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Fig. 3. Transduction rates of different serotypes of adeno-associated viruses at the highest
concentration (multiplicities of infection, 100) at 5 days after transduction. For each viral
serotype, four randomly selected fields from each of the two wells were observed. Each
observation field under the microscope was considered an individual sample. The sample
size, therefore, was eight for each virus at multiplicities of infection of 100. AAV2 had the
highest transduction rate. By contrast, other adeno-associated viruses had only less than 50
percent transduction rates compared with the transduction rate of AAV2.

promising for future in vivo gene therapy for heal-
ing flexor tendons. Persistenty higher levels of
gene expression and production of the transgene
indicate that the effects of gene transfer are suf-
ficiently long to encompass the critical period of
tendon healing.

It is known that different serotypes of adeno-
associated virus vary in their preferences for target
cells.2-% AAV?2 has been best characterized so far
and has had a broad range of infectivity.?*-?* AAV1
vectors can efficiently transduce skeletal muscle
and retina??2?®; AAVH vectors transduce central
nervous system and lung.?* Because AAV6 is
thought to be a recombinant between AAVI and
AAV?2, it was not included in our test. AAV7 and
AAV8are newly discovered serotypes isolated from
heart DNA of arhesus monkey.?® AAV7 transduces
skeletal muscle, and AAVS has a higher transduc-
tion rate in liver than other serotypes. As part of
this study, transduction rates of seven adeno-asso-
ciated virus serotypes were compared to identify
the most efficient at transducing tenocytes. At all
concentrations of viral particles tested, AAV2 was
the vector most efficient at introducing genes to
tenocytes. Even at high concentrations, other virus
serotypes showed no or minimal transduction.

The efficiency of gene transfer by AAV2 in
tenocytes was significantly higher than that by
means of the plasmid vector. Transduction sub-
stantially increased expression of the transferred
bFGF gene and its production of bFGF. Neverthe-
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less, the transduction rate of AAV2 is approxi-
mately 10 percent, which is not high compared
with that in highly permissive cells.??2® The opti-
mal rates of transduction and production of
growth factors for tendon healing are notyet clear.
Low levels of gene expression or production of
certain growth factors are considered innate bio-
logical reasons underlying the poor healing ca-
pacity of the intrasynovial tendons. In contrast,
overexpression of some growth factors leads to
excessive production of collagen and formation of
adhesions, thus impeding tendon gliding. Future
in vivo studies should help to identify optimal
efficiency of gene transfer to tenocytes by vectors
and appropriate regulation in selective growth fac-
tor production, thus strengthening the healing
process and not stimulating adhesion formation.
AAV?2 vectors have delivered genes to some types
of chondrocytes and endothelial cells, and the
efficiency of gene transfer was similar to that of the
tenocytes in this study.?’?

CONCLUSIONS

The tendons, particularly those in the intra-
synovial area, contain low levels of growth factor
and lack sufficient cellularity, limiting their intrin-
sic healing capacity.*>? This is the basic reason
that adhesions or ruptures occur after surgery and
outcomes are less than perfect.*-*® We conclude
from this study that AAV2 can efficiently transduce
intrasynovial tenocytes, but other AAV serotypes
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Fig. 4. Expression of the bFGF gene at 1, 2, and 3 weeks after gene transfer.
Values of gene expression were given as mean percentage changes and SD
of gene expression in the experimental (five samples) compared with those in
the nontreatment control {five samples) at each period after gene therapy.
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have much lower transduction efficiency. Transfer
of the bFGF gene significantly increases expres-
sion of the bFGF gene over 3 tested weeks. Our
study lays the groundwork for future investigations
of gene therapyin tendons using adeno-associated
virus vectors and will help design more appropri-
ate and efficient gene transfer protocols for in-
jured tendons. Delivery of exogenous growth fac-
tor genes by means of the AAV2 vector is a novel
and promising method of promoting tendon heal-
ing. Our findings warrant future in vivo studies to
test the effectiveness of this new gene therapy ap-
proach and its constructs. With certain extensions
of the techniques outlined above, we believe that
AAV2 can be used to deliver growth factor genes
critical to traumatized tendons, strengthening ten-
don healing in vivo.
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Fig. 5. Expression of the bFGF gene at 1, 2, and 3 weeks after gene transfer. Gel electro-
phoresis shows the location and density of the bands of the bFGF gene oftenocytesreceiving
exogenous bFGF and those in the control.
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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. Stmilarly, 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 IgG-receptors Fcy-RI and Fey-RII, which were displayed on the surface of THP-I
and U937 but not Hel a cells, with anti-Fcy-RI antibody or anti-Fey-R1I antibody. The data indicate that infection of Fcry 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

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

Adeno-associated virus (AAV) is a nonenveloped icosahe- ofat. 2002).
dral particle (a diameter of 25 nm) containing a single-stranded The tissue tropism of AAV in natural infection is not fully

linear DNA (4.7 kb). To date several AAV serotypes and over clucidated. AAV10, AAVI1I, and AAVcy.7 have been detected
100 AAV variants have been recorded (W ot =+ 2006). Among mainly in the lymphoid tissue and ileum of the naturally infec-

them AAV serotype type 2 (AAV?2) has been studied most ted cynomolgus monkeys (04 1 08). AAV2 vectors

extensively and used for gene therapy trials. Efficient propaga- injected to monkeys are detectable in the lymphoid tissue
tion of AAV2 in cultured cells requires coinfection with a helper (¢ ‘

virus (¢ v : : )

). Without a helper and the leukocytes (© ). These

virus the AAV DNA is integrated into cell DNA at a specific site studies snggest that the leukocytes are onc of the major targets

and maimtammed as a provirus ( ). When a for a.Az

Jatently wifected cell is super-anfected with adenovins  the Frdeciion of ~he leukocytes with dosoon s (DENV) s

integrated AAV s mduced fo repicate o el e oL wdner sutnentrabzing e 1 gl wretype-specific

acs DOV v hody or crogsereacti . YENY Gnnbody

{ _ ). The antibody. which i:nds 1o the viron at
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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 (ge/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 ct al., 2006). This
antibody-dependent enhancement (ADE) of DENV is believed
to be associated with dengue hemorrhagic fever. Similar ADE
has been reported in infection of Fcy-R-positive cells with West
Nile virus (Peiris and Porterfield, 1979; Peiris et al.. 1981),
human parvovirus B19 (Munakata et al.. 2006), and Aleutian
mink disease parvovirus (Kanno et .l., i993).

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

Antibodyv-dependent-enhancement of infection of THP-1 and
U937 cells with 4AV2 and AAVI(Q

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. ). While the luciferase activity of the HelLa
culture inoculated with AAV2/Luc at a multiplicity of infection
(MOI) of 10 genome copies (ge) 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 HelLa cells (at MOls 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 (Fig:. 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 hmes (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. 3. Effect of anti-AAV10 antiserum on the infection of THP-i cells with
AAV10/Luc. AAV 10/Luc was mixed with the diluted nonimmune sensm 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 measvred. Each bar
represents the average of three independent experiments with the standard
deviation indicated by an error bar. RLU: relative light units.

Similarly, infection of THP-1 cells with AAV10 was enhan-
ced by a sub-neutralizing concentration of anti-AAV10 serum.
AAV10/Luc pre-incubated with mouse anti-AAV10 serum was
inoculated to THP-1 (3x10° 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-AAV10 sera did not increase the infec-
tivity of AAVI10/Luc and AAV2/Luc, respectively (- 4),
indicating clearly that the antibody capable of binding 1o AAV
particles mediates the enhancement of infection of THP-1 cells
with AAV.

Two monkey sera enhanced mnfection of THP-1 cells with
AAV2/Luc. Sera were obtained from two healthy male cvno-

ud

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. 3B). 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 infecrion

Both Fey-RI and Fcy-RII were present on the surface of
THP-1 and U937 cells. THP-1, U937, and HelLa cells were
incubated with anti-CD64 mouse monoclonal antibody (mAb)
recognizing Fcy-R] or anti-CD32 mouse mAb recognizing Fey-
RI1 at 4 °C for 1 h. Then the mAb on the surface was detected
with labeled-goat anti-mouse IgG 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 Hel a cells (Fig. 6).

Pretreatment of THP-1 and U937 with anti-CD64 mADb or
anti-CD32 mAb interfered with ADE in the infection of these
cells with AAV2/Luc. THP-! and U937 cells were incubated
with anti-CD64 mAb (5 pg/ml) and/or anti-CD32 (5§ pg/mi)
mAb at 4 °C for | 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 for ADE of infection of THP-1 cells with AAV2/Luc and AAV I Luc. AAV2/Luc (A) and AAVID/Lne (13) were pre-
incubated with the undiluted or diluted anti-AAV2 or anti-AAV 1 0 antiserum and inoculated to THP-1 cclls. 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 mdicated by an error bar. RLU: relative light units.
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both Fcy-R1 and Fcy-RI are involved in the enhancement.
Anti-CD64 mADb 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.
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Cell-surface Fcy-RI and Fey-RII 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-RI1 (monocytes/
macrophages, dendritic cells, neutrophils, B lymphocytes, and
mast cells)(Cohen-Solal et al.. 2004). Tt is possible that infection
of these cells with AAV is enhanced with a low level of anti-AAV
antibodies in vivo.

The naturally mfected AAV does not induce the strong
immune response of host animals. Although a great majority of
humans are infected with AAV?2 during childhood, the sera of

U937 HelLa
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Fig. 6. Presence of Fey-R1 and Fey-RII on THP-1 and U937 cells. THP-1. UY37 and Hel.. cells were incabated with anti-Fey-R1 or ami-Fey-RiI monoclonal
antibodies followed by staining with the Alexa Fluor 488-conjugated goat anti-mouse 12G secondary antibody. The fluorescence on the cells was measured by using a
fMlow cylomeler. The bold line (indicated with filled arrowheads) shows the distribution ol the resultant fluorescence. The thin line (indicated with open arrowheads)
shows the distribution of the Huorescence of the cells incubated with only the secondary antibody.
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humans aged over 30 are positive for anti-AAV2 1gG 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 (Jiern. o - 20607,
Yo ‘ -+ R) and non-neutralizing antibodies against
human respiratory syncytial virus (¢ ~) en-
hance infection of FcR bearing cells with these viruses, res-
pectively. It is necessary to examine a panel of anti-AAV
monoclonal antibodies for their capability of contributing to
ADE and for their binding characteristics w0 AAV particles in
future studies.

ADE may be useful for ex vivo immunotherapy. which vses
antigen-presenting cells wansduced with AAV vectors in vitro
¢ : ). Because the
antigen-presenting cells. such as monocytes and dendritic cells,
are positive for Fey-RI and Fey-R11L 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 Fcy-
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 Fcry-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 cuitured in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS) and 50 pM 2-33-mer-
captoethanol at 37 °C. U937 was cultured in RPMT 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 AAVI10 capsids to produce AAV2/Luc and AAVI0/Luc,
respectively. in HEK293 cells as described previously (

). The pAAVLuc is compesed of the 57 -inverted
terminal repeats (1ITR) of AAV2, simian virus 10 early enhancer
promorer. firefly luciferase gene. and 3'-ITR. 4AV21 ue and
AAV 1 Luc were purified by heparin affiinty column chroma-
tography ( ) and CsCl equilibrium centri-
fugation ( ). respectively. Genome copy
numbers of the vector stocks were measured by real-time
PCR with TagMan probes for the firefly luciferase gene (Perkin-
Elmer Biosystems, Foster City. CA).
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Antisera

Anti-AAV2 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-R1 and Fcy-Rl1],
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 ul 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
3x10° 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 p! 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 cytometry

THP-1, U937, and HelLa cells were incubated with 2.5 pg/m!
of anti-CD64 or anti-CD32 monoclonal antibody in reaction
buffer (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 T¢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
l_akes. NJ).

Blocking of FeyR on THP-1 and U937 cells

THP-1 and U937 cells were incubated with the culture medium
containing 3 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 AAV11 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

Correspondence: Tadahito Kanda, Department of Pathol-
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genome has the rep and cap genes that encode the
nonstructural Rep proteins and the capsid proteins
(VPL, VP2 and VP3), respectively. The initial stud-
ies of AAV type 2 (AAV?2) 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 AAV11 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
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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, AAV1-pseudotype transduced mouse mus-
cle efficiently by the injection of the vector into the
muscle, and AAVS8-pseudotype transduced mouse
liver efficiently by the injection of the vector into
the portal vein [2]. These findings suggest that.each
AAYV 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

S. Mori et al.

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 #3, 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 QIAamp
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
ileam were examined by PCR with the consensus
primers CP1 and CP5 (Fig. 1A), whose nucleotide
sequences are highly conserved in the cap genes of

cP3 cP1 cP2 CP5
- -
& rep I : cap H ITR I
SP10FC) {IsP10R
SP1IF ) (spPi1R
SPcy.7F = (::JSPchR
B AAVT
[ AAV1
AAV6
AAV2

_[——— AAV3
v
AAV10

— AAVrh.8 Fig. 1. Schematic representation

L AAVey.7 l of the AAV cap gene and phyloge-

netic tree of AAVs. (A) The sig-

AAVS nature region of AAV capsid gene

T AAV4 and the PCR primers are indicated.
L {B) Phylogenetic tree based on the
AAVS amino acid sequences of the capsid

— proteins. AAV types analysed in

this study are indicated by boxes
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the eleven AAV types, from AAV1 to AAV11 (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 CP1 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
AAVcy.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,
AAV1l, 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 AAVI0O (SP10R), 5'-
CTGTTGACATTTCCCACAAT; SP11F, 5-CTG
AATCAAGGCAATGCAGC; SP11R, 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, AAVI10, AAVI1I1, 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 (10° cells) and the plasmid DNA contain-
ing the AAV cap gene in the range from 10 to
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
AAV10. 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 AAV11-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 AAV10, AAVI1I1, and AAVcy.7. Five
monkeys (#3, #6, #7, #8, and #9) were infected
with AAVI1I] and AAVcy.7. One monkey (#4) was
infected with AAV 11 and AAVcy.7. The data indi-
cate that these AAVs are widespread in cynomolgus
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Table 2. Frequency of AAV genome detection in the tissues of cynomolgus monkeys

Tissues AAVIO AAVII AAVcy.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 1 10 10 3 14 21
Cerebellum 0 -6 0 0 10 0 0 14 0
Spinal cord 0 4 0 1 8 13 2 11 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 I 10 10 3 14 21
Jejunum 1 4 25 0 8 0 2 12 17
Tleum 2 6 33 2 10 20 6 14 43
Colon 0 6 0 1 9 11 1 13 8
Kidney 1 6 17 1 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 | 5 20 1 10 10 4 13 31
Iliac lymph node 0 4 0 2 8 25 | 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 AAVI10, AAV11, and
AAVcy.7 were detected in the ileum of 33%, 20%,
and 43% of the monkeys infected with AAV10,
AAV11 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 AAV 1] 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, AAV11 and AAVcy.7 were detected in the
CNS of two (#1 and #5) 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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Chapter 2

Targeted Insertion of Transgene into
a Specific Site on Chromosome |9 by
Using Adeno-Associated Virus
Integration Machinery

Masashi Urabe*,Yoko Obara, Takayuki Ito, Hiroaki Mizukami,
Akihiro Kume and Keiya Ozawa*

Site-specific integration of the therapeutic transgene is favorable for gene therapy
applications since it minimizes the risk of insertional mutagenesis and thereby
prevents target cells from developing tumors. Adeno-associated virus (AAV), a
member of parvovirus, is unique in that it integrates its genome into a specific
site termed the AAVSI locus (19q13.4) in the human genome. A non-structural
replication initiator protein of AAV, Rep78 or Rep68, binds the inverted terminal
repeat (ITR) sequence at either end of the AAV genome via tandem repeats of
the GAGC/GCTC motif. A homologous sequence exists at the AAVS]1 site. The Rep
protein recognizes it and drives the integration of the AAV genome into AAVS]. The
ITR is a cis element sufficient for AAVS1-specific integration. The incorporation of
the ITR sequence into plasmid DNA is thus discussed in terms of Rep-mediated site-
specific integration and of AAVS1 as a hazard-free target for transgene integration.
Therefore, the use of the AAV integration machinery should allow us to develop a
safer gene delivery system.

Keywords: Site-specific transgene integration; adeno-associated virus; Rep protein; AAVS]
locus.
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I. Introduction

Stem cells such as hematopoietic stem cells, embryonic stem (ES) cells and
mesenchymal stem cells (MSCs) are attractive targets for gene therapy since
they replicate themselves and differentiate into various cell lineages. To
manipulate genes in these cells, it is especially important to utilize a sys-
tem to introduce therapeutic DNA with a minimal risk of insertional muta-
genesis. Insertion of the gene of interest into a defined site in the human
chromosome is desirable. However, current strategies that achieve the inte-
gration of transgene into host chromosomal DNA insert it randomly, which
is an insertional mutagenic/oncogenic hazard as shown with retroviral vec-
tors. It is undoubtedly a milestone in gene therapy that 10 patients with
X-linked severe combined immune deficiency, a lethal inherited disease
characterized by an early block in T and natural killer lymphocyte differ-
entiation due to mutations of the gene encoding the yc cytokine receptor
subunit, were treated by infusion of autologous CD34* hematopoietic stem
cells transduced with a murine retrovirus vector encoding the common y
chain (Cavazzana-Calvo et al., 2000; Hacein-Bey-Abina et al., 2002). Unfortu-
nately T-cell leukemia developed in four patients approximately three years
after gene therapy (Hacein-Bey-Abina et al., 2003; Baum, 2007). The vector
sequence was integrated into the upstream region or the first intron of the
LMO2 gene, which is known to be a T-cell proto-oncogene. The activation of
the LMO2 gene by chromosomal translocation has been reported in patients
with T-cell acute leukemia (Nam and Rabbitts, 2006). The integrated vector
promoter, the long terminal repeat (LTR) enhanced the activity of the LMO2
promoter and resulted in aberrant LMO2 expression and premalignant cell
proliferation (Hacein-Bey-Abina et al., 2003). To prevent such an adverse
event, it is absolutely necessary to employ a strategy that introduces foreign
DNA specifically into a predefined safe region of chromosomal DNA.

Prokaryotic site-specific recombinases such as Cre (Sauer and Hender-
son, 1988) or Flt (Andrewset al., 1985) are widely used to introduce DNA into
a site that their respective recognition sequence in eukaryotic cells as well as
prokaryotic cells. However, the recognition sequence must be inserted into
target chromosomal DNA in advance. Phage phiC31 integrase recognizing
phage attP and attB sites has been shown to mediate site-specific DNA inte-
gration in human genome at native “pseudo” attP sites (Thyagarajan et al.,
2001).

AAV integrates its genome into a particular site in human chromosome
19, termed AAVS1 (19q13.4) (Kotin et al., 1992; Samulski et al., 1991), through
the activity of a specific replicase/integrase protein, Rep. Taking advantage
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of the AAV integration machinery, systems for AAVS1-specific integration
of therapeutic DNA have been developed (Balague et al., 1997; Surosky et al.,
1997). The systems are particularly valuable for ex vivo gene therapy appli-
cations for stem cells. Here the authors will review the current trend of the
development of Rep-mediated AAVS1-targeted integration as well as basic
biology of the site-specific integration of AAV.

2. Overview of AAV

The adeno-associated virus (AAV) belongs to the family Parvoviridae and is
classified into the genus Dependovirus. Anumber of AAV serotypes have been
reported so far. The AAV serotype 2 was sequenced more than 20 years ago
and has been most extensively studied (for general review, see: Muzyczka,
2001; Smith, 2002). The type 2 is referred here as AAV. The AAV depend:s for
its replication and propagation on a helper virus such as adenovirus, herpes
virus, papilloma virus and vaccinia virus. When the AAV infects cells alone,
it enters a latent infection phase and integrates into the human genome
preferentially into the AAVS1 locus on chromosome 19 (19q14.2) (Kotin et al.,
1992; Samulski et al., 1991). The integrated genome can be activated and
rescued by subsequent superinfection by a helper virus (Fig. 1). There is no
disease reported associated with AAV infection. More than 80% of adults
are seropositive for antibodies against the AAV. The AAV is used as a gene-
transfer vector particularly for long-term gene expression in livers, neurons
and muscles. However, AAV vectors that are devoid of the rep gene fail to
integrate into AAVS1 (see below for details).

The wild-type AAV has been reported to integrate into the AAVS] site
in immortalized cell lines at a frequency of 68% (Kotin et al., 1990) or 94%
(Kearns et al., 1996). The insertion of AAV DNA into the AAVS] site was
also reported in human testis tissue (Mehrle et al., 2004). The AAV vector
genome has also been shown to persist extrachromosomally in cells (Afione
et al., 1996; Duan et al., 1998; Nakai et al., 2001). A recent study reported
that the AAV genome in humans appears to persist as episomal forms, not
as integrated forms; an attempt to detect a junction DNA sequence between
the AAV genome and host chromosome by PCR from clinical tonsil-adenoid
samples obtained from children was made. The junction sequence, however,
could not be amplified, suggesting that the AAV genome existed in the res-
piratory tissues as an episomal form (Schnepp et al., 2005). Thus, the mode
of persistence of the AAV genome may be different among cell types.

The AAV genome is a single-stranded DNA of 4.8 kb in size. Either end
of the genome shows a unique T-shaped hairpin configuration, which is
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Fig. 1. Life cycle of AAV. Following infection, the AAV genome persists as an integrative
or episomal form. The AAV genome preferentially integrates into the AAVS1 site (19q13.4)
in the presence of the Rep protein. When AAV and a helper virus (e.g., adenovirus) coinfect
cells or a helper virus superinfects the cells harboring the AAV genome, burst replication of
AAV occurs.

called an inverted terminal repeat (ITR). The ITR serves as an origin of
AAV genome replication. Between the ITRs are two open reading frames
corresponding to rep and cap [Fig. 2(A)). The rep gene encodes four overlap-
- ping nonstructural proteins, Rep78, Rep68, Rep52 and Rep40. The cap gene
codes for structural proteins, VP1, VP2 and VP3. On the genome are three
promoters, p5, p19, and p40, designated according to their map positions.
The unspliced and spliced transcripts from the p5 promoter encode Rep78
and Rep 68, respectively, while Rep52 and Rep40 are translated from p19-
unspliced and -spliced transcripts. Rep78 or Rep68 is a replication initiator of
the AAV genome, which possesses site-specific, strand-specific endonucle-
ase activity, ATP-dependent helicase activity (Im and Muzyczka, 1990), and
ligase activity (Smith and Kotin, 2000). The Rep78 and Rep68 proteins bind



