultured ]J774 cells for 30 min (final IL-10 concentration,
10 ng/ml). ]774 cells were then treated with 100 ng/ml
LPS and incubated for an additional 24 h. The super-
natants were harvested and the concentrations of IL-6,
TNF-¢, and MCP-1 were quantified by ELISA (R&D
Systems).

in vive IL-10 gene transfer

All animal experiments were performed in accordance
with the Jichi Medical School Guide for Laboratory Animals,
1993. Male ApoE-deficient mice in the C57BL/6] back-
ground (a kind gift of Dr N Maeda™?*) were fed on a
Western-type diet containing 21% fat and 0.15% choles-
terol (Harlan Teklad) from 8 weeks of age. Water and
food were given ad libitum, and the mice were main-
tained on a 12-h light-dark cycle. At 8 weeks of age,
ApoE-deficient mice were injected with AAV2-mIL10
{1 x10" genome copies/body), AAV5-mIL10 (1 x 10"'-
10" genome copies/body), or AAV5-LacZ (1x10™
genome copies/body) as 50 ul in total into two distinct
sites of the anterior tibial muscle. The serum concentra-
tions of IL-10 and MCP-1 were measured by ELISA as
described above. The serum concentrations of total
cholesterol were measured by HDAOS methods (Wako
Pure Chemicals).

Morphometric analysis

At 8 weeks after the AAV5-mIL10 or -LacZ inoculation,
the ascending aortas were removed after perfusion
fixation with 4% paraformaldehyde at physiological
pressure, embedded in OCT compound (Tissue-Tek),
and frozen in liquid nitrogen. Atherosclerotic lesions in
the aortic sinus were examined at five locations
separated by 80 um, with the most proximal site at the
point where the aortic valves first appeared, and were
stained with oil red-O. To quantify the aortic lesions,
each image was digitized and analyzed under a micro-
scope (Olympus) with National Institutes of Health
Image software {ver. 1.61). Oil red-O-positive areas were
analyzed in comparison with the total cross-sectional
vessel wall area. The average value for five locations in
each animal was determined.

Immunohistochemical analysis

Arterial sections were prepared from 8-week-old mice
transduced with AAV5-IL-10 or AAV5-LacZ at 4 weeks
old. These sections were incubated with a primary goat
polyclonal antibody against mouse MCP-1 (dilution
1/250, Santa Cruz Biotechnology). Nonspecific IgG was
used as a negative control. Sections were incubated with
biotinylated anti-mouse secondary antibody and treated
with ~ peroxidase-conjugated streptavidin, with 3,
3'-diaminobenzidine tetrahydrochloride as the enzyme
substrate, and counterstained with hematoxylin.

1m

Gene Therapy



