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Fig. 2. rAAV-shEGFP transduction in the mouse brain decreases EGFP-positive aggregates (direct observation of EGFP fluorescence). (A) A montage of
rostral-to-caudal coronal sections illustrates the extent of expression of RFP and EGFP in the brain. Three microliters of buffer was injected into striatum;
sham, and rAAV-shEGFP was simultaneously injected into the contralateral side; stEGFP. Dark areas show fluorescent signal. Scale bar is 1 mm and
refers to all panels. (B) EGFP fluorescence of the shEGFP-transduced striatum in high magnification. EGFP fluorescence was directly observed, while
RFP was detected by anti-RFP because of the weak fluorescence after fixation. Scale bar is 20 um and refers to all panels.

detect nuclear aggregates as well as cytoplasmic aggregates,
and ubiquitin antibody detects large nuclear aggregates in
HDI190QG and R6/2 HD transgenic mice [10,21,25]
Reduction of aggregates is one of the indicators for the
improvement of pathology in the HD mouse model
[9,10,17,19]. In the HD190QG transgenic mouse, aggregate
formation was first observed in the striatum at 4 weeks of

age. Then, tremor, ataxia, and involuntary movements
were observed at 6 weeks [21]. The shRNA was delivered
to the striatum in 12 weeks old HD190QG mice to investi-
gate the RNAI effects on disease pathology. At 24 weeks,
mice brains were prepared for histological study. Immuno-
histochemistry was performed using antibodies against
GFP, htt, and ubiquitin (Fig. 3A). The number of aggre-
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Fig. 3. shEGFP decreased antibody-positive aggregates and ameliorated aggregation pathology. (A) Representative images show GFP-, hit-, and
ubiquitin-positive aggregates in the sham-injected or shEGFP-transduced striatum. Scale bar is 20 um and refers to all panels. (B-D) Number of
aggregates in the striatum is shown. tAAV-shEGFP was injected into the striatum at 12 weeks old and analyzed at 24 weeks old. The bars indicate
aggregate number in the sham-injected striatum at 24 weeks old (1), shEGFP-transduced striatum at 24 weeks old (2), non-treated 12 weeks old HD190QG
striatum, at the time point of shRNA transduction (3), and non-treated 24 weeks old HD190QG, as non-treatment control (4). The graphs show the
number of GFP-positive aggregates (B), ht-positive aggregates (C), and ubiquitin-positive aggregates (D). Data are shown as average == SEM (Y axis
indicates the number of aggregates/mm?. Sham-injected, shEGFP-transduced, and 12 weeks old control striatum; 7 = 3, 24 weeks old control striatum;
n=4). "p<0.0001. (E) Quantitative analysis of filter trap assay indicates relative amount of insoluble protein in the treated striatum. The relative
fluorescence levels of sham-injected side (black) and shEGFP-transduced side (white) are shown as the average & SEM (n=4). *p <0.0001.
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gates in the shEGFP-transduced striatum was much
reduced than that in sham-injected striatum. The number
of GFP-positive aggregates in shEGFP-transduced stria-
tum was decreased to 19.4% of GFP-positive aggregates
in sham injection striatum (Fig. 3B, bars 1 and 2). The
number of htt-positive aggregates in shEGFP-transduced
striatum was reduced to 17.7% of sham injection
{Fig. 3C, bars 1 and 2}, and the number of ubiquitin-posi-
tive aggregates in shEGFP-transduced striatum was
reduced to 34.1% of sham injection (Fig. 3D, bars 1 and 2).

Furthermore, the number of aggregates in shEGFP-
transduced striatum was significantly less than the number
of aggregates formed in the striatum at the same age of
shEGFP-transduction (Figs. 3B-D, bars 2 and 3). In this
study, shEGFP-transduction was performed at 12 weeks
old. The number of aggregate in shEGFP-transduced stri-
atum at 24 weeks old was compared to that in 12 weeks old
transgenic mice. The number of GFP-positive aggregates in
shEGFP-transduced striatum was decreased to 26.8% of
GFP-positive aggregates in 12 weeks old transgenic mice
striatum (Fig. 3B, bars 2 and 3). The number of htt-positive
aggregates in shEGFP-transduced striatum was reduced to
41.1% of 12 weeks old transgenic mice striatum (Fig. 3C,
bars 2 and 3), and the number of ubiquitin-positive aggre-
gates in shEGFP-transduced striatum was reduced to
42.9% of 12 weeks old transgenic mice striatum (Fig. 3D,
bars 2 and 3). These results suggest that SIEGFP was effec-
tive not only for inhibition of aggregation formation but
also for clearance of aggregates that already existed in
the nucleus and cytoplasm. The number of aggregates in
the sham injection site was similar to that in the 24 weeks
old transgenic mouse (Figs. 3B~D, bars 1 and 4). This
result certifies that the injection procedure did not affect
aggregation formation in the striatum. The number of
aggregates was also not affected by rAAV-shEGFPcontrol
transduction {data not shown).

We further investigated the effect of shEGFP on the
accumulation of insoluble protein in the brain. In the
HD190QG mouse brain, insoluble proteins including intra-
and extra-nuclear aggregates increased in an age-dependent
manner [21]. Filter trap assays revealed that insoluble
protein accumulation was significantly suppressed in
the shEGFP-transduced region compared to that in the
sham-treated striatum, whereas it was not changed in the
cortex. The reduction was 73% in the striatum and 5% in
the cortex (Fig. 3E). Similar results were also obtained
using htt antibody (data not shown).

Restoration of DARPP-32 expression by shRNA

To investigate the effect of sShEGFP on striatal-specific
transcripts, we first performed in situ hybridization using
DARPP-32 probe, because DARPP-32 is known to be
down-regulated in HD mouse [21,26]. We found the ten-
dency of restored expression of DARPP-32 (Fig. 4A).
Thus, we carried out the quantitative TagMan RT-PCR
analysis and confirmed that DARPP-32 and enkephalin

mRNA expression was higher in the shEGFP-transduced
striatum than the sham-injected side (Fig. 4B), suggesting
that those gene expressions were partially restored.

Discussion

In this study, we demonstrated that neuropathological
abnormalities associated with HD, such as insoluble pro-
tein accumulation and down-regulation of DARPP-32
expression, were successfully ameliorated by RNAi trans-
duction. Following shRNA transduction, the number of
neuronal aggregates in the striatum detected by ubiquitin
antibody was reduced to 34.1% of that in the sham-treated
striatum. Importantly, the number of aggregates in the
shEGFP-transduced striatum was less than that in the stri-
atum at the same time point of RNAI transduction.

Various treatments have shown an improvement of HD-
associated abnormalities including pathological and behav-
ioral deficits in a mouse model of HD [9,10,27-30]. Most
treatments targeted downstream and possibly indirect effect
of disease allele of htt, resulting in the delayed disease pro-
gression. Silencing of mutant gene expression was demon-
strated using a conditional mouse model of HD [20]
Inhibition of mutant gene expression provides a direct
approach to treat neurodegenerative diseases caused by
toxic gain of function. RNAI is promising as a powerful
tool for targeting gene knockdown. The silencing effect of
synthesized siRNA injection was sustained more than 14
days in the newborn mouse brain to delay onset and pro-
long the life span of R6/2 [19]. In contrast, vector-based
RNAI stably persisted more than 2-5 months after trans-
duction, resulting in the improvement of motor dysfunc-
tion and neuropathological abnormalities [17,18]. AAVS
is efficient to transduce neuronal cells in the mouse brain
[17,31,32], and shRNA expression by U6 promoter has
been reported in mouse striatum [17]. Here we showed a
drastic improvement of HD pathology in the mouse brain
by rAAV5-mediated delivery of shRNA even the transduc-
tion was performed after the pathology appeared.

RNAi-mediated strategy has been performed as a
pre-symptomatic treatment in the previous studies. We
investigated whether RNAI treatment is functional on the
pathology in the HD model after onset of disease. Gene
silencing effects were observed at 2 weeks after virus injec-
tion in the symptomatic brain (data not shown), and the
effect lasted for more than 3 months. Aggregate formation
was effectively inhibited by shRNA transduction and the
number of aggregates was decreased significantly com-
pared with that in animals at the age of transduction. This
result suggests that AAV-mediated delivery of shRNA
could realize stable acquired gene knockdown in the trans-
genic mouse, and aggregate pathology was ameliorated as
reported previously [20].

Expression of mutant htt leads to a decreased level of a
subset of striatal-specific mRNAs of the HD190QG, R6/2,
and R6/1 mouse [18,21,26]. DARPP-32, which is predom-
inantly expressed in striatum, was down-regulated by 50%
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Fig. 4. shRNA restored DARPP-32 and enkephalin expression. (A) In situ hybridization of DARPP-32 at 24 weeks old after tAAV-shEGFP injection into
the striatum at 9-week-old. Scale bar shows 1 mm. Higher magnification images of striatum are shown in inset, respectively, and scale bar is 20 pm. (B)
DARPP-32 and enkephalin mRNA expression in striatum was determined by TagMan RT-PCR analysis at 24 weeks after rAAV-shEGFP injection into the
striatum performed at 12 weeks old. The expression levels of mRNA were normalized by that of GAPDH. DARPP-32 showed a 51gn1ﬁcant increase in the
shEGFP-injected side and enkephalin showed not significant but the tendency to restore. The values are given as means = SEM (2 =3). “p <0.05.

in the 8-week-old HD190QG mouse compared with wild-
type [21]. Here, we showed the restoration of DARPP-32
expression. Although the pathology was improved as
shown in this report, we could not observe apparent
improvement of the symptom or life span in this experi-
ment. This is partly due to the injection was performed
only in the one side to confirm the amelioration of the
pathology and due to the injection time point, which
restricted the full restoration of the function. Further study
to determine the critical time of viral transduction for the
functional recovery is necessary.

In this study, we used shRNA against EGFP for
HD190QG mouse to suppress only the transgene. This
shEGFP is designed to modulate mutant htt expression
in our animal model but not applicable to the clinical inves-
tigation of human HD gene therapy. Although either
siRNA or shRNA against htt was produced and investigat-
ed previously [17-19], this siRNA sequence reduced not

only mutant htt but also wild-type htt simultaneously.
Since wild-type htt is essential to embryogenesis, the com-
plete loss of wild-type htt results in embryonic lethality and
reduction of wild-type htt leads to behavioral abnormali-
ties and neuronal loss [33]. In fact, loss of wild-type htt
in YAC128 mice induced motor dysfunction and survival
was worse compared with YAC128 mice expressing wild-
type htt [33]. For these reasons, it is required to design a
siRNA sequence, which selectively silences mutant htt
but not wild-type htt. When a technology is developed to
solve this issue, RNAi-based therapy would be practical
for pre- and post-symptomatic treatment strategy for HD
therapy [15,24].

In summary, we showed that RNAi dramatically
improved HD-associated pathological abnormalities in a
mouse model of HD, although the treatment was carried
out after onset of symptom. Our data suggested that
reduction of mutant gene expression by RNAi would be
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promising to attenuate disease progression in post-symp-
tomatic neurodegenerative disorders.
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The transduction of cancer cells using recombinant adeno-associated virus (rAAV) occurs with low
efficiency, which limits its utility in cancer gene therapy. We have previously sought to enhance
rAAV-mediated transduction of cancer cells by applying DNA-damaging stresses. In this study, we
examined the effects of the histone deacetylase inhibitor FR901228 on tumor transduction mediated
by rAAV types 2 and 5. FR901228 treatment significantly improved the expression of the transgene
in four cancer cell lines. The cell surface levels of alpha v integrin, FGF-R1, and PDGF-R were
modestly enhanced by the presence of FR901228. These results suggest that the superior
transduction induced by the HDAC inhibitor was due to an enhancement of transgene expression
rather than increased viral entry. Furthermore, we characterized the association of the acetylated
histone H3 in the episomal AAV vector genome by using the chromatin immunoprecipitation assay.
The results suggest that the superior transduction may be related to the proposed histone-
associated chromatin form of the rAAV concatemer in transduced cells. In the analysis with
subcutaneous tumor models, strong enhancement of the transgene expression as well as
therapeutic effect was confirmed in vivo. The use of this HDAC inhibitor may enhance the utility
of rAAV-mediated transduction strategies for cancer gene therapy.

Key Words: histone deacetylase inhibitor, AAV vector, cancer

INTRODUCTION

Recombinant adeno-associated virus (tAAV) has been of
considerable interest to developers of clinical gene thera-
pies [1,2]. This is because, unlike adenoviruses, the
introduction of AAV vectors has not been associated with
significant inflammation either experimentally or clini-
cally [3]. Furthermore, diseases associated with AAV have
not been found in human or animal populations. How-
ever, the transduction of cancer cells using rAAV occurs
with very low efficiency, which limits its utility in gene
therapy. Consequently, we have sought to enhance rAAV-
mediated transduction of cancer cells by applying DNA-
damaging stresses such asy-rays or anticancer agents [4-6].

An alternative approach to improving the rAAV-
mediated transduction of tumor cells may be to enhance
transcription in the target cells. One technique to bring
about this event may be to apply a histone deacetylase

(HDAC) inhibitor, since HDAC inhibitors are known to
regulate the transcription of various genes. Significantly,
an HDAC inhibitor increases adenovirus-mediated trans-
duction of cancer cell lines because it enhances the levels
of the viral receptor on the cell surface [7]. On the other
hand, the effects of HDAC inhibitors on rAAV-mediated
transduction of tumor cells have not yet been fully
elucidated. Treatment with an HDAC inhibitor causes
gene expression from a silenced rAAV genome that has
been integrated into the host’s genome to recover [8].
However, rAAV exists mostly as an extrachromosomal
genome rather than as an integrated genome, and this
extrachromosomal form is the primary source of rAAV-
mediated gene expression [9]. Therefore, the HDAC
inhibitor-mediated recovery of expression from the
integrated and silenced genome does not reflect a typical
situation of rAAV-mediated transduction. Whereas no
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clear mechanism has been determined for the effect on
the episomal vector-mediated expression, the histone
deacetylase inhibitor should also contribute to the
enhanced transcription before integration occurs.

Here we show that HDAC inhibitors markedly
enhance the transgene expression immediately after
rAAV-mediated transduction of tumor cells in vitro as
well as in vivo. Our data also suggest that the vector
genome in the cells is in the histone-associated chroma-
tin form, which is capable of superior transcription.

HDAC inhibitors may improve tumor cell transduction
by enhancing the acetylation of the histone-associated
chromatin of the rAAV genome.

RESULTS

Effects of FR901228 Treatment on the Transduction of
U251MG Cells with rAAV

To analyze whether an HDAC inhibitor can also improve
rAAV-mediated gene expression soon after the infection,
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FIG. 1. (A) Effects of FR901228 treatment on the transduction of U25TMG cells with rAAV. U251MG cells were infected with 1 x 10* genome copies/cell of
AAVZEGFP in the presence of various concentrations of FR901228. EGFP expression was observed 24 h after infection. (B) Detection of the histone acetylation in
U25TMG cells caused by FR901228 treatment. Cells were incubated in the presence or absence of FR901228 for 24 h. The levels of acetylated histone H3 and
histone H3 were determined by Western blot analysis. Histone H3 serves as a loading control. (C) The percentage of EGFP-positive cells at various time points
after transduction with AAV2EGFP in the presence (FR+) or absence (FR—) of T ng/ml FR901228 was determined by FACS. Cells were infected with AAV2EGFP at
1 x 10° genome copies/cell. The data shown are the means and standard deviations of three independent experiments. (D) The kinetics of the effect on the
FR901228-assisted transduction of U25TMG cells. Cells were treated with FR901228 at various time points around the transduction with rAAV expressing
luciferase as indicated. Luciferase assay was performed on the luminometer 48 h after the transduction.
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we transduced U-251MG human glioma cells with EGFP-
expressing rAAV (AAVZ2EGFP) in the presence of the
HDAC inhibitor FR901228. We found that FR901228
treatment improved the AAVZEGFP-mediated gene
expression in a dose-dependent manner early after the
infection (Fig. 1A). The fact that FR901228 also
enhanced the acetylation of the histones in the cells
was confirmed by Western blot analysis (Fig. 1B). To
assess when gene expression was maximal, we trans-
duced U251IMG cells with AAV2EGEFP in the presence or
absence of 1 ng/ml FR901228 and assessed EGFP
expression at various time points after transduction
(Fig. 1C). This revealed that the enhancement of gene
expression depended on the incubation period and
required 4 days before the expression reach a plateau.
To analyze the kinetics of the effect on the FR901228-
assisted transduction of U251MG cells, cells were treated
with FR901228 at various time points around the trans-

FIG. 2. (A) Percentage of EGFP-positive A

TABLE 1: Relative expression of FGF-RT and PDGF-R in
U251MG cells treated with recombinant AAV alone (1 x 10*
genome copies/cell) or together with FR901228 (0.3 or 3
ng/ml) for 24 h as analyzed by quantitative PCR

zcorrected'_\Ct (GAPDH - target)

FR901228 (ng/ml) FGF-R1 PDGF-Ra
0 1.00 1.00
0.3 1.28 1.77
3 1.60 2.30

The relative expression of the target mRNA was determined as the ratio of the expression in
U251MG cells treated with recombinant AAV and FR901228 to that in U251MG cells
treated with recombinant AAV alone. Data are means (n = 5).

duction with luciferase-expressing rAAV type 2 (AAV2-
Luc) (Fig. 1D). As a result, the transduction efficiency
peaked when cells were treated with FR901228 at the
time of virus transduction.

w

100

U25TMG cells after transduction with 50
1%10* genome copies/cell of AAV2EGFP
in the presence of various concentrations
of FR901228. The cells were analyzed 24
h after the transduction for EGFP expres-
sion by FACS. The data shown are the
average percentages of EGFP-positive
cells after three independent transduc-
tions. (B) Integrin expression in trans-
duced cells is only modestly enhanced
by FR901228 treatment. The cells were
stained 24 h after the transduction with
monoclonal antibodies to CD51 (integ-
rin v chain, clone 13C2) and analyzed by 0
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Effects on Receptor Expression and Viral Entry

To determine if FR901228 acted by enhancing the
entry of rAAV, we infected U251MG cells with
AAV2EGFP in the presence of various concentrations
of FR901228 and then analyzed the EGFP and alpha v
integrin levels in the cells by fluorescence-activated cell
sorting (FACS). This analysis showed that 24 h after
AAVZEGFP infection with 1 ng/ml FR901228, 48% of
the U251MG cells were EGFP-positive, whereas at lower
concentrations of FR901228 only very few cells were

A
U251MG
80
S
& 60+
o T
Q
2 40-
2
9 T
a 204 .
(T8
O -
18]
0..
g zTgeoerg
E Yo R ﬁ VY] n
AAV-2 AAV-5
C
U251MG
Vehicle FR901228
AAV-2
HEp-2
Vehicle
AAV-2

EGFP-positive (Fig. 2A). However, this FR901228 con-
centration range (0.3-1 ng/ml) only modestly
enhanced the levels of AAV2 coreceptor, alpha v
integrin (Fig. 2B). In addition, when we estimated the
amount of the rAAV genome in the transduced cells by
real-time quantitative PCR analysis, we found that
FR901228 treatment did not significantly affect -the
copy number of the rAAV (Fig. 2C). Furthermore, we
also estimated the effect of FR901228 on the expression
of coreceptors for the AAV. FR901228 moderately
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FIG. 3. (A, B) EGFP expression by AAV2EGFP and AAV5SEGFP differs depending on the tumor cell being transduced. U251MG or 9L cells were infected with 1 x
10* genome copies/cell of AAV2EGFP (2) or AAVSEGEP (5) in the presence of vehicle (NC) or 1 ng/mi of various HDAC inhibitors, FR901228 (12), FR901464
(14), or TSA. The cells were analyzed by FACS 24 h after the infection. The data show the average percentages of EGFP-positive cells after three independent
transductions + SD. (C) Representative data of the enhanced transgene expression by HDAC inhibitors in various cell lines infected with AAV vectors. Twenty-four
hours after the AAV2EGFP or AAVSEGFP infection at 1 x 10% genome copies/cell with 1 ng/ml of the FR901228 or FR901464, cells were examined under the

fluorescence microscope.
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increased mRNA levels of fibroblast growth factor
receptor 1 (FGF-R1) and platelet-derived growth factor
receptor (PDGF-R), although the augmentation was not
enough to explain the drastic increase of the expres-
sion (Table 1).

Transduction of Tumor Cells with AAV Vectors
Derived from Distinct Serotypes

Type 2 and type 5 rAAV differed from each other in
the efficiency of their transduction of U251IMG and
the 9L glioma cells. Although FR901228 and other
HDAC inhibitors (FR901464 or trichostatin A (TSA))
remarkably enhanced the transduction of both rAAVs
in general, AAV2EGFP-mediated transduction of
U251MG cells was more efficient than AAVSEGEFP-
mediated transduction while AAVSEGFP-mediated
transduction of 9L cells was better than AAVZEGEFP-
mediated transduction (Figs. 3A and 3B). FR901228
and FR901464 also had promoting effects on
AAV2EGFP- and AAVSEGFP-mediated transduction of
the head and neck cancer cell lines HEp-2 and NKO-1
(Fig. 3C).

Chromatin Modification with FR901228

We characterized chromatin composition of the
episomal AAV vector genome by using the chromatin
immunoprecipitation (ChIP) assay. ChIP is a techni-
que to test for the presence of certain DNA-binding

proteins that might modulate chromatin structure
and/or transcriptional characteristics of the specific
region of DNA with which they are associated. We
made use of polyclonal antibodies generated against
histone H3 as well as acetylated histone H3, which
have been linked to chromatin modification and
regulation of transcription. The primers for the
CMV promoter region in the AAV vector genome
gave a higher level of PCR product when used on
templates from FR901228-treated cells compared to
those from cells without FR901228 treatment. Higher
levels of acetylated histone H3 were found on the
CMV promoter region of the AAV vector versus the
GAPDH promoter region of the cellular DNA (Table
2A). In contrast, enrichment of acetylated histone
H3-associated DNA was not significant on plasmid
vector genome irrespective of the presence of the ITR
(Table 2B).

FR901228-Assisted Enhancement of

Tumor Transduction in Vivo

In the analysis using optical bioluminescence imaging of
the subcutaneous tumors, we confirmed drastic
enhancement of the luciferase gene expression in vivo
(Fig. 4A). The signal intensity in animals treated with
FR901228 (n = 5, [1.5 + 0.9] x 10° photons/s/cm?/sr)
was 37.4-fold higher than in control animals (n = 3,
[4.0 £ 2.4] x 10* photons/s/cm?/sr). A subcutaneous

TABLE 2: PCR amplification of immunoprecipitated DNA

(A) Chromatin composition of episomal AAV vector genome was characterized by using the chromatin immunoprecipitation assay

Ab of interest FR901228
Rabbit IgG -
Rabbit 1gG +
Anti-histone H3 -
Anti-histone H3 +
Anti-acety! histone H3 -
Anti-acety! histone H3 +

zcorrectedACt (GAPDHprom — CMVprom)

<0.001
<0.001
1.0+ 1.8
731+ 1.4

1.0 + 0.4
T 0.0001
220+ o8l <

(B) Cells were transfected with a plasmid harboring the EGFP expression cassette under the CMV promoter (pEGFP) or a plasmid carrying
an identical EGFP expression cassette flanked by ITR regions (pITR-EGFP) )

Plasmid Ab of interest

pEGFP Rabbit IgG
Rabbit IgG
Anti-acetyl histone H3
Anti-acetyl histone H3
Rabbit IgG
Rabbit IgG
Anti-acetyl histone H3
Anti-acetyl histone H3

pITR-EGFP

FR901228 2correctedACt (GAPDHprom — CMVprom)
- <0.001
+ <0.001
- 1.0
+ 1.3
- <0.001
+ <0.001
- 1.0
+ 1.2

U251MG cells were transduced with AAV vector at 1 x 10* genome copies/cell in the presence or absence of 1 ng/ml FR901228. Twenty-four hours after the transduction, chromatin
proteins of interest were cross-linked to DNA by formaldehyde. Shared DNA was immunoprecipitated with histone H3 antibody or acetylated histone H3 antibody to enrich for the CMV
promoter region or GAPDH promoter region. Relative differences in the levels of immunoprecipitated DNA, which are reflective of the levels of the chromatin protein of interest occupying a
particular island, between different promoter regions and cell treatment with FR901228 were quantified by quantitative PCR.
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FIG. 4. (A) FR901228-assisted enhancement
of tumor transduction in vivo. U25TMG cells
were mixed with PBS (FR901228-, n = 3) or
transduced with a recombinant AAV2 express-
ing luciferase (AAV2Luc) at 1 x 10* genome
copies/cell for 1 h (FR901228+, n = 5), and
then 3 x 10° of the transduced cells in 100 pl
PBS were inoculated subcutaneously into the
BALB/c mice along with the intraperitoneal
injection of FR901228 at 1 mg/kg. Twenty-
four hours after administration of the
FR901228, optical bioluminescence imaging
was performed using the CCD camera. (B) The
effects of FR901228 on the rAAV-mediated
transduction for 9L tumor elimination in vivo.
Cells were transduced with AAVSTK at 1 x 10*
genome copies/cell for 1 h, and then 3 x 10°
of the transduced cells in 100 ul PBS contain-
ing 25% (v/v) basement membrane matrix
were inoculated subcutaneously into the
BALB/c mice. The tumor-bearing animals
received intraperitoneal injection of
FR901228 at 3 mg/kg (group 1, n = 6; group
3, n=10) or PBS (group 2, n = 6). The animals
wetre also exposed to ganciclovir (GCV) at 100
mg/kg per day (groups 2 and 3) or PBS (group
1) for 14 consecutive days by intraperitoneal
placement of the miniosmotic pumps.

FR901228 -

TK/PBS + FR901228 (n=6)

TKIGCV (n=6)

TK/GCV + FR901228 (n=10)
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B
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£
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tumor model with athymic nude mice demonstrated
that the combination of AAV-mediated transduction for
HSV-tk/GCV therapy and FR901228 treatment (n = 10)
resulted in statistically significant reduction of tumor
growth relative to HSV-tk/GCV therapy without
FR901228 treatment (unpaired t test, P < 0.05, n = 6;
Fig. 4B). When the tumor-bearing animals were treated

with GCV and FR901228, 8 of 10 tumors were elimi-
nated at 4 weeks after transduction.

DiscussION

HDAC inhibitors significantly improved the expression
of the transgene in cancer cells. The enhancement of the
coreceptor level was modest and copy number of the
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rAAV-in the transduced cells was also modestly affected
by the FR901228 treatment. Furthermore, association of
the acetylated histone H3 in the episomal AAV vector
genome was demonstrated by using the chromatin
immunoprecipitation assay. In the analysis with the
subcutaneous tumor models, strong enhancement of
the transgene expression as well as therapeutic effect
was confirmed in vivo.

Treatment with an HDAC inhibitor is known to cause
the recovery of the gene expression of a rAAV vector
genome that has been integrated and silenced after long-
term selection [8]. However, TAAV occurs mostly as
extrachromosomal genomes rather than as integrated
genomes, and these extrachromosomal forms are the
primary source of rtAAV-mediated gene expression early
after transduction [9]. There has been no direct inves-
tigation of the effects of HDAC inhibitors on the rAAV-
mediated transient gene expression. We examined
whether the HDAC inhibitor could contribute to the
enhanced transcription before integration occurs.

FR901228 treatment significantly improved the tran-
sient expression of the transgene in four cancer cell lines.
The FR901228 treatment improved the rAAV-mediated
gene transfer in a dose-dependent manner, and the
highest enhancement was observed in the U251MG cells
with AAV2EGFP. In the U251MG cells, the cell surface
levels of alpha v integrin, FGF-R1, and PDGF-R were only
modestly enhanced by the presence of FR901228. These
observations contrast with a previous report that sug-
gested that FR901228 enhanced adenovirus transduction
by increasing CAR and v integrin RNA levels, thereby
enhancing viral entry [7]. However, their study did not
demonstrate that these increased RNA levels were
associated with increased protein levels or kinetics. In
our study, a Kkinetic analysis of the effect on the
FR901228-assisted AAV-mediated transduction of
U25IMG cells showed that the transduction efficiency
peaked when cells were treated with FR901228 at the
time of transduction. This is in sharp contrast to the case
of the effect of FR901228 on the enhanced adenovirus-
mediated transduction. Since enhanced viral entry into
the cell is a primary function of FR901228 regarding
improved adenovirus transduction, transduction effi-
ciency of the adenovirus was preferentially enhanced
when the cells were pretreated with FR901228 before
transduction [10].

Interestingly, we observed that type 2 and type 5 tAAV
differed from each other in the efficiency of their trans-
duction of the U251MG and 9L cells. The differences in the
transduction efficiency of the AAV vectors derived from
distinct serotypes may be due to the fact that each AAV
serotype recognizes a different receptor and that different
cell types may express different levels of these receptors.
Type 2 AAV uses the cell surface heparan sulfate proteo-
glycan (HSPG) as a receptor [11]. However, cell surface
expression of HSPG alone is insufficient for type 2 AAV

infection and FGEF-R1 is also required as a coreceptor for
successful viral entry into the host cell [12]. Type 5 AAV
transduction requires 2,3-linked sialic acid [13] as well as
PDGEF-R [14] for efficient binding and transduction. These
observations indicate that optimized expression of a
transgene borne by rAAV will require the careful selection
of the appropriate vector serotype with respect to the
target cell.

Our data also suggest that the use of FR901228 in
combination with AAV vector infection may improve viral
entry into the cells, but also requires additional mecha-
nisms to benefit the target cells for the efficient trans-
duction. Association of the acetylated histone H3 in the
episomal AAV vector genome was characterized by using
the chromatin immunoprecipitation assay. Characteriza-
tion of the chromatin modification in the rAAV genome
with FR901228 suggested that improved expression of the
transgene depends on the chromatin state of the AAV
genome in the infected cells rather than viral entry. These
results suggest that the superior transduction induced by
HDAC inhibitor treatment is actually due to an enhance-
ment of transgene expression associated with chromatin
modification rather than to increased viral entry. Thus,
epigenetic regulatory mechanisms may be involved in the
HDAC inhibitor-mediated improvement of the transduc-
tion of cancer cells with rAAV. The rAAV concatemer may
need to be present in a histone-associated chromatin form
in the cells before efficient transgene expression can occur.

Our study suggests that the improved rAAV-mediated
transduction induced by HDAC inhibitor was due to an
enhancement of transgene expression rather than
increased viral entry. This phenomenon may be related
to the proposed histone-associated chromatin form of the
rAAV concatemer in transduced cells. The depsipeptide
fermentation product FR901228 is currently being tested
in clinical trials as an anti-cancer drug. Therefore, to
utilize such a compound to assist rAAV-mediated cancer
gene therapy is theoretically and practically reasonable.
The use of HDAC inhibitors may enhance the utility of
rAAV-mediated transduction strategies for future clinical
investigation.

MATERIALS AND METHODS

Recombinant AAV production. The EGFP expression cassette driven by
the CMV promoter was ligated into pAAVLacZ [15] and pAAVS-RNL [16]
to form the proviral plasmids pAAV2EGFP and pAAVSEGFP. rAAV types 2
and S that express the EGFP gene (AAV2EGFP and AAVSEGFP) were
generated using the proviral plasmids. The luciferase expression cassette
driven by the CMV promoter in pLNCL [17] was cloned into pAAVLacZ to
create pAAVZLuc. A rAAV type 2 that expresses the luciferase gene
(AAV2Luc) was generated using pAAV2Luc. Likewise, the HSV-tk ¢cDNA
contained in the pAVS6TK [18] was subcloned into pAAV5-RNL to create
PAAVSTK. A TAAV type S that expresses the HSV-tk gene driven by the
CMV promoter (AAVSTK) was generated using pAAVSTK. Transfection of
293 cells with the proviral plasmid, AAV helper plasmid pAAV2H {15] or
PAAVSH [16], and adenoviral helper plasmid pAdeno was performed
according to the previously described protocol [19] associated with an

744

MOLECULAR THERAPY Vol. 13, No. 4, April 2006
Copyright © The American Society of Gene Therapy



doi:10.1016/j.ymthe.2005.11.010

active gassing [20]. The physical titer of the viral stock was determined by
dot-blot hybridization with plasmid standards.

HDAC inhibitors. The HDAC inhibitor FR901228 (obtained from Fuji-
sawa Pharmaceutical Co., Ltd.) is a depsipeptide fermentation product
from Chromobacterium violaceum [21]. FR901228 strongly inhibits the
proliferation of tumor cells by arresting cell cycle transition and is now
being tested in clinical trials [22]. FR901464 (obtained from Fujisawa
Pharmaceutical Co., Ltd.) and TSA (Sigma-Aldrich Corp., St. Louis, MO,
USA) are also prepared as HDAC inhibitors [21].

Cells and culture. The malignant human glioma cell line U251MG, the
malignant rat glioma cell line 9L, the laryngeal epidermoid carcinoma
cell line HEp-2, and the human maxillary sinus cancer cell line NKO-1
were used in this study. Cells were cultured in Dulbecco’s modified Eagle
medium (D-MEM) supplemented with 10% fetal bovine serum (FBS), 100
units/ml penicillin, and 100 pg/ml streptomycin at 37°C, 5% CO..
Human embryonic kidney 293 cells were cultured with D-MEM:F12 (1:1
mixture) supplemented with 10% FBS, 100 units/ml penicillin, and 100
ug/ml streptomycin at 37°C, 5% CO,. Luciferase assay was performed on
the luminometer (Fluoroskan Ascent FL, Thermo Labsystems, Beverly,
MA, USA) using the Bright-Glo Reagent kit (Promega, Madison, WI,
USA).

FACS analysis. Approximately 5 x 10* cells were analyzed on the
FACScan (Becton-Dickinson, San Jose, CA, USA) with CellQuest software
(Becton-Dickinson). Cells were incubated with a PE-labeled monoclonal
antibody (13C2) specific for human integrin v chain (CDS1; Cymbus
Biotechnology Ltd., Chandlers Ford, UK) for 30 min on ice. The 7-
aminoactinomycin-D (Via-Probe; Pharmingen, San Diego, CA, USA)-
negative cell fraction, which contains the viable cells, was used to detect
EGFP- and/or PE-positive cells.

Western blot analysis. Detection of histone acetylation by FR901228 in
U251MG cells was performed as described [7). Western blot analysis of
the cells incubated in the presence or absence of FR901228 for 24 h
was performed using either a rabbit polyclonal antibody against
histone H3 or one against acetylated histone H3 (Upstate Biotechnol-
ogy, Lake Placid, NY, USA) diluted 1:2000 in 5% milk. The probed
membrane was incubated with an anti-rabbit immunoglobulin horse-
radish peroxidase-linked antibody and developed by ECL Western
blotting detection reagents {Amersham Pharmacia Biotech, Piscataway,
NJ, USA).

Determination of transgene copy number. Tumor cells were infected with
1 x 10* genome copies/cell of rAAV in the presence of FR901228. The high-
molecular-weight DNA was -extracted from the cells (DNA Extraction Kit;
Qiagen, Inc., Hilden, Germany) 0, 2, 4, 12, and 24 h later. The copy
numbers were determined by quantitative PCR analysis of 100 ng of the
DNA by using an ABI Prism 7700 sequence detection system (Applied
Biosystems, Foster City, CA, USA) as described in the supplementary
information.

mRNA analysis of coreceptors for the AAV. U251MG cells were incubated
with recombinant AAV either alone (1 x 10* genome copies/cell) or
together with FR901228 (0.3 or 3 ng/ml) for 24 h. mRNA was isolated from
the cell culture using an RNeasy mini kit (Qiagen) and reverse-transcribed
into a single-stranded cDNA using the SuperScript Preamplification System
(Invitrogen, Carlsbad, CA, USA). FGF-R1 or PDGF-R mRNA was quantitated
by real-time PCR as described in the supplementary information.

PCR analysis of immunoprecipitated DNA. Chromatin immunoprecipi-
tation was performed following the Upstate Biotechnology ChIP kit
protocol. U251IMG cells were transduced with AAV vector at 1 x 10%
genome copies/cell, pCMV-EGFP, or pAAV2EGFP in the presence or
absence of the 1 ng/ml FR901228. Twenty-four hours after the trans-
duction, chromatin proteins of interest were cross-linked to DNA. After
preclearing, isotype-antibody control or anti-acetylated histone H3 or
anti-histone H3 antibody (Upstate Biotechnology) was added to the
sonicated chromatin solution and incubated overnight at 4°C with
agitation. Resulting immune complexes were collected by the salmon

sperm DNA-protein A agarose slurry. The eluted samples were treated
with proteinase K and purified by phenol/chloroform extraction. Pre-
cipitated DNAs were analyzed for the vector-derived promoter by
quantitative PCR with an ABI Prism 7700 sequence detection system as
described in the supplementary information.

In vivo analysis of enhanced transgene expression. U251MG cells were
treated with PBS (n = 3) or transduced with a recombinant AAV2
expressing luciferase (AAV2Luc) at 1 x 10* genome copies/cell for 1 h
(n = 5), and then 3 x 10° of the transduced cells in 100 ul PBS containing
25% (v/v) basement membrane matrix (Matrigel; BD Biosciences, Franklin
Lakes, NJ, USA) were inoculated subcutaneously into male BALB/c nu/nu
mice (Clea Japan, Tokyo, Japan) along with intraperitoneal injection of
FR901228 at 1 mg/kg or the same volume of vehicle. Twenty-four hours
after the administration of FR901228, optical bioluminescence imaging
was performed using the CCD camera (Xenogen Corp., Alameda, CA,
USA). After intraperitoneal injection of reporter substrate p-luciferin (375
mg/kg body wt), mice were imaged for scans.

To analyze the effect of FR901228 on the enhanced tumor elimi-
nation in vivo, 9L tumor cells were transduced with an AAVSTK at 1 X
10* genome copies/cell for 1 h, and then 3 x 10° of the transduced cells
in 100 pl PBS containing 25% (v/v) Matrigel were inoculated subcuta-
neously into BALB/c mice. The tumor-bearing animals received an
intraperitoneal injection of FR901228 at 3 mg/kg (group 1, 1 = 6; group
3, n = 10) or PBS (group 2, n = 6). The animals were also exposed to
ganciclovir at 100 mg/kg per day (groups 2 and 3) or PBS (group 1) for 14
consecutive days by intraperitoneal placement of the miniosmotic
pumps (Alzet, Palo Alto, CA, USA) according to the manufacturer’s
instructions. Tumor growth was monitored two to three times a week by
measuring two perpendicular tumor diameters using calipers and the
volumes were calculated as @ x b2 x 0.5, where a is the length and b is
the width of the tumor in millimeters. Animals with tumors larger than 2
cm in diameter were euthanized.
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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 adiministered 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 AAV?2 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 AAV?2 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 tropism
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 [45-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] region in
human chromosome 19, the vector DNA is not replicable and
is randomly integrated into host cell chromosormes 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° ge to 5 X 10'° gc/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.



MATERIALS AND METHODS

AAV vectors: The vector genomes used in this study are
shown in Figure 1. The FLAG-tagged beta-galactosidase gene
(beta-galF) was produced by PCR with the reverse primer
possessing a FLAG-tag sequence (5-GATTACAAGGATG
ACGACGATAAQG) and previously produced pAAVbeta-gal
(12) as the template. The beta-galF was inserted between the
cytomegalovirus immediate early enhancer/promoter and
SV40 polyA signal to produce the genome of AAV2(beta-
galF). The fusion gene of EGFP and human alpha-tubulin
(EGFPtub) was obtained from pEGFP-Tub (BD Bioscience
Clontech, Palo Alto, Calif.,, USA) by cleavage with Nhel
and BamH]1. The EGFPtub was inserted between the human
elongation factor 1 alpha (EFlalpha) promoter and SV40
polyA signal to produce the genome of AAV2(EGFPtub). By
using PCR G at nucleotide 157 (nt157) (A at the first ATG of
the EGFP gene is designated as ntl) was changed to T to
produce a novel Hindlll cleavage site to obtain EGFPatub.

Similarly, G at nt 129 was changed to T to produce a HindIlI
cleavage site to obtain EGFPbtub. The amino acid sequences
of EGFPatub and EGFPbtub were not affected by the
nt substitutions. Each vector genome was flanked with the
I'TR sequence of AAV2.

beta-galF or EGFPtub was packaged into the AAV2 capsid
in human 293 cells as described previously (12). Similarly,
EGFPatub and EGFPbtub were packaged into the AAV10
and AAV11 capsids, respectively. The AAV2 vector stocks
used in Experiments [, II, and III (Table 1) were purified by
heparin affinity column chromatography (13), and the vector
stocks used in Experiment [V were purified by CsCl equilib-
rium centrifugation (12). The infectivity of the AAV2 vector
purified by CsCl centrifugation was comparable to that of the
AAV2 vector purified by heparin column chromatography.
Extract from 293 cells that had not been transfected with
plasmids for vector production was similarly processed by
heparin affinity column chromatography and was used as a
mock inoculant.
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Fig. 1. Schematic representation of the vector genomes. AAV2(beta-galF) is the type 2 vector which has the FLAG-tagged
beta-galactosidase gene driven by the cytomegalovirus immediate early promoter (CMV IE). AAV2(EGFPtub) is the type
2 vector which has the fusion gene of enhanced green fluorescent protein (EGFP) and alpha-tubulin driven by the human
elongation factor [ alpha promotor (EF1 alpha). AAV2/10(EGFPatub) is the type 10 pseudotyped vector which has the
fusion gene of EGFPa and alpha-tubulin driven by EF1 alpha. EGFPa has a cleavage site of Hindlll at the nucleotide (nt)
157 (A at the first ATG of EGFP cording region is numbered as nt 1). AAV2/11{EGFPbtub) is the type 11 pseudotyped
vector which has the fusion gene of EGFPb and alpha-tubulin driven by EF| alpha. EGFPb has a cleavage site of Hindlll at
the nt 124. The horizontal bars represent PCR amplicons used for detection of the vector genomes. ITR, inverted terminal

repeat of AAV2; polyA, SV40 poly adenylation signal.

Table 1. Study design for vector administration in cynomolgus monkeys

Experiment  Monkey No. Gender AAV vector Do;e . Time of .
(genome copies/animal)  sample collection
#1 FM Mock - 2 days
#2 FM AAV2(B-galF) 2.5 % 101 2 days
I #3 FM AAV2(f3-galF) 25X 100" 3 months
#4 M AAV2(-galF) 25x 10" 3 months
#5 FM AAV2(B-galF) 2.5 x 10" 3 months
#6 M AAV2(EGFPtub) 2.5 x 100 3 months
I #7 M AAV2(EGFPtub) 2.5 X 10" 3 months
#8 M AAV2(EGFPtub) 2.5 X 101 3 months
#9 FM AAV2(EGFPtub) 2.5 % 10" 3 months
#10 FM AAV2(EGFPtub) 1.0 x 104 5 months
u #11 FM AAV2(EGFPtub) 1.0 x 10" 5 months
#12 M AAV2(EGFPtub) 1.0 < 10" 5 months
#13 M AAV2(EGFPtub) 1.0 x 10" 5 months
#14 FM Mock — 3 months
v #15 FM AAV2, 2/10,2/117 1.0 X 10'° each 3 months
#16 M AAV2,2/10,2/11 1.0 X 10' each 3 months
#17 FM AAV2,2/10, 2/11 1.0 X 10" each 7 months

: #3 was received second injection of AAV2(beta-galF) (5 X 10" ge) at 60 days after the first injection.
3: Mixture of AAV2(EGFPtub), AAV2/10(EGFPatub), and AAV2/11(EGFPbtub).
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The DNase-resistant vector DNA in the vector stock was
measured by Real-Time PCR (Applied Biosystems, Foster
City, Calif., USA) with TagMan probes (CCCAACGAGAAG
CGCGATCACA) hybridized to EGFP DNA.

Animal experiments: Cynomolgus monkeys (4 to 5 years
of age and weighing 3 to 5 kg) were obtained from the Tsukuba
Primate Research Center of the National Institute of Bio-
medical Innovation (Ibaraki, Japan). The monkeys were se-
dated during all procedures by the administration of ketamine
(10 mg/kg). The AAV vectors or the mock inoculant in 5 ml
of physiological saline were administered intravenously
into the femoral vein of the monkeys. The dose of the AAV
vectors and the time of necropsy are indicated in Table
1. The monkeys were bled every 2 weeks until they were
sacrificed. All animal studies were performed in accordance
with the guidelines for animal experiments in National Insti-
tute of Infectious Diseases, Tokyo, Japan.

Extraction of DNA from tissues: Monkey tissues were
harvested at necropsy and stored at —80°C until use. Before
necropsy, blood was extensively drawn to avoid contamina-
tion of the tissues by blood. DNA was extracted from each
frozen tissue type (approximately 25 mg) by using QlAamp
DNA extraction kit (Qiagen GmbH, Hilden, Germany).

Detection of AAV vector DNA in tissue DNA: PCR was
designed to amplify the 285-bp region of beta-galF (forward
primer: 5’-GCGACTTCCAGTTCAACATC, reverse primer:
5-TTACGCGAAATACGGGCAGA) and 323-bp region of
EGFP (forward primer: 5-ACAAGTTCAGCGTGTCCGGC,
reverse primer: 5-CCTCCTTGAAGTCGATGCCC) in the

. vector genomes. PCR consisted of an initial heating step
at 94°C for 5 min, 37 cycles of incubation at 94°C for 30 s
and at 68°C for 1 min, and incubation at 68°C for 5 min.
The vector DNA fragment in the tissue DNA sample was
amplified by PCR. The DNA sample contained 0.5 12zg DNA
(equivalent to 10° cells). For comparison, the DNA fragment
in standard DNA solution, which contained a known amount
of plasmid DNA having beta-galF or EGFPtub genes (10?
to 10° copies) and DNA extracted from the liver of monkey
(#1) that had received the mock inoculant were amplified by
PCR in a similar manner. To verify the quality and quantity
of DNA in the samples, a portion of G3PDH gene was
amplified with the previously described primers (12). The

Copies of 8-gal gene
/500 ng DNA

105 10* 10° 10210 0

— - |ewe

Cerebrum
Lung

Heart

Liver

Spleen
Kidney
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8- gal

Fig. 2. Detection of AAV vector DNA in monkey tissues. DNA samples
were extracted from the various tissues of monkey #1, injected with
mock inoculate, and of monkeys #2 and 3, injected with AAV2(beta-
galF). The segment of the vector genome in the DNA samples
was amplified by PCR. G3PDH gene was amplified for references.
Representative results of the agarose gel electrophoresis of the PCR
products were presented.
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PCR products were analyzed by electrophoresis on a 2%
agarose gel followed by ethidium bromide staining. When
the DNA sample contained more than 100 gc of the vector
DNA, the amplified DNA fragment was clearly detected (Fig.
2).

To determine the serotype of the vector in Experiment IV,
PCR products were digested with HindlII, and the size of the
resultant DNA fragment was analyzed with an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, Calif., USA).
The HindllI digestion produced 324-bp, 243-bp, and 276-bp
fragments from the genomes of AAV2(EGFPtub), AAV?2/
10(EGFPatub), and AAV2/11(EGFPbtub), respectively.

Immunoblot detection of EGFP/alpha-tubulin fusion
protein in the tissue extracts: Monkey tissue (50 mg) was
homogenized in a lysis buffer (0.IM MES, 2 mM EGTA, 1
mM MgCl,, pH 6.8) and the homogenate was centrifuged
at 100,000 g for 30 min at 4°C. The supernatant was mixed
with Taxol (Paclitaxel; Sigma-Aldrich, St. Louis, Mo., USA)
(20 M) and GTP (Sigma-Aldrich) (0.5 mM), and was
warmed to 37°C for 30 min in order to allow the tubulin
to assemble into microtubules. Then, the supernatant was
chilled on ice for 10 min and was centrifuged at 10,000 X g
for 30 min at 4°C to precipitate the microtubules. The
pellet was resuspended in PBS and electrophoresed in SDS-
polyacrylamide gel. The proteins in the gel were transferred
to a Hybond-P nylon membrane (Amersham Biosciences
Corp., Piscataway, N.J., USA). After blocking the membrane
with 5% skim milk, the EGFP/tubulin fusion protein on
the membrane was allowed to bind with anti~EGFP rabbit
polyclonal antibody (#632376; BD Bioscience Clontech,
Palo Alto, Calif., USA) and anti-alpha-tubulin mouse
monoclonal antibody (T-9026; Sigma-Aldrich). Horseradish
peroxidase conjugated anti-rabbit and anti-mouse IgG goat
antibodies (SC-2030 and SC-2031, respectively; Santa Cruz
Biotechnology, Inc., Santa Cruz, Calif., USA) and an ECL
Western Blotting Detection System (Amersham Biosciences)
were used to detect rabbit and mouse IgGs on the membrane.
Fluorescence was detected using a Storm Phosphor Imager
(Amersham Biosciences).

A HeLa cell clone expressing EGFPtub was newly pro-
duced and used as a model for immunoblot detection of
endogenous tubulin and EGFPtub. HelLa cells, cultured in
growth medium (DMEM supplemented with 10% fetal
bovine serum) in a 10-cm dish, were transfected with 2 1£g of
pEGFP-Tub (BD Bioscience Clontech) with the transfection
reagent Effectene (Qiagen). After incubation of the cells
for 48 h, they were passaged at a split ratic of 1 to 10 and
cultured in growth medium containing a selective drug, G418
(500 t£g/ml). Drug-resistant cell clones were obtained by two
successive single colony isolations. One clone (Hela/EGFPtub)
that stably expressed EGFPtub was selected. Endogenous
tubulin and EGFPtub were extracted from HeLa/EGFPtub
and were used as markers for tubulin and EGFPtub.

Neutralization of AAV vectors with serum antibody:
The neutralizing activities of the monkey serum were exam-
ined by testing the inhibition of the transduction of COS-1
cells by AAV vectors expressing beta-gal. COS-1 cells
(2 X 10* cells/well) were seeded in 96-well plates at 6 h
before inoculation. Fifteen microliters of vector solution
containing 4 X 10° transducing unit/ml was mixed with 18 1
of serum that had been serially diluted from 1:10 to 1:6,250
with PBS and incubated for 1 h at 37°C. The number of
vector genome copies required for 4 X 10? transducing unit
with COS-1 were 10° gc, 10* gc, and 10% gc for the AAV?2,



AAV2/10, and AAV2/11 vectors, respectively. Then, the sample
was mixed with 30 11 of DMEM containing 10% FBS and
was used to inoculate the cells in two wells (30 £l/well). After
incubation of the cells with occasional rocking for 2 h at 37°C,
70 141 of fresh DMEM containing 10% FBS was added to each
well. Two days later, the cells were fixed and stained using
an In Situ beta-Galactosidase Staining Kit (Stratagene, La
Jolla, Calif., USA). The cells that showed positive staining
for beta-gal were counted under a microscope. The neutraliz-
ing titer of the antiserum was expressed as the reciprocal of the
highest dilution that repressed the number of beta-gal-positive
cells to half of the number obtained with the samples mixed
with similarly diluted serum from a non-immunized mouse.

RESULTS

Distribution of AAV2(beta-galF) in cynomolgus mon-
keys: In Experiment [ (Tables 1 and 2), one (#1) and four
monkeys (#2, 3, 4, and 5) were intravenously injected
into the femoral vein with a mock inoculate and 2.5 X 10"
gc of AAV2(beta-galF) (Fig. 1), respectively. No clinical
symptoms were observed among these monkeys, indicating
that the AAV2 vector particle did not induce any acute toxic
effects, as has also been reported previously (4,14). In urine
collected between 0 and 24 h post-inoculation (pi), a very
low level of the vector DNA was found in monkey #2 sample
(10% gc/30 1), but this was not observed in the samples
from the other monkeys. The vector DNA was not detected
in the urine collected between 24 and 48 h pi from any of the
five monkeys. The results indicated that excretion of the
injected AAV2 vector was very limited. In whole blood
samples obtained at | day pi, a very low level of the vector
DNA was found in samples from monkeys #2, 3, 4, and 5
(10? gc/10 wl). Since the body weight of these monkeys
was approximately 3 kg, the total blood of each monkey could
be estimated as 250 ml. Therefore, only 1/10,000 of the
vectors initially administered is thought to have remained in
the circulating blood at 1 day pi. In whole blood samples
from monkeys #3, 4, and 5 obtained at 1 week pi, no vector
DNA was detected (data not shown).

Monkeys #1 and 2 were sacrificed at 2 days pi. The vector
DNA was found in none of the monkey #1 samples, and it
was found in various tissues of monkey #2 (Fig. 2 and Table
2). Relatively high levels of the vector DNA were observed
in the spleen, tonsil, and axillary lymph node. Low levels
of the vector DNA were detected in the brain, ovary, and
uterus. Histological examination of formalin-fixed specimens
of tissues positive for the vector DNA did not show any
"abnormalities or inflammatory reactions.

At 2 months pi, monkey #3 received a second intravenous
injection with 5 X 10" gc of AAV2(beta-galF). No clinical
symptoms were observed after the injection, indicating that
the second injection did not induce any strong acute abnormal
immunological reactions.

Monkeys #3, 4, and 5 were sacrificed at 3 months pi.
During the 3-month period, the hematological profiles were
examined periodically, and no abnormalities were found in
the blood samples of monkeys #3, 4, and 5 (data not shown).
The vector DNA was present in various tissues (Fig. 2 and
Table 2). The highest vector DNA level was detected in the
spleen of monkey #3, which had been injected twice with the
vector. Among monkeys #3, 4, and 5, the vector distribution
pattern to tissues appeared to vary from monkey to monkey.
For example, the vector DNA was not detected in the spleen
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of monkey #5. It was noteworthy that, the vector DNA was
found in the ovaries of monkeys #3 and 5, albeit at low
levels. The detection of the vector DNA in the spleen, lymph
node, and ovary sections by in situ hybridization with PCR
was not successful, because it was difficult to find sections
positive for the vector DNA. Thus, no vector DNA-positive
cell species within the tissues were identified. ’
Because the vector DNA wvas readily detected in lymphoid
tissues such as the spleen and lymph nodes, we examined the
susceptibility of peripheral blood mononuclear cells (PBMCs)
to the vector. PBMCs were collected from a cynomolgus
monkey that had received no AAV vectors before and were
incubated with an AAV2 vector. PBMCs (10°) or COS-1 cells
(5 X 10%) in the wells of a 48-well plate were inoculated
with 10? genome copies of AAV2(EGFP-tub). Three days
later, the cells were examined for EGFP expression under a
fluorescence microscope. Whereas almost all of the COS-1
cells were positive for EGFP expression, none of the PBMCs
were positive for EGFP. It is possible that following the
low-dose intravenous injection to the monkeys, the vector
did not infect the lymphocytes in the spleen and lymph node.

Table 2. Experiment I: Detection of the vector genomes in the various
tissues. Monkeys injected with AAV2(beta-galF) (2.5 X 10" gc) were
sacrificed at 2 days or 3 months after the injection

. Monkey
Tissue -
#1 (Mock) #2(2d) #4(3m) #5(3m) #3 (3m)"

Cerebrum - + + - -
Cerebellum - + + + +
Bone marrow - +4 + - -
Retina - - - - ND
Skin - - 4 - +
Muscle - - - _ _
Trachea - + - + +
Lung - e — - +
Heart - - + - -
Liver - b - — +
Gallbladder - ++ + - +
Pancreas - + + + -
Spleen - et ++ - ot
Esophagus -~ + - - -
Stomach - + - — +
Jejunum - ND - + +
[leum - + + + _
Colon - + + + ND
Kidney - - + - +
Adrenal gland - - - - -
Bladder - + - ND +
Tonsil - et + — +
Thymus - + — _

Parotid gland - + - - -
Submandibular gland - + - - -
Thyroid gland - ++ + - +
Axillary lymph node - A+ + - -
Hilar lymph node - + ND — +
Mesenteric lymph node - —+ - - +
Iliac lymph node - + ND ND ND
Inguinal lymph node - + + - +
Testis/Ovary - + - + +
Epididymis/Uterus - + ND + -

1 #3 was received second injection of AAV2(beta-galF) (5 X 10' gc) at
60 days after the first injection, (=), <10? gc/0.5 1tgDNA; (+), 10*
10 2¢/0.5 LgDNA; (++), 10-10% g¢/0.5 LgDNA; (+++), 10%10°
g¢/0.5 [LgDNA; (++++), >10° gc/0.5 tgDNA; (ND), Not done.



. Distribution of AAV2(EGFPtub) in cynomolgus mon-
keys and expression of EGFPtub: In Experiment II,
2.5 X 10" gc of AAV2(EGFPtub) (Fig. 1) was administered
into four monkeys (#6, 7, 8, 9) intravenously into the femoral
vein, and the monkeys were sacrificed at 3 months pi (Tables
1 and 3). The vector DNA in various tissues was examined
by similar procedures to those used in Experiment I. With
some variation from monkey to monkey, high levels of the
vector DNA (>10° g¢/0.5 11g DNA) tended to be detected in
the spleen, liver, gallbladder, tonsils, and lymph nodes, and
low levels of the vector DNA (<10° gc/0.5 (g DNA) were
present in the cerebrum, bone marrow, muscle, trachea, lung,
heart, pancreas, esophagus, colon, kidney, adrenal gland,
bladder, and parotid gland. At 3 months after injection,
the vector DNA was not detected in the blood samples. There-
fore, we concluded that the vector DNA in these specimens
was not derived from contamination with blood.

EGFPtub expression was detected in the axillary lymph
nodes of monkeys #7, 8, and 9 (Fig. 3). Endogenous tubulin
and EGFPtub proteins were extracted from the liver, spleen,
tonsils, and axillary lymph nodes of the monkeys. The
two proteins were readily co-purified and concentrated by a

Table 3. Experiment I1: Detection of the vector genomes in the various
tissues. Monkeys injected with AAV2(EGFPtub) (2.5 X 10! gc¢)
were sacrificed at 3 months after the injection

Monkey
#6 (3m) #7(3m) #8(3m) #9(3m)

Tissue

Cerebrum
Cerebellum -
Spinal cord
Bone marrow
Skin

Muscle
Trachea
Lung

Heart

Liver +
Gallbladder
Pancreas ]
Spleen et ettt
Esophagus + -
Stomach - -
Jejunum - -
[leum -
Colon +

Kidney +

Adrenal gland +

Bladder + -
Tonsil ++

Thymus -
Parotid gland - -
Submandibular gland - -
Thyroid gland -
Axillary lymph node ++ At
Hilar lymph node ++
Mesenteric lymph node ++

[liac lymph node -+ A+t
Inguinal lymph node +
Testis/Ovary - -
Epididymis/Uterus - -
(=), <10% gc/0.5 (gDNA; (+), 102107 gc/0.5 12gDNA; (++), 10°-
10% gc/0.5 1t gDNA,; (++1), 10%-10% gc/0.5 £gDNA,; (+H++), >10¢
gc/0.5 LgDNA.

I
+ .
ll$++f‘:+llli$l!+ll|||i|l!ll~l-ll|ll|

previously described method (15). The tubulin/EGFPtub
complex extracted from approximately 107 cells was analysed
by SDS-polyacrylamide gel electrophoresis followed by
immunoblotting with a mixture of anti-EGFP and anti-
alpha-tubulin antibodies. The tubulin/EGFPtub complex ex-
tracted {rom a newly produced HelLa cell clone expressing
EGFPtub was used as a size-marker for endogenous tubulin
and EGFPtub protein. Comparison with commercially avail-
able purified tubulin (Sigma-Aldrich) enabled us to estimate
the approximate amounts of EGFPtub (Fig. 3A). Samples for
immunoblotting (50 mg) contained approximately 10 to 20
ng of EGFPtub. Under these conditions, transgene expres-
sion was detected in 6 out of 23 axillary lymph nodes tested.
No transgene expression was detected in the other tissues
including the spleen and liver, in which the injected vector
DNA was readily found, most likely because the analyzable
volume of a single piece of tissue is limited. Therefore, it
remains unclear whether the transgene was not expressed in
most of the tissues or the cells expressing the transgene were
escaped from the sampling.

In Experiment [II 1.0 X 10! gc of AAV2(EGFPtub) (Fig.
1) was administered to four monkeys (#10, 11, 12, 13), as
was done in Experiment 11, and the vector DNA in various
tissues was examined at 5 months pi (Table 4). The vector
distribution was similar to that observed at 3 months pi,
indicating the vector DNA was stably maintained in various
tissues. The levels of vector DNA in the tissues were similar
to those observed at 3 months pi (Experiment 11).

Distribution of AAV2/10(EGFPatub) and AAV2/11
(EGFPbtub) in cynomolgus monkeys: Since the data in the
several recent studies indicated that the AAVs of different
serotypes have different tissue tropism, in Experiment IV, the
AAV2/10 and AAV2/11 pseudotype vectors (Fig. 1) and the
AAV?2 vector were compared as to the vector DNA distribu-
tion pattern in monkeys (Table 5). The entire coding regions of
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Fig. 3. Detection of transgene expression in monkey tissues. (A)
Sensitivity of immunoblotting for fusion protein of EGFP and alpha-
tubulin (EGFP/alpha-tubulin). The complex of endogenous tubulin
and EGFP/alpha-tubulin was extracted from HeLa cells expressing
EGFP/alpha-tubulin. The extracts were electrophoresed in a SDS-
polyacrylamide gel and transferred to a nylon membrane. The EGFP/
alpha-tubulin was detected with a mixture of anti-EGEFP and anti-
alpha-tubulin antibodies. The amount of EGFP/alpha-tubulin was
estimated by the comparison with known amount of commercially
available purified tubulin. (B) Expression of EGFP/alpha-tubulin in
the lymph node of monkeys. The complex of endogenous tubulin
and EGFP/alpha-tubulin was extracted from the axillary lymph
node of monkeys, injected with mock inoculate (monkey #1) or
AAV2(EGFPtub) (monkeys #6, 7, 8, and 9). The EGFP/alpha-
tubulin was detected as described above.



AAV10 and AAV11 were recently isolated from cynomolgus
monkeys, and the pseudotyped vectors were produced as
previously described (12). To compare the distribution of
the three vectors in the same monkey, AAV2(EGFPtub),
AAV2/10(EGFPatub), and AAV2/1 1 (EGFPbtub) were mixed
together, and a mixture containing 1.0 X 10" gc of each vector
was administered intravenously to three monkeys (#15, 16,
17). One monkey (#14) received saline as a negative control.
The PCR DNA derived from three vector genomes are dis-
tinguishable by measuring the sizes of DNA fragments
produced by the digestion of the PCR DNA with HindIIl,
because the EGFP genes of AAV2/10(EGFPatub) and AAV2/
1 1(EGFPbtub) have the HindIll site at different positions
(Fig. 1). The vector inoculations did not induce any clinical
symptoms, thus indicating that the AAV 10 and AAV1] capsids
exerted no acute toxicity. Serum samples were collected |
week before and 1, 5, 9, and 11 weeks pi. Three monkeys
(#14, 15, 16) were sacrificed at 3 months pi, and one monkey
(#17) was sacrificed at 7 months pi.

The AAV2/10(EGFPatub) DNA was found primarily in
lymphoid tissues such as the spleen and lymph nodes (Table
5). The levels of the AAV2/10(EGFPatub) DNA in the
lymphoid tissues at 3 months pi (imonkeys #15 and 16) were
similar to those at 7 months pi (monkey #17), suggesting that

Table 4. Experiment III: Detection of the vector genomes in the various
tissues. Monkeys injected with AAV2(EGFPtub) (1.0 X 10" gc) were
sacrificed at 5 months after the injection

. Monkey
Tissue
#10(Sm) #11(5m) #12(Sm) #13(5m)
Cerebrum - - - -
Cerebellum - - - -
Bone marrow - - - +
Skin - - - -
Muscle - + - +
Trachea - - - -
Lung + + - +
Heart + + - —
Liver ++ +++ - +++
Gallbladder - ++ - -
Pancreas ++ - + —
Spleen ++ e+ +++ bt
Esophagus - - - -
Stomach - - - -
Jejunum - - - -
lleum - + - -
Colon - + - +
Kidney - + + +
Adrenal gland - + - +
Bladder - + - —
Tonsil + + ++ -
Thymus - + - +
Parotid gland - -~ - -
“Submandibular gland - - + -
Thyroid gland - +++ -
Axillary lymph node - ++ S
Mesenteric lymph node - + + -
Iliac lymph node - 4+ - -
Inguinal lymph node + ++ - -
Testis/Ovary - - - -
Epididymis/Uterus - + - -

(=), <107 gc/0.5 (LgDNA; (+), 10%10° gc/0.5 LgDNA; (++), 10°-10°
gc/0.5 LgDNA; (+++), 10°-10° gc/0.5 ugDNA; (++++), >10° ge/
0.5 1tgDNA.

the vector genome was stably maintained. The AAV2/11
(EGFPbtub) DNA was similarly found in the lymphoid
tissues of monkeys #15 and 17, but was not found in any
tissues from monkey #16 (Table 5). Consistent with our
previous observation that the vector DNA was not found in
the liver of mice intravenously injected with the AAV2/11
pseudotyped vector (12), no AAV2/11{EGFPbtub) DNA was
found in the livers of monkeys #15 and 17.

Immune responses to the vectors varied from monkey to
monkey. Since mouse anti-AAV2, AAV10, and AAVII VP2
sera neutralized the AAV2, 10, and 11 vectors in a type-
specific manner (12), it is very likely that the neutralizing
activity of monkey antibody against AAV2, 10, and 11 is type-
specific. Since it is possible that the monkeys had been
infected with AAVs immunologically cross-reactive to AAV2,
10, and 11, the pre-administration serum obtained 1 week
before the inoculation was considered as the baseline anti-
body titer (Fig. 4). Monkey #15 developed anti-AAV11 and
low-level anti-AAV 10 neutralizing antibodies, but did not
develop anti-AAV?2 antibody (Fig. 4), although similar lev-
els of AAV2 (EGFPtub), AAV2/10(EGFPatub), and AAV2/
11{EGFPbtub) DNAs were found in various lymphoid
tissues (Table 5). The low level of anti-AAV11 neutralizing
antibody that was present in the pre-administration serum was
not found to inhibit the distribution of AAV2/11(EGFPbtub)
(Table 5).

Monkey #16 developed anti-AAV2 and anti-AAV10
neutralizing antibodies, but did not develop anti-AAV11
antibody (Fig. 4). As was the case with monkey #15, the
low level neutralizing antibody against AAV10 in the pre-
administration serum (Fig. 4) did not inhibit the distribution
of AAV2/10(EGFPatub) (Table 5). Since no anti-AAV 11 neu-
tralizing antibody was detected in the pre-administration
serum of monkey #16, the absence of AAV2/11(EGFPbtub)
DNA in monkey #16 (Table 5) could not be explained by the
neutralization of the vector.

Monkey #17 responded to the three vector capsids and de-
veloped antibodies against AAV2, 10, and 11. It is likely that
low doses of the vectors induced various immune responses
of the monkeys against the vectors.

DISCUSSION

In this study, we intravenously administered AAV vectors
(AAV2, AAV2/10, and AAV2/11) at a dose of 2 X 10° gc
to 5 X 10" gc/kg weight to cynomolgus monkeys, and we
examined the behavior of the vectors and the responses of
the monkeys. We assumed that intravenous injections at a
relatively low dose of vector would mimic systemic condi-
tions caused by targeted high-dose injections. We found that
vector DNA persists for a long period of time, probably
without replication, in various tissues, and in particular in
the lymphatic tissues. We also demonstrated that the transgene
is expressed in the axillary lymph nodes. These data are
pertinent for the assessment of vector safety, although the
status of the persisting vector DNA remains unclear, and the
factors that regulate the transgene expression must still be
investigated.

Following AAV?2 vector inoculation, rapid excretion of the
vector in the urine was very limited. By 1 week pi, the AAV2
vector DNA became undetectable in the circulating blood.
At 2 days pi, the vector DNA was readily detected in the
lymphoid tissues, especially in the spleen (Table 2). The
vector DNA was detected at lower levels in the brain, lung,





