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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 therapeutic 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 method 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 use 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,
pLacZ, was derived from the vector plasmid pW1, which
contains the LacZ gene, as previously described (15). Recom-
binant bFGF gene (GenBank accession no. X07285) was
obtained from Takeda Chemical Industries (Osaka, Japan). A
fragment containing bFGF complementary DNA was ampli-
fied by polymerase chain reaction using the following primer
pairs with the Eco RI or the Xho 1 site: 5'-
ATGAATTCATGGCTGCCGGCAGCATCACTTCGCTT-3'
and 5'-ATCTCGAGAGAGTCAGCTCTTAGCAGAC-3'.
The fragment was subcloned between 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
AAV 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 genes of the adenovirus
genome, pladeno-1, was used in place of helper adenovirus for
AAV 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 HCI buffer (10 mM Tris
HCJ, 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 I-resistant fraction.

Isolation of chondrocytes. Thirty-nine 10-week-old
Japanese white rabbits (Oriental Yeast Company, Tokyo,
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 pieces were treated with 0.05% trypsin and 0.001M EDTA
(Gibco BRL, Gaithersburg, MD) 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 X 10° (SD 0.5 X 10°). These cells were divided into 4-6
culture wells and cultured in 24-well flat-bottomed plates
(Falcon, Lincoln Park, NJ) at a concentration of 5 X 104
cells/well 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/mi of streptomycin; Gibco BRL) (DMEM-FCS), at
37°C in an atmosphere of 5% CO, 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 serum-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 control
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/liter 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]g 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 selected fields 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 supernatants 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 into 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 culture 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 X 10%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 X 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 sectioned into
20-um 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 bloc, 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 0 =
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%, 62.4 + 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 manner. 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%, 97.2 + 1.8%, 95.8 = 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°, 10°,
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%, 97.7%,
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

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, Control group chondrocytes showed no LacZ-
positive cells. (Original magnification X 100.)

300
acontrol cells f ]

 abFGF-transduced cells

Lo
N
=

L]
=
=

—
24
]
-

Concentration of bEGF
in culture supernatant (nghmi)

100 ] T\ i T E
50 L T e B
; . ;
3 7 14

After gene transduction (days)

Figure 4. Concentration of basic fibroblast growth factor (bFGF) in
culture supernatants of bFGF-transduced chondrocytes. Culture su-
pematants 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 bFGF (* = P <
0.01).

cells, the bFGF concentration was 35.0 * 15.8 ng/ml, -
44.5 *= 16.4 ng/ml, and 62.3 + 25.8 ng/ml at 3, 7, and 14
days after transduction, respectively. The bFGF concen-
tration was significantly greater 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 3.2 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 vive 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
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Figure 5. Photomicrographs of sagittal sections of articular cartilage defects in rabbits after transplantation with basic fibroblast 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 stained, but the superficial region is weakly stained. At 12 weeks
(E and G), the matrix is intensely metachromatically stained, and there is reconstitution of the osteochondral junction in most specimens.
In the control group, at 4 weeks (B) 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 cartilage; 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 pm.

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
knees 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 regenerated cartilage at 4, 8, and 12
weeks*

Weeks after Control bFGF-transduced
transplantation group group
4 88+ 1.0 6.5 = 0.61
8 70x14 43+ 1.07
12 55+ 1.7 2.8 £ 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 more distinctly stained
with Safranin O in the deep part, while the superficial
part was weakly 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 SE
and G). There was reconstitution of the osteochondral
junction in most of the specimens. In the control group,
the deep layer of the regenerated cartilage matrix
stained well with Safranin O, but staining was reduced in
the superficial layers (Figures SF 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 AAYV 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
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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 effects. 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 seems to be one of the best
techniques for achieving repair of articular cartilage
defects.
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Abstract

In host animals, adeno-associated virus (AAV) is detectable mainly in the lymphoid tissue, which appears to be a target in natural infection. We
used the human monocytic cell lines THP-1 and U937 to study the effect of mouse anti-AAV2 antiserum on infection with an AAV2 vector having
the luciferase gene (AAV2/Luc). AAV2/Luc was found to infect THP-1 and U937 cells much less efficiently than HeLa cells, as monitored with
the induced enzyme activity. Pre-incubation of AAV2/Luc with anti-AAV2 antiserum at a sub-neutralizing concentration enhanced by 2-to-10 fold
infection of THP-1 and U937 with AAV2/Luc, but not of HeLa. Similarly, anti-AAV10 serum at a low level enhanced infection of THP-1 with
AAV10/Luc. Sera of two cynomolgus monkeys, which had been probably infected with an AAV2-like virus, enhanced infection of THP-1 with
AAV2/Luc. The enhancement was reduced with blocking the 1gG-receptors Fey-RI and Fey-RI1, which were displayed on the surface of THP-1
and U937 but not HeLa cells, with anti-Fey-RI antibody or anti-Fcy-RI11 antibody. The data indicate that infection of Fey receptor-bearing cells
with AAV is enhanced by anti-AAV 1gG antibodies at a sub-neutralizing concentration that play a role in linking AAV particles and Fey receptors.
© 2008 Elsevier Inc. All rights reserved.

Kevwords: AAV; Anti-AAV antibody; ADE: Fey-receptor

Cheung et al., 1980). A low level induction has been observed
upon Fas-mediated apoptosis of the latently infected cells (Mori
et al., 2002).

Introduction

Adeno-associated virus (AAV) is a nonenveloped icosahe-

dral particle (a diameter of 25 nm) containing a single-stranded
linear DNA (4.7 kb). To date several AAV serotypes and over
100 AAV variants have been recorded (Wu ct al., 2006). Among
them AAV serotype type 2 (AAV2) has been studied most
extensively and used for gene therapy trials. Efficient propaga-
tion of AAV2 in cultured cells requires coinfection with a helper
virus (Certer o1 sl 1979 Richardson smd Wesiphal 1981
HBollor cr ol ents Melbhason evabl 1985) Without a helper
virus the AAV DNA is integrated into cell DNA ata specific site
and maintained as a provirus (Ilewsc oo T <), When a
latently infected cell is super-infected with adenovirus, the

P

integrated AAV is induced to replicate (!

[
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The tissue tropism of AAV in natural infection is not fully
elucidated. AAV10, AAV 11, and AAVcy.7 have been detected
mainly in the lymphoid tissue and ileum of the naturally infec-
ted cynomolgus monkeys (Mori ¢t al.. 2008). AAV2 vectors
injected to monkeys are detectable in the lymphoid tissue
(Conrad ¢t ol 1996: Favre ¢ al 20000 Loi et al 2002
Nathwani et oh. 2002: DavidelT ot ol 2003; Mot ctal., 20006)
and the leukocytes (Favie ctal, 200430 Dav v al, Z002) These
studies suggest that the leukocytes are onc of the major targets
for AAV.

Infection of the leukoeytes with dengue virus (DENV) is
enhanced by cither sub-neutralizing level of serotype-specific
ant-DENV antibody or cross-reactive anti-DENV antibody
(U inde i, fnn) The antibody, which binds to the virion at
its variable region and to the cell-surface Fey receptor (Fey-R)
at its Fe-region, mediates attachment of the virion to the surface
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Fig. 1. Infection of THP-1, U937, and HeLa cells with AAV2/Luc. AAV2/Luc was
inoculated to the cells at three multiplicities of infection (gc/cell). Two days later,
the cells were lysed and luciferase activities of the lysates were measured. Each bar
represents the average of three independent experiments with the standard devia-
tion indicated by an error bar. RLU: relative light units.

of monocytes and macrophages (Clyde et al., 2006). This
antibody-dependent enhancement (ADE) of DENYV is believed
to be associated with dengue hemorrhagic fever. Similar ADE
has been reported in infection of Fey-R-positive cells with West
Nile virus (Peiris and Portertield, 1979; Peiris et al., 1981),
human parvovirus B19 (Munakata et al.. 2006), and Aleutian
mink disease parvovirus (Kanno et al., 1993).

In this study we examined infection of THP-1 and U937,
human monocytic cell lines that were expressing Fcy-R, with
recombinant AAV vectors that had been pre-incubated with
diluted anti-AAV antiserum and found that a sub-neutralizing
level of the antiserum enhanced infection of these cells with
AAV vectors.

Results

Antibodv-dependent-enhancement of infection of THP-1 and
U937 cells with AAV2 and AAVI0

Infection of THP-1 and U937, human monocytic cell lines,
with AAV2/Luc, a recombinant AAV having the luciferase
gene, was much less efficient than that of HeLa. Serially diluted
AAV2/Luc was inoculated to the cells and 2 days later the cells
were lysed and the luciferase activities of the lysates were
measured (Fig. 1). While the luciferase activity of the Hela
culture inoculated with AAV2/Luc at a multiplicity of infection
(MOI) of 10 genome copies (gc) was 200,000 U, those of the
THP-1 and U937 cultures inoculated at an MOI of 40 gc were
2500 U and 1000 U, respectively. .

Infection of THP-1 and U937 cells with AAV2/Luc was
enhanced by pre-incubation of AAV2/Luc with a sub-
neutralizing concentration of anti-AAV2 antiserum. AAV2/
Luc was incubated with mouse anti-AAV2 antiserum or mouse
normal serum at 37 °C for 30 min and then inoculated to 3 x 10°
of THP-1 cells (at MOIs of 10, 20, and 40 gc), U937 cells (at
MOIs of 50, 100, and 200 gc), and HeLa cells (at MOIs of 1, 2,
and 4 gc). Two days later the luciferase activity of the cellular
lysate was measured. The antiserum diluted at 1:100 induced a
major decrease of the luciferase activities of the three cell lines,
indicating that AAV2/Luc was neutralized with the antiserum
(Figs. 2, A, B, and C). Although the antiserum diluted at 1:1000
induced a slight decrease of the luciferase activity of Hela
(Fig. 2C), it induced increase of the luciferase activities of THP-
1 and of U937 (Figs. 2, A and B). The antiserum diluted at
1:10,000 and the normal mouse serum did not affect the luci-
ferase activities of the three cell lines (Fig. 2). Thus, the
antiserum diluted at 1:1000 enhanced infection of THP-1 and
U937 with AAV2/Luc, indicating that typical ADE occurred in
infection to these cells with AAV2.
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Fig. 2. Effect of anti-AAV2 antiserum on the infection of THP-1. U937, and HeLa cells with AAV2/Luc. AAV Y Lue was mixed with the diluted nonimmune serum or
anti-AAV 2 antiserum and incubated at 37 °C for 30 min. The mixtures were inoculated to THP-1 (A), U937 (B). or HeLa (C) cells at various multiplicitics ol infection
(ec/celly indicated. Two days later. the luciferase activity of the cellular lysate was measured. Each bar represents the average of three independent experiments with the

standard deviation indicated by an crvor bar. RLU: relative light units.
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Fig. 3. Effect of anti-AAV 10 antiserum on the infection of THP-1 cells with
AAV10/Luc. AAV10/Luc was mixed with the diluted nonimmune serum or anti-
AAVI10 antiserum and incubated at 37 °C for 30 min. The mixtures were
inoculated to THP-1 cells at the multiplicity of infection (gc/cell) indicated. Two
days later. the luciferase activity of the cellular lysate was measured. Each bar
represents the average of three independent experiments with the standard
deviation indicated by an error bar. RLU: relative tight units.

Similarly, infection of THP-1 cells with AAV10 was enhan-
ced by a sub-neutralizing concentration of anti-AAV10 serum.
AAVI10/Luc pre-incubated with mouse anti-AAV 10 serum was
inoculated to THP-1 (3x 10> cells) at an MOI of 2000 gc and
the luciferase activity was measured as the experiments with
AAV2/Luc. The antiserum reduced the infectivity of AAV10/Luc
at a dilution of 1:100 but increased the infectivity at dilutions of
1:1000 and 1:10,000 (Fig. 3).

Anti-AAV?2 and anti-AAV 10 sera did not increase the infec-
tivity of AAV10/Luc and AAV2/Luc, respectively (Fig. 4),
indicating clearly that the antibody capable of binding to AAV
particles mediates the enhancement of infection of THP-1 celis
with AAV.

Two monkey sera enhanced infection of THP-1 cells with
AAV2/Luc. Sera were obtained from two healthy male cyno-
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molgus monkeys of 5 years of age. The pre-incubation of AAV2/
Luc with the monkey-A serum that had been undiluted or diluted at
1:10 reduced the infectivity of AAV2/Luc to HeLa and to THP-1
(Figs. 5, A and B), indicating that the serum contained antibody
capable of neutralizing AAV2. Pre-incubation of AAV2/Luc with
the monkey-A serum that had been diluted at 1:100 and 1:1000 did
not affect the infectivity to HeLa but it increased the infectivity to
THP-1 (Figs. 5, A and B). Similarly, pre-incubation of AAV2/Luc
with the undiluted monkey-B serum, which did not neutralize
AAV2/Luc (Fig. 5A), enhanced infection of THP-1 (Fig. SB). The
data clearly indicate that monkey-B serum diluted at 1:10 and 1:100
did not affect the infectivity of AAV2/Luc (Fig. 5B). The data
strongly suggest that the two monkeys had been probably infected
with AAV types antigenically related to AAV2 and the sub-
neutralizing levels of the antibodies in the sera enhanced infection
of THP-1 with AAV2/Luc.

Involvement of the cell-surface Fcy-recepiors (Fcy-R) in the
ADE of AAV infection

Both Fcy-RI and Fcy-RIT were present on the surface of
THP-1 and U937 cells. THP-1, U937, and HeLa cells were
incubated with anti-CD64 mouse monoclonal antibody (mAb)
recognizing Fey-R1 or anti-CD32 mouse mAb recognizing Fcy-
RIl at 4 °C for 1 h. Then the mAb on the surface was detected
with labeled-goat anti-mouse 1gG antibody by using a FACS.
Both mAbs clearly bound to the surface of THP-1 and U937
cells but did not bind to the surface of HeLa cells (Fig. 6).

Pretreatment of THP-1 and U937 with anti-CD64 mAbD or
anti-CD32 mAb interfered with ADE in the infection of these
cells with AAV2/Luc. THP-1 and U937 cells were incubated
with anti-CD64 mAb (5 pg/ml) and/or anti-CD32 (5 pg/ml)
mAb at 4 °C for 1 h. The cells were inoculated with AAV2/Luc
that had been pre-incubated with the anti-AAV2 antiserum
diluted at 1:1000 and the luciferase activities of the lysates were
measured at 2 days after the inoculation. The level of the
enhancement of infection of both cell lines with AAV2/Luc was
reduced by pretreatment with mAbs (Fig. 7), indicating that
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Fig. 4. Requirement of type-specific antibody Tor ADE of infection of THP-1 cells with AAV2/Luc and AAVI0/Luc. AAV2/Luc (A) and AAVI0/Luc (B3) were pre-
incubated with the undiluted or diluted anti-AAV2 or anti-AAV 10 antiserum and inoculated to THP-1 cells. Two days later, the lucilerase activity of the cellular lysate
was measured. Each bar represents the average of three independent experiments with the standard deviation indicated by an error bar. RLU: relative light units.
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Fig. 5. Effect of the two monkey sera on the infection of THP-1 and Hela cells with AAV2/Luc. AAV2/Luc was pre-incubated with the undiluted or the diluted
cynomolgus monkey sera and inoculated to HeLa (A) or THP-1 (B) cells. Two days later, the luciferase activity of the cellular lysate was measured. Each bar represents
the average of three independent experiments with the standard deviation indicated by an error bar, RLU: relative light units.

both Fcy-R1 and Fcy-RII are involved in the enhancement.
Anti-CD64 mAb was more effective than anti-CD32 mAb for
the reduction and the mixture of anti-CD64 and anti-CD32
mAbs completely abolished the enhancement.

Discussion

We demonstrated that infection of THP-1 and U937, human
monocytic cell lines, with AAV2/Luc was enhanced by the
sub-neutralizing concentration of anti-AAV2 antibody. Simi-
larly infection of THP-1 with AAV10/Luc was enhanced by
the sub-neutralizing concentration of anti-AAV10 antibody.

Cell-surface Fey-RI and Fcy-RIT were required for the en-
hancement, indicating that the antibodies play a role in linking
the AAV particle and the Fcy-R on the cell surface. A variety
of leukocytes are positive for Fcy-RI (monocytes/macrophages,
dendritic cells, and neutrophils) and Fcy-RII (monocytes/
macrophages, dendritic cells, neutrophils, B lymphocytes, and
mast cells)}(Cohen-Solal et al.. 2004). It is possible that infection
of these cells with AAV is enhanced with a low level of anti-AAV
antibodies in vivo.

The naturally infected AAV does not induce the strong
immune response of host animals. Although a great majority of
humans are infected with AAV2 during childhood, the sera of
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Fig. 6. Presence of Fey-RI and Fey-RIT on THP-1 and U937 cells. THP-1, UY37. and Hel.a cells were incubated with anti-Fey-R1E or anti-Fey-R1I monoeclonal
antibodies followed by staining with the Alexa Fluor 488-conjugated goat anti-mouse 12G secondary antibody. The fuorescence on the cells was measured by using a
Now cytometer. The bold line (indicated with filled arrowhceads) shows the distribution of the resultant fluorescence. The thin line (indicated with open arrowheads)
shows the distribution of the ftuorescence of the cetls incubated with only the secondary antibody.
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Fig. 7. Inhibition of ADE of AAV2 infection with anti-Fcy-R1 and anti-Fcy-R1l antibodies. THP-1 (A) and U937 (B) cells were pre-incubated with anti-Fcy-RI and/or
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humans aged over 30 are positive for anti-AAV2 IgG and IgM
antibodies simultaneously, indicating anti-AAV2 antibody
induced by the primary infection does not protect the hosts
from the secondary infection (Erles et al.. 1999). Among human
sera positive for anti-AAV antibody, only 30% of the sera are
neutralizing (Chirmule et al.. 1999). The level of anti-AAV
antibody in the serum of the host persistently infected with AAV
could be appropriate for the enhancement of AAV infection.
Indeed the undiluted monkey-B sera, whose level of neutraliz-
ing antibody was below the detectable level, enhanced infection
of THP-1 with AAV2/Luc (Fig. 5).

ADE is probably important for AAV to be maintained in host
animals. Because the chance for the AAV-infected cell to be
super-infected with the helper virus must be very rare in vivo,
AAV may survive with a low level autonomous propagation
induced by the Fas-mediated apoptosis of the host cell (Mori
et al., 2002). ADE may support infection of a new host cell,
mainly a leukocyte, with AAV.

Previous studies have shown that the capability of an
antibody to contribute to ADE is independent of neutralizing
activity. The monoclonal neutralizing antibodies against West
Nile virus and against Dengue virus (Pierson et al., 2007,
Yamanaka ct al.. 2008) and non-neutralizing antibodies against
human respiratory syncytial virus (Gimenez ot al, 1996) en-
hance infection of FcR bearing cells with these viruses, res-
pectively. It is necessary fto examine a panel of anti-AAV
monoclonal antibodies for their capability of contributing to
ADE and for their binding characteristics to AAV particles in
future studies. .

ADE may be useful for ex vivo immunotherapy. which uses
antigen-presenting cells transduced with AAV vectors in vitro
(Pommashagan et al. 2001 Neron o ab. 207, Because the
antigen-presenting cells, such as monocyles and dendritic cells,
are positive for Fey-R1 and Fey-RII, pre-incubation of the AAV
vectors with anti-AAV antibodies at a sub-neutralizing level,
would increase the efficiency of transduction.

This is the first report showing the ADE of infection of Fey-
R-bearing cells with the dependovirus. ADE has been observed
in infection of Fcy-R-bearing cells with the autonomous par-
voviruses, such as human parvovirus B19 (Munakata et al.,
2006) and Aleutian mink disease parvovirus (Kanno et al.
1993). The Fcy-R-mediated ADE of infection may be common
to those belonging to Parvoviridae.

Experimental Procedures
Cells

THP-1 and U937, human monocytic cell lines, were pur-
chased from American Type Culture Collection (Manassas,
VA). THP-1 was cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 50 uM 2-p-mer-
captoethanol at 37 °C. U937 was cultured in RPMI 1640
medium supplemented with 10% FBS at 37 °C. HeLa cells that
had been adapted to the suspension condition were cultured in
suspension minimal essential medium (S-MEM) supplemented
with 10% FBS with gentle shaking at 37 °C.

AAV vecrors

A vector plasmid pAAVLuc was packaged into the AAV2
and AAV 10 capsids 1o produce AAV2/Luc and AAVI10/Luc, -
respectivelv, in HEK293 cells as described previously (M1 4
otab. 2tnd). The pAAVLuc is composed of the 5'-inverted
terminal repeats (ITR) of AAV2, simian virus 40 carly enhancer/
promoter, firelly Juciferase gene, and 3'-ITR. AAV2/Luc and
AAV 10/Luc were purified by heparin affinity column chroma-
tography (Auricclno vt al 2u41) and CsClequilibrium centri-
fugation (Afeni ot al. 2004). respectively. Genome copy
numbers of the vector stocks were measured by real-time
PCR with TaqMan probes for the firefly luciferase gene (Perkin-
Elmer Biosystems, Foster City, CA).
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Antisera

Anti-AAV?2 antiserum was obtained by an intramuscular
injection of purified AAV2 vector having {3-galactosidase gene
(10° genome copies per mouse) to eight-week-old female
BALB/c mice. The serum was collected at 6 weeks after the
injection. Mouse anti-AAV 10 serum was produced previously
by immunizing mice with VP2, one of three capsid proteins
(Mori et al., 2004). Mouse anti-CD64 and anti-CD32 mono-
clonal antibodies (BD Bioscience PharMingen, San Diego, CA)
were used in the detection and blocking of Fcy-RI and Fcy-R1,
respectively.

Monkey sera

Sera were obtained from two cynomolgus monkeys kept in
Tsukuba Primate Research Center, National Institute of Bio-
medical Innovation. The monkeys were sedated during col-
lection of blood by administration of Ketamine (10 mg/kg).
Animal studies were performed in accordance with the guide-
lines for animal experiments in the National Institute of Infec-
tious Diseases.

Assay for AAV infection

AAV vectors were suspended in phosphate-buffered saline
(PBS) containing 5% FBS. 15 pl of vector suspension was
mixed with an equal volume of the test serum that had been
heat-inactivated (56 °C for 30 min) and diluted with PBS, and
incubated at 37 °C for 30 min. The mixture was inoculated to
3% 10° cells in a microtube. After incubation at 4 °C for | h with
occasional rocking, the cells were washed with culture medium
twice and resuspended in 780 pl of culture medium. The cell-
suspension was seeded in 3 wells (250 pl/well) of a 48-well
culture plate and incubated at 37 °C for 2 days. The cells were
harvested and lysed. Luciferase activity of the lysate was
measured by using Luciferase Assay System (Promega,
Madison,WI) and Mithras LB940 Multilabelreader (Berthold
Technologies, Bad Wildbad, Germany).

Flow cytometrv

THP-1, U937, and HeLa cells were incubated with 2.5 pg/ml
of anti-CD64 or anti-CD32 monoclonal antibody in reaction
butfer (PBS containing 2% FBS) for | h at 4 °C. The cells were
washed with the buffer twice and incubated in the buffer
containing 2.5 pg/ml of Alexa Fluor 488-conjugated goat anti-
mouse 1¢G serum (Molecular Probes. Eugene, OR). The cells
were washed twice with the buffer and then fixed with 2%
paraformaldehyde in PBS. Fluorescence was measured using a
flow cytometer (BD FACSCalibur, Becton Dickinson. Franklin
Lakes, NJ).

B/bcl\'ing of FeyR on THP-1 and U937 cells

THP-1 and U937 cells were incubated with the culture medium
containing 5 pg/ml of anti-CD64 (BD Bioscience PharMingen)

and/or anti-CD32 (BD Bioscience PharMingen) at 4 °C for 1 h.
The cells were washed twice with the culture medium and used in
the assay for AAV infection.
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Summary

Adeno-associated virus (AAV) is used in gene-ther-
apy studies, but its tissue distribution is unknown in
natural infection. We examined cynomolgus AAVs
(previously isolated AAV10 and AAVI11 and novel
AAVcy.7) for their tissue distribution in 14 cyn-
omolgi by type-specific PCR. We found AAV10,
AAV11, and AAVcy.7 in 6, 10, and 14 monkeys,
respectively, and two or three types in 11 monkeys,
showing that these AAVs are widespread in the
monkeys. We detected AAV at a higher level main-
ly in the lymphatic tissues and ileum, which sug-
gests that AAV may invade the host through Peyer’s
patches in the ileum and infect immune cells.

*

Adeno-associated virus (AAV), a member of the
genus Dependovirus of the family Parvoviridae,
is a nonenveloped icosahedral particle with a ge-
nome of 4.7 kb single-stranded linear DNA. Patho-
genicity of AAV has not been reported. The AAV
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genome has the rep and cap genes that encode the
nonstructural Rep proteins and the capsid proteins
(VPI1, VP2 and VP3), respectively. The initial stud-
ies of AAV type 2 (AAV2) have shown that, upon
infection of cultured human cells, the viral genome
is integrated into chromosome 19 and is maintained
as a latent provirus unless the cells are co-infected
with a helper virus, such as adenovirus [8].
Recently Gao et al. [3, 4] have obtained various
AAV DNAs from human and nonhuman primate
tissue samples by PCR amplifying the signature
region, which has a highly type-specific nucleotide
sequence, with consensus primers that hybridize to
the conserved region in the capsid gene. AAV DNA
was detected in the heart, lung, liver, spleen, duo-
denum, kidney, and lymph node of rhesus monkeys.
By using a similar PCR strategy, Mori et al. [6]
newly detected AAV10 and AAVII1 in DNA sam-
ples from cynomolgus monkeys, and Chen et al. [1]
detected AAV DNA in the tonsil, lung, and spleen
of children. These findings indicate that many
AAVs, including unidentified ones, are widely dis-
seminated throughout multiple tissues of humans
and nonhuman primates {4]. To date we have only
a limited knowledge of the AAV life cycle, such
as the portal of entry, the role of helper viruses in



376

primary infection, sites of replication and latency,
and molecular forms of viral DNA.

Recombinant AAV has been studied for its po-
tential use as a gene-transfer vector in gene therapy.
It has been indicated that pseudotyped vectors,
which are the AAV2 vector genome packaged in
the capsids of AAVs other than AAV2, transduced
various tissues with different efficiency. For ex-
ample, AAV-pseudotype transduced mouse mus-
cle efficiently by the injection of the vector into the
muscle, and AAV8-pseudotype transduced mouse
liver efficiently by the injection of the vector into
the portal vein {2]. These findings suggest that each
AAV type has its own tissue preference. However,
the tissue tropism of AAV in the natural host has
not been studied extensively. In this study, we ex-
amined three cynomolgus monkey AAVs for their
tissue distribution in the naturally infected host.

Fourteen cynomolgus monkeys (4 to 5 years of
age and weighing 3 to 5kg), numbered from #1
to #14, were obtained from Tsukuba Primate Re-
search Center, National Institute of Biomedical
Innovation. All the animal studies were conducted

CP3 CP1 CP2
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in accordance with the guidelines for animal ex-
periments at the National Institute of Infectious
Diseases. Twelve monkeys (#1 to #4 and #6 to
#13) had been intravenously injected with a AAV2
vector containing a beta-galactosidase gene or
EGFP-tubulin fusion gene in the previous study
[7]. The entire coding regions of AAV10 (Gen-
Bank accession number: AY631965) and AAV1I
(AY631966) had been isolated from the ileum of
monkey #4 and the liver of monkey #S5, respec-
tively, as described previously [6]. Animal tissues
were harvested at necropsy and stored at —80°C
until use. DNA was extracted from approximately
25 mg of each frozen tissue by using a QIlAamp
DNA extraction kit (Qiagen GmbH, Hilden,
Germany). The quality and quantity of DNA in the
samples were verified by amplifying a part of the cel-
lular G3PDH gene as described previously {7].

We found a novel AAV sequence in monkey #12.
The DNA samples extracted from the spleen and
ileum were examined by PCR with the consensus
primers CP1 and CP5 (Fig. 1A), whose nucleotide
sequences are highly conserved in the cap genes of

CP5

- = -
= ] ]
SP10F L) ¢(3SP10R
SP11F ) spi1R
SPcy.7F i:> Cj SPcy.7R
B AAV7
[‘ AAV1
AAV6
[ AAV2
AAV3
e
AAV10
[~ AAVrh8 Fig. 1. Schematic representation
| I AAVcy.7 of the AAV cap gene and phyloge-
AAVO netic tree of AAVs. (A) The sig-
nature region of AAV capsid gene
T AAV4 and the PCR primers are indicated.
L AAV1 (B) Phylogenetic tree based on the
AAVS amino acid sequences of the capsid
r— proteins. AAV types analysed in
0.050 0 this study are indicated by boxes
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the eleven AAV types, from AAV1 to AAVI11 (6).
Although AAV DNA was not amplified with the
spleen sample, a DNA fragment of approximately
1.6 kilobase pairs (bp) was obtained from the ileum
sample. The nucleotide sequence of the amplified
fragment did not match those of any reported AAVs.

The entire coding region of the cap gene of the
novel AAV was obtained by two sets of PCR using
the DNA sample extracted from the ileum of mon-
key #12 and the consensus primers [6] (Fig. 1A).
The 5’ region was amplified by using CP3 and CP2,
and the 3’ region was amplified by using CPI and
CP5. The amino acid (aa) sequence deduced from
the nucleotide sequence did not match those of any
known AAVs. Therefore, we named the novel AAV
AAVcey.7. The aa sequence of AAVcy.7 was similar
to that of AAVrh.8 (97% homology), which had
been obtained from a rhesus monkey [4]. The phy-
logenetic tree based on aa sequences of capsid pro-
tein is presented in Fig. 1B.

We attempted to detect the presence of AAV10,
AAV11, and AAVcy.7 in the DNA samples of the
various tissues of the monkeys by the PCR-ampli-
fication with primers specific for one of these types
(Fig. 1A). The nucleotide sequences of the type-
specific primers are as follows: forward primer
for AAV10 (SP10F), 5'-GGGCCTGCAAACATGT
CGGC; reverse primer for AAV10 (SPIOR), 5'-
CTGTTGACATTTCCCACAAT; SPI1F, 5'-CTG
AATCAAGGCAATGCAGC; SP1IR, 5-GCAGTC
ACGTTGCCGGTTAT; SPcy.7F, 5'-GGGCCCAGC
ACTATGGCCAA; SPcy.7R, 5'-TTGTGAACAAG
TCCAGTCTG. These primer sets have been de-
signed to amplify fragments of 395, 446, and 395 bp
from AAV10, AAV1I1, and AAVcy.7 DNA, respec-
tively. These primer sets amplified the target AAV
DNA in the test samples containing AAV2, AAV4,
AAVS, AAVS, AAVI0, AAV1I], or AAVcy.7 with-
out non-specific amplification (data not shown).
The level of the amplified DNA was estimated by
the comparison of DNA amplified from the stan-
dard samples, which were a mixture of the cellular
DNA extracted from African green monkey COS-
1 cells (i0° cells) and the plasmid DNA contain-
ing the AAV cap gene in the range from 10 (o
10° copies, after ethidium bromide staining of the
agarose gel. Approximately 10 copies of the cap
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gene in the standard sample were the minimum
level of detection.

Nucleotide sequencing of the randomly selected
PCR products showed that the detection and typing
by the PCR with the type-specific primers was reli-
able. Seventeen PCR products obtained with the
AAV10-specific primers and DNA samples of mon-
keys #3 and #5 were sequenced after cloning
using pGEM-T vector system (Promega, Madison,
WI). All of the DNA fragments were 395 nucleo-
tides long. The aa sequences were deduced from
the nucleotide sequences. The aa sequences of 4
clones were the same as with that of the registered
AAVI10. Ten clones had one aa replacement, R at aa
552 was replaced with K (AAV10/R552K), and 3
clones had one additional aa replacement (AAV10/
R552K/S5581, AAV10/R552K/E577G, AAV10/
R552K/D584N). Seven PCR products obtained
with the AAV 1 [-specific primers and DNA samples
from monkeys #2 and #5 were sequenced. All of
the DNA fragments were 446 nucleotides long. The
aa sequence of one clone was same with that of the
registered AAV11. One clone had one aa replace-
ment (AAV11/Y490D), and 4 clones obtained from
monkey #2 had two aa replacements (AAV11/
V5441/N547T). Twenty PCR products obtained
with the AAVcy.7-specific primers and DNA sam-
ples of monkeys #12 and #13 were sequenced. All
of the DNA fragments were 395 nucleotides long.
The aa sequences of 15 clones obtained from the
cerebrum, spinal cord, ileum, and mesenteric lymph
node of monkey #12 were identical to that of
AAVcy.7. Five clones obtained from monkeys #13
had one aa replacement (AAVcy.7/AS579S).

Table 1 shows the presence of AAV10, AAVII,
and AAVcy.7 in the various tissues with the levels
estimated by comparison to the standard samples.
The blanks indicate that the samples were negative
for the DNA amplification with the three sets of
type-specific primers. AAV10, AAV11, and AAVcy.7
were detected in 6, 10, and 14 monkeys, respectively.
Five monkeys (#1, #2, #5, #12, and #13) were
infected with AAV 10, AAVI11, and AAVcy.7. Five
monkeys (#3, #6, #7, #8, and #9) were infected
with AAV11 and AAVcy.7. One monkey (#4) was
infected with AAV 1] and AAVcy.7. The dala indi-
cate that these AAVs are widespread in cynomolgus



Table 1. AAV10, 11, and cy.7 genomes in cynomolgus monkeys

#19Q

#20

#39Q

#40

#59

#60

#79

tissues

11

cy.7

11

cy.7

11

cy.7

11

cy.7

11

cy.7

11

cy.7

11

oy.7

cerebrum

+

+

cerebellum

spinal cord

ND

ND

ND

ND

ND

ND

ND

ND

ND

bone marrow

++

skin

ND

ND

ND

eye

muscle

ND

ND

ND

bronchus

lung

+4+

heart

+4

liver

gallbladder
pancreas

++

++

++

++

spleen
esophagus

stomach

++
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ND

ND

ND

ND

ND

++

ileurn

colon

NO

ND

ND

kidney

adrena! gland

++

bladder

ND

ND

tonsi!

thymus

ND

ND

ND

ND

NO

parotid gtand

submandibular gland

thyroid gland

axillary lymph node

o+

hilar lymph node

ND

ND

ND

mesenteric lymph node

ND

ND

ND

++

iliac lymph node

ND

ND

ND

ND

ND

ND

ND

ND

ND

inguinal lymph node

testis/ovary

epididymis/uterus

ND

ND

ND

++
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499
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11

cy.7

11

cy.7

11

cy.7

11

cy.7

11

cy.7

11

cy.7

11

cy.7

cerebrum

cerebellum

spinal cord

bone marrow

skin

eye

muscle

bronchus

lung

heant

++

liver

gallbtadder

pancreas

spleen

esophagus

++

slomach

++

jejunum

ileum

colon

++

kidney

adrenal gland

bladder

tonsi

thymus

++

parotid gland

submandibular gland

thyroid gland

axillary lymph node

hilar lymph node

ND

ND

ND

ND

WD

ND

ND

ND

ND

ND

ND

ND

ND

NO

ND

mesenteric lymph node

iliac lymph node

ND

ND

ND

inguinal lymph node

teslisfovary

epididynis/uterus

10 AAV10. 11 AAVI1, cv.7 AAVcy.7.

+ 10-102 4+ 10°10°, +++ 10°=10", ++++ 10°~10°. +++++ 10° <genome copies/500ng DNA.

ND Not done.
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Table 2. Frequency of AAV genome detection in the tissues of cynomolgus monkeys

Tissues AAVI10 AAV11 AAVcey.7

Number of Frequency Number of Frequency Number of Frequency

monkeys monkeys monkeys

A B A/B (%) A B A/B (%) A B A/B (%)
Cerebrum 0 6 0 ] 10 10 3 14 21
Cerebellum 0 6 0 0 10 0 0 14 0
Spinal cord 0 4 0 1 8 13 2 It 18
Bone marrow 2 6 33 1 10 10 1 14 7
Skin 0 5 0 0 10 0 0 13 0
Eye 0 6 0 1 10 10 2 14 14
Muscle 0 5 0 0 10 0 1 13 8
Bronchus 0 6 0 0 10 0 0 14 0
Lung 0 6 0 1 10 10 0 14 0
Heart -1 6 17 2 10 20 4 14 29
Liver 1 6 17 2 10 20 1 14 7
Gallbladder 0 6 0 2 10 20 1 14 7
Pancreas 1 6 17 0 10 0 0 14 0
Spleen 4 6 67 4 10 40 6 14 43
Esophagus 0 6 0 1 10 10 1 14 7
Stomach 1 6 17 | 10 10 3 14 21
Jejunum 1 4 25 0 8 0 2 12 17
Ileum 2 6 33 2 10 20 6 14 43
Colon 0 6 0 1 9 11 I 13 8
Kidney \ 6 17 I 10 10 0 14 0
Adrenal gland 2 6 33 2 10 20 0 14 0
Bladder 0 5 0 0 10 0 0 13 0
Tonsil 0 6 0 2 10 20 4 14 29
Thymus 0 5 0 0 8 0 1 12 8
Parotid gland 0 6 0 0 10 0 I 14 7
Submandibular gland 0 6 0 0 10 0 0 14 0
Thyroid gland 0 6 0 1 10 10 1 14 7
Axillary lymph node 3 6 50 2 10 20 4 14 29
Hilar lymph node 0 3 0 2 7 29 1 8 13
Mesenteric lymph node 1 5 20 1 10 10 4 13 31
Iliac lymph node 0 4 0 2 8 25 I 10 10
Inguinal lymph node 3 6 50 2 10 20 3 14 21
Testis 0 3 0 0 4 0 1 5 20
Ovary 0 3 0 0 6 0 0 9 0
Epididymis 0 3 0 0 4 0 1 5 20
Uterus 0 2 0 0 5 0 0 7 0

A The number of the monkeys whose indicated tissue was positive for AAV DNA.
B The number of the monkeys with AAV-positive tissue(s) and whose indicated tissue was available for the test.

monkeys and that monkeys are commonly infected
with multiple types of AAV.

Table 2 shows the frequency of the AAV DNA
detection in the various tissues of monkeys having
one or more tissues positive for the AAV DNA.
Regardless of the types, these AAVs were frequent-
ly detected in the lymphoid tissues, such as the
spleen and lymph nodes, as previously reported

[3, 4], and in the ileum. The AAV10, AAV11, and
AAVcy.7 were detected in the ileum of 33%, 20%,
and 43% of the monkeys infected with AAV10,
AAVII1 and AAVcy.7, respectively, suggesting that
AAV may invade the host through Peyer’s patches
in the ileum and infect immune cells, such as lym-
phocytes and macrophages, as many other patho-
gens do [5]. AAVI0 and AAVI1 were detected in
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the kidney and adrenal gland less frequently, where-
as AAVcy.7 was not detected in those tissues.
Although AAV10 was not detected in the central
nervous system (CNS), such as cerebrum and spinal
cord, AAV11l and AAVcy.7 were detected in the
CNS of two (#1 and #35) and four monkeys (#1,
#2, #5, and #12), respectively. These results pro-
vide useful information for designing pseudotyped
AAV vectors targeting the kidney or CNS.
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SUMMARY: In gene therapy trials, adeno-associated virus (AAV) vectors are injected directly into target
tissues such as muscle and liver. Direct injection can lead to the introduction of a low level of the vector into
blood circulation. To determine the systemic effects of the vector released in the blood, we extensively examined
the biodistribution of intravenously administered AAV serotype 2 (AAV2) vector in cynomolgus monkeys.
Although the vector distribution pattern varied from monkey to monkey, the vector DNA was maintained in the
various tissues beyond 7 months post-inoculation (pi). The vector DNA was detected in the lymphoid tissues,
particularly in the spleen, more frequently and at a much higher level than in the other tissues tested (i.e., brain,
lung, liver, heart, gallbladder, pancreas, colon, kidney, ovary, uterus, etc.). The expression of a transgene was
detected in the lymph nodes at 3 months pi. The distribution of two pseudotyped vectors, AAV2/10 and AAV2/
11, was similar to that of the AAV2 vector. The present results suggest that when introduced intravenously, the
AAV vector DNA persists and may induce transgene expression in various monkey tissues. Thus, the possibility
of inadvertent gene transfer to various non-target tissues should be considered in a gene therapy strategy with an

AAV vector.

INTRODUCTION

Adeno-associated virus (AAV), a nonenveloped small DNA
virus belonging to the genus Dependovirus of the family
Parvoviridae, has been engineered for use as a gene-transfer
vector in gene therapy (1). Expression of a transgene intro-
duced into target cells by the AAV vector is expected to last
for a long period of time. Fundamental methods of AAV
vector production, purification, and quality control have
been developed by using the human AAV serotype 2 (AAV2)
vector as a model system (2). Pseudotyped AAV2 vectors, in
which the AAV2 vector genomes are packaged with capsids
from AAVs of the other serotypes, have recently been devel-
oped (3). Some of the pseudotypes have shown organ tropisin
that differs from that of the AAV2 vector (3).

The AAV vector genome, which encodes a transgene, is
a single-stranded 4.7 kb DNA. At each end of the vector
genome is a 145-base region (inverted terminal repeat [ITR])
containing the viral origin of DNA replication and the pack-
aging signal (1). Since the vector genome lacks the viral rep
gene, the product of which mediates viral DNA replication
and integration of the viral DNA into the AAVS]1 region in
human chromosome 19, the vector DNA is not replicable and
is randomly integrated into host cell chromosomes or is main-
tained as episomes of the circularized intermediates (4,5).
The vector capsid, an icosahedral particle with a diameter of
25 nm, is composed of the AAV capsid proteins (VP1, VP2,
and VP3).

Since AAV vectors are highly stable and can infect various
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organs, AAV vectors are considered to be suitable for in vivo
administration. However, the direct injection of an AAV
vector into the target tissue leads to the infection of distant
non-target tissues with the vector via blood circulation in non-
human primates (6-11). The AAV2 vector, when administered
by instillation to the bronchial epithelium of rhesus monkeys,
is distributed to the heart, liver, jejunum, kidney, lymph nodes,
spleen, pancreas, and brain (6). The AAV2 vector, when
injected into the liver of rhesus fetuses, is distributed to the
lymph node, liver, skin, spleen, lung, and esophagus of human
infants (8). The AAV2 vector, when injected into the muscle,
is distributed to the liver and lymph nodes (7). Thus, detailed
evaluation of vector biodistribution to various tissues is a
necessary part of the assessment of the safety of the vector in
the context of administering a gene therapy strategy with in
vivo administration.

In this study, the biodistribution of intravenously injected
AAV2 vectors and pseudotyped AAV2/10 and 2/11 vectors
in cynomolgus monkeys was examined in more extensive
detail than that of previous studies (6-11). These studies show
that the entry of a portion of the vector into the blood vessels
is unavoidable after direct inoculation of the vector into the
target tissue. Given the doses of AAV vectors used in clinical
trials (2 X 10'* genome copies [gc]/kg weight), we chose AAV
vector doses of 2 X 10° gc to 5 X 10" ge/kg weight for intra-
venous injection into the monkeys, assuming that 1/100 to 1/
1,000 of the inoculate could leak into the bloodstream from
the tissue that had received the vector injection. The AAV
vector DNA in the tissue samples was measured semi-
quantitatively by agarose gel electrophoresis of a PCR-
amplified vector DNA. The results were expected to provide
basic data required to evaluate the safety of in vivo adminis-
tration of the AAV vectors.



