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Vascular endothelial growth factor (VEGF) is known to play a
major role in angiogenesis in a variety of tumors. A soluble form of
Flt-1 (sFit-1), a VEGF receptor, is potentially useful as an antagonist
of VEGF, and accumulating evidences suggest the applicability of
sFit-1 in tumor suppression by means of anti-angiogenesis. We pre-
viously demonstrated the efficacy of sflt-1 gene expression in situ to
suppress tumor growth and ascites in ovarian cancer. Here, we dem-
onstrate the therapeutic applicability of muscle-mediated expression
of sFlt-1 in tumor-bearing mice. Initially, tumor suppressive action
was confirmed by inoculating sFlt-1-expressing ovarian cancer
(SHIN-3) cells into mice, both subcutaneously and intraperitoneally.
To validate the therapeutic efficacy in a more clinically relevant
model, adeno-associated virus vectors encoding sfif-I were intro-
duced into mouse skeletal muscles and were subsequently inoculated
with tumor cells. As a result, high serum sFlt-1 levels were con-
stantly observed, and the growth of both subcutaneously- and intra-
peritoneally-inoculated tumors was significantly suppressed. No
delay in wound healing or adverse events of neuromuscunlar damage
were noted, body weight did not change, and laboratory data, such
as those representing liver and renal functions, were not affected.
These results indicate that sFlt-1 suppresses growth and peritoneal
dissemination of ovarian cancer by the inhibition of angiogenesis,
and thus suggest the usefulness of gene therapy for ovarian cancer.
© 2006 Wiley-Liss, Inc.
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In recent years, the incidence of ovarian cancer has been on the
increase. It i is currently the leading cause of death from gynecologl-
cal cancer.' Since the early-stage ovarian cancer is generally
asymptomatic, more than half of the patients are diagnosed with
the condmon at an advanced stage with ascites and peritoneal dis-
semination.” The standard treatment for advanced ovarian cancer is
radical cytoreductive surgery followed by combination chemother-
apy. Fortunately, ovarian cancer is relatively sensitive to chemo-
therapy, and a remission can be achieved in a majority of patients,
even at the advanced stages.3' Nonetheless, more than half of the
patients develop recurrence, and this eventually leads to death,
thereby indicating the limitations of the current therapy. Therefore,
new strategies are required to improve the therapeutic outcomes.

Angiogenesis is closely related to the development of malignant
tumors,” and it plays an important role in the growth of primary,
metastatic and disseminated lesions of ovarian cancer.® Therefore,
the inhibition of angiogenesis may suppress peritoneal dissemina-
tion, the main mode of progression of ovarian cancer, and may im-
prove the prognosis of advanced ovarian cancer.

The significance of angiogenic factors upon clinical outcome of
ovarian cancer have been mtensxvely studied, including vascular
endothelial growth factor (VEGPF),” basic fibroblast growth factor,®
platelet-derived endothehal cell growth factor (PD-ECGF)° and he-
patocyte growth factor.! Among all, VEGF appears to be the most
important and versatile, and it is also reponed to be an independent
prognostic factor in ovarian cancer patients.”

The VEGF-inhibiting factor used in this study was sFlt-l Thls isa
soluble form of VEGFR-1, and acts as a VEGF antagonist.'' sFit-1 is
a secretory protein, and systemic expression through circulation can
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be expected. Main VEGF receptors are Flt-1 and KDR, and both are
tyrosine kinase receptors. KDR shows stronger tyrosine kinase activ- -
ity when the h% and, VEGF, binds, but Flt-1 has stronger VEGF-bind-
ing activity. Accordingly, when sFlt-1 is present in circulation at
a sufficient level, sFlt-1 may competitively inhibit binding of blood
VEGEF to Flt-1 and KDR, resulting in inhibition of VEGF action.

We have previously demonstrated the tumor suppressive activ-
ities of sFlt-1 when it was introduced into ovarian cancer cells.
In this study, we aimed at developing a more clinically relevant
strategy through a continuous supply of sFlt-1 by muscle-mediated
gene transfer using adeno-associated virus (AAV) vectors. AAV
vector is derived from a nonpathogenic virus, and a long-term
transgene ex;l)ression can be obtained after intramuscular vector
injection. Taking these facts into consideration, we began to
test the efficacy of the therapeutic approach for ovarian cancer
using muscle-mediated sfl-I gene expression and compared with
the previous strategy which utilized tumor cell transduction.

Material and methods
Cells and plasmids

The human ovarian serous adenocarcinoma cell line SHIN-3'®
was provided by Dr. Y. Kiyozuka (Hyogo College of Medicine,
Japan) and used in this study, instead of the previously utilized
RMG-1 cells,' as the latter cell line did not efficiently form tumors
upon inoculation. The SHIN-3 and the human embryonic kidney
293 cell lines were maintained as described prevnously 1819 The
murine sﬂt-] cDNA was isolated from the Smal sites of plasmid
psFlt-l and inserted into the Smal site of the pCMV-IRES-bsr
vector? 1o generate pCMV-sFlt-1-IRES-bsr. Luciferase (LUC)-
encoding pCMV LUC-IRES-bsr”® was used as a control vector.
p2ITR-hsFlt-1 is an sFit-1 expression plasmid prepared by incorpo-
rating human sfit-] cDNA into the EcoRI site of pAAV-MCS (Stra-
tagene, La Jolla, CA). Suppression of VEGF-driven HUVEC pro-
liferation by conditioned medxum of sFlt-1- exgressmg cells was al-
ready confirmed for both murine'* and human®'constructs.

Development of stably transduced cells

Either pCMV-sFlt-1-IRES-bsr or pCMV-LUC-IRES-bsr was
introduced into the SHIN-3 cells using the standard calcium phos-
phate precipitation method.” After transfection, the cells were
cultured and selected in the presence of 10 pg/ml of blasticidin S
hydrochloride (Kaken Pharmaceutical, Tokyo, Japan). After 4
weeks, the blasticidin-resistant SHIN-3/sFlt-1 and SHIN-3/LUC
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cell lines were established and maintained thereafter in the pres-
ence of 10 pg/ml of blasticidin S hydrochloride.

AAV vector production

AAYV vectors were produced based on the triple plasmid trans-
fection to 293 cells using p2ITR-hsFlt-1, the helper ylasmld for
adenovirus genes,” and the helper plasmid for AAV1. A plas-
mid encoding lacZ gene was used to prepare the control AAV vec-
tor. The vector stocks were purified using 1od1xanol lnvxtrooen
Carlsbad, CA) density-gradient ultracentnfuganon and the
titer was determined by quantitative DNA dot-blot hybridization.

VEGF quantitation

SHIN-3 cells were inoculated into 10-cm dishes and cultured in a
10% FBS-supplemented DMEM medium. When the cells grew to
approximately 80% confluence, the culture supernatant was re-
placed with serum-free culture medium. After 24 hr, the culture su-
pernatant was recovered. The concentration of VEGF in the super-
natant was determined by ELISA System (Amersham Biosciences,
Piscataway, NI).

Western blot analysis

sFli-1 in the culture supernatant of SHIN-3/sFlt-1 was detected
by Westem blotting, using standard techniques as described previ-
ously.' Briefly, the culture supernatant was electrophoresed, trans-
ferred into nitrocellulose membrane and incubated with a 1:200
dilution of anti-sFlt-1 polyclonal antibody (provided by Dr. Shi-
buya). Subsequently, the membrane was reacted with a horseradish
peroxidase-labeled secondary antibody, i.e., anti-rabbit antibody
(Amersham Biosciences). The bound antibody was visualized by
chemiluminescence using an ECL kit (Amersham Biosciences).

In vitro cell growth kinetics

‘SHIN-3/sFlt-1 and SHIN 3/LUC were plated in 6-well plates
at a density of 5 X 10* cells/well, and cultured in a 10% serum-
supplemented DMEM/F-12 medium. For each group, the cells
from a single well were dislodged using 0.05% trypsin-EDTA
every 24 hr and were counted using a hemocytometer. This experi-
ment was performed in triplicate.

Tumor cell transduction model

Subcutaneously inoculated tumor growth. Four- to five-week-
old female BALB/c nude mice (Japan Clea Laboratories, Tokyo, Ja-
pan) were used in the experiment. SHIN-3/sFlt-1 or SHIN-3/LUC
cells (5 X 10°%) were subcutaneously transplanted into the back of
the mice, and tumor sizes were measured twice a week usmg a mi-
crometer caliper. The tumor volume was calculated using the for-
mula: volume = (short diameter)? X (long diameter) X 0. 5.2

Angiogenesis in subcutaneous tumor. On the 21st day after the
subcutaneous transplantation of 5 X 10® SHIN-3/sFlt-1 or SHIN-
3/LUC cells into the back, the mice were killed and the subcutane-
ous tumors were excised. After fixation of the tumors in 4% para-
formaldehyde, frozen sections were cut, and the endogenous per-
oxidases were blocked with 3% hydrogen peroxide. The sections
were incubated overnight at 4°C with a 1:50 dilution of anti-CD31
antibody (Pharmingen, San Diego, CA) as the primary antibody
"that recognizes vascular endothelial cells. The sections were then
reacted with the secondary antibody, i.e., peroxidase-conjugated
anti-rat antibody (Simple Stain Mouse MAX-PO, Rat; Nichirei,
Tokyo, Japan) at room temperature for 30 min, followed by color
development with diaminobenzidine (DAB). In addition to CD31,
immunostaining of von Willbrand factor (vWF) and endothelial
nitric oxide synthase (eNOS) was performed. For the specific anti-
bodies, anti-vWF (H-300) and anti-NOS3 (C-20) (Santa Cruz Bio-
technology, Santa Cruz, CA) were diluted 50 times, and reacted
with the sections at room temperature for 2 hr, followed by color
development by DAB reaction using a DAKO LSAB Kit (DAKO,
Carpinteria, CA). The number of newly formed vessels was
counted under a light microscope at 100X magnification.
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Ascites and peritoneal tumor dissemination. SHIN-3/sFit-1 or
SHIN-3/LUC cells (5 X 10°%) were inoculated into mice intraperi-
toneally. After 23 days, the mice were killed using diethyl ether,
the volume of the ascitic fluid was measured and the peritoneally
disseminated lesions were weighed. The volume of ascitic fluid
was calculated by subtracting 1 ml from the total volume of fiuid
that was recovered after the intraperitoneal injection of 1 ml of
PBS. The weights of the peritoneally disseminated lesions were
calculated by subtracting the weight of the intestine of age-
matched, untreated mice from the total weight of the intestine and
disseminated lesions removed in one block.

Survival time. SHIN-3/sFlt-1 or SHIN-3/LUC cells (5 X 10%
were inoculated into mice intraperitoneally, and the mice were
monitored twice daily until they died of massive ascites. Survival
rates were calculated using the Kaplan-Meier method.

Therapeutic model using AAV vector

Measurement of serum VEGF and ascitic VEGF. Nude mice
were subcutaneously (n = 5) or mtrapentoneally (n = 5) inocu-
Jated with SHIN-3 cells (5 X 10° cells), and blood was collected
from the tail vein 1, 2, and 3 weeks after inoculation. The serum
VEGF level was measured using human VEGF ELISA (R&D sys-
tem, Minneapolis, MN). Mice that received intraperitoneal SHIN-
3 cell inoculation were killed using diethyl ether 3 weeks after
inoculation (n = 3), ascites were collected, and the ascitic VEGF
level was measured by ELISA (R&D system).

Measurement of serum sFit-1. AAV1-sFit-1 or AAV1-LacZ
vector (2.5 X 10" genome copy) was given in 10 separate injec-
tions into the hind limb skeletal muscles of mice, and the blood
samples were obtained from the tail vein every 2 weeks. The con-
centration of sFlt-1 in the serum was measured using a human
sVEGF-R1 ELISA (Bender MedSystems, Vienna, Austria).

Subcutaneously inoculated tumor growth. AAV1-sFit-1 or
AAV1-LacZ vector (2.5 X 102 genome copy) was injected into
the hind limb skeletal muscles of mice. After 9 days, the mice
were subcutaneously inoculated with 5 X 10° SHIN-3 cells and
monitored thereafter.

Peritoneal tumor dissemination. AAV1-sFlt-1 or AAV1-LacZ
vector (2.5 X 10'2 genome copy) was injected into the hind limb
skeletal muscles of mice. After 9 days, the mice were intraperito-
neally inoculated with 5 X 10° SHIN-3 cells. After 23 days later,
the mice were killed, and the weights of the intraperitoneally dis-
seminated lesions were measured.

Adverse events. AAV1-sFlt-1 or AAV1 LacZ vectors (2.5 X 101
genome copies) were injected into the hind limb skeletal muscle of
mice. The following experiments were performed to investigate
wound healing, neuromuscular damage and body weight changes:
Regarding wound healing, a 6-mm square incision was made with
scissors in the dorsal skin in nude mice 2 weeks after AAV vector
injection, and the healing process was observed with time. As for neu-
romuscular damage, skeletal muscle of the hind limb at the AAV vec-
tor-inoculated site was excised 5 weeks after AAV vector injection,
fixed with formalin, paraffin-embedded and sectioned, and the mor-
phology was observed by HE staining. As for body weight changes,
body weight of the nude mice was measured before AAV vector
injection and 2 and 4 weeks after the administration. Blood was col-
lected 5 weeks after AAV vector injection, and complete blood
counts, Alb, BUN, Cr, AST, ALT, Na, K and Cl were measured.

Statistical analysis. Intergroup differences were tested for sig-
nificance using Student’s z-test. Survival rates were analyzed by
the generalized Wilcoxon and log-rank tests. p values less than
0.05 were considered to be significant.

Results
Detection of VEGF and sFlt-1 in culture supernatants

The concentration of VEGF in the culture supernatant of SHIN-
3 cells was 600 pg/ml. sFlt-1 was detected by Westemn blotting
only in the culture supemnatant of SHIN-3/sFlt-1 (data not shown).
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FiGURE 1 — (a) In vivo tumor growth of sFlt-1-expressing SHIN-3 cells. Tumor cells were subcutaneously injected into the back of mice, and
the tumor size was measured every 3 days. The tumor size of SHIN-3/sFlt-1 (®) was significantly smaller than that of SHIN-3/LUC ({1, p < 0.01
(*)). The tumor volume was calculated using the formula: (width)? X (length) X 0.5 (mm>). The data represent the mean = SD. (b and ¢) Immu-
nostaining of subcutaneous tumors of SHIN-3/LUC (b) and SHIN-3/sFlt-1 (c) with anti-CD31 antibody (upper), anti-vWF antibody (middle) and
anti-eNOS antibody (bottom). Endothelial cells of newly formed vessels (arrowhead) were stained dark brown. (d) The numbers of new blood ves-
sels in SHIN-3/sFlt-1 and SHIN-3/LUC subcutaneous tumors on the 21st day after inoculation. The number of new blood vessels in SHIN-3/sFlt-1
tumors was significantly smaller than that in SHIN-3/LUC tumors (anti-CD31 antibody; 1.5 = 0.7 versus 19 = 4, p < 0.05, anti-vWF antibody;
2.7 + 0.6 versus 17.7 = 2.5, p < 0.01, anti-eNOS antibody; 1.7 = 0.6 versus 15.3 £ 2.1, p < 0.01). Each bar represents the mean = SD.

In vitro cell growth kinetics

The effects of sFlt-1 gene expression on in vitro cell growth
were examined. There were no differences in growth between
SHIN-3/sFlt-1 and the control (SHIN-3/LUC), indicating that the
expression of the sflt-1 gene does not affect in vitro cell growth
kinetics (data not shown).

Tumor cell transduction model

Subcutaneously inoculated tumor growth. As shown in Figure
1a, subcutaneous tumor growth was markedly suppressed in cells
expressing sFit-1. The size of subcutaneous tumors on the 34th
day after the transplantation of SHIN-3/sFlt-1 cells was signifi-
cantly smaller than that of control (43 =+ 37 mm” versus 1004 =
421 mm>, p < 0.01).

Angiogenesis in subcutaneous tumor. Typical immunohisto-
chemistry of tumors determined using anti-CD31" antibody, anti-
vWF antibody and anti-eNOS antibody is shown in Figures 15 and
1c, and the number of new vessels is summarized in Figure 1d. The
number of new vessels was significantly smaller in SHIN-3/sFlt-1
than that in control (anti-CD31 antibody; 1.5 = 0.7 versus 19 * 4,
p < 0.05, anti-vWF antibody; 2.7 * 0.6 versus 17.7 = 2.5, p <
0.01, anti-eNOS antibody; 1.7 * 0.6 versus 15.3 = 2.1, p < 0.01).

Ascites and peritoneal tumor dissemination. The effects of sfit-1
gene expression on peritoneal dissemination in vivo are shown in
Figure 2a. The mean volume of ascitic flnid on the 23rd day after
intraperitoneal inoculation of SHIN-3/sFlt-1 cells was significantly
smaller than that of control (Fig. 2b; 0.17 = 0.13 ml versus 1.67 *

0.71 ml, p < 0.01). Similarly, the number of metastasis (Fig. 2¢)
and mean weight of the peritoneally disseminated SHIN-3/sFit-1
tumors was significantly lower than that of control (Fig. 24; 0.48 =
0.29 g versus 2.74 = 0.54 g, p < 0.001). Thus, sflt-] gene expres-
sion suppressed ascites production and peritoneal dissemination.

Survival time. The survival of mice was monitored after inocu-
lating tumor cells intraperitoneally. In the control group, the accu-
mulation of ascitic fluid became prominent from the 14th day after
inoculation, and all mice died by the 46th day. In contrast, in the
SHIN-3/sFlt-1 group, ascitic fluid accumulation was suppressed,
resulting in a significantly longer survival (Fig. 2e, p < 0.05).
Therefore, sflt-I gene expression prolonged the survival of mice
with peritoneal dissemination of ovarian cancer.

Therapeutic model using AAV vector

Serum VEGF concentration and ascitic VEGF concentra-
tion. The serum VEGF level was lower than the detection limit in
both the subcutaneous and intraperitoneal inoculation groups. In
contrast, the ascitic VEGF level was very high (30 = 9 ng/ml).

Serum sFit-1 concentration. Following the injection of AAV1-
sFlit-1 vector into the mouse skeletal muscles, serum sFlt-1 levels
were higher than 1,000 pg/ml throughout the observation- period,
whereas in the control group with AAV1-LacZ vector, the levels
were below the detection limit (Fig. 3a).

Tumor growth. The efficacy of muscle-mediated sFlt-1 expres-
sion was evaluated in both subcutaneously- and intraperitoneally-
transplanted SHIN-3 tumor cell growth. As shown in Figure 3b, a
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of cancer cells. Large amounts of
bloody ascitic fluid were observed
in the SHIN-3/LUC group, whereas
in the SHIN-3/sFlt-1 group, the ac-
cumulation of ascitic fluid was signif-
icantly suppressed (1.67 = 0.71 ml
versus 0.17 = 0.13 ml, p < 0.01). (¢
and d) Peritoneal dissemination on
the 23rd day after peritoneal inocula-
tion of cancer cells. In the SHIN-3/
LUC group, marked peritoneal dis-
semination was observed, particularly
on the intestinal surface (arrowheads),
whereas in the SHIN-3/sFlt-1 group,
peritoneal dissemination was signifi-
cantly suppressed (2.74 = 0.54 g
versus 048 = 0.29 g, p < 0.001).
(e) Kaplan—-Meier analysis after in-
traperitoneal inoculation of cancer
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cells. Survival was significantly pro- o
longed in the SHIN-3/sFlt-1 group, o
when compared with that in the
SHIN-3/LUC group (p < 0.05).
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significant suppression of tumor growth was observed in the sFlt-1
injected group (p < 0.05). In mice with peritoneal dissemination,
the total weight of the peritoneally disseminated lesions on the
23rd day after inoculation was significantly Jower than that of con-
trol group (Fig. 3c; 1.07 = 0.87 g versus 3.15 = 2.10 g, p < 0.05).
Therefore, a therapeutic effect was observed in both models.

80 80 100
Days after injection

Survival time. The survival of mice was monitored in both groups.
The animals showed accumulation of ascites, and the mean sur-
vival lengths were 28.2 and 30.1 days for AAV-LacZ- and AAV-
sFlt-1-injected group, respectively. Although the survival in AAV-
sFit-1 group was longer than the controls, statistic significance was
not recognized between these groups.
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FIGURE 3 — (@) Serum sFlt-1 concentrations. In the mice that were intramuscularly injected with AAV1-sFlt-1, the serum sFlt-1 concentration
was higher than 1,000 pg/ml. In contrast, in the mice that were intramuscularly injected with AAV1-LacZ, the serum sFlt-1 concentration was
below the detection limit. (b) Growth of SHIN-3 subcutaneous tumors in the mice that were intramuscularly injected with AAV1-sFli-1 or
AAV1-LacZ. The growth of subcutaneous tumors was significanily suppressed in the intramuscular AAVI-sFlt-1 injection group, compared
with that in the intramuscular AAV 1-LacZ injection group. The sizes of subcutaneous tumors on the 36th day after the transplantation of SHIN-
3 cells in the AAV1-sFlt-1 and AAV1-LacZ groups were 380 = 250 mm® and 921 =* 466 mm”, respectively (¥, p < 0.05). (c) The total weight
of peritoneally disseminated tumors on the 23rd day after the intraperitoneal inoculation of SHIN-3 cells in the mice that had been intramuscu-
larly injected with AAV1-sFit-1 or AAV1-LacZ. The peritoneal dissemination was significantly suppressed in the AAV1-sFli-1 group, when
compared with that in the AAV1-LacZ group (1.07 =+ 0.87 g versus 3.15 + 2.10 g, p < 0.05). (d) A 6-mm square injury was made in the dorsal
region 2 weeks after intramuscular injection of AAV1-sFlt-1 or AAV1-lacZ into nude mice. Photographs of typical views immediately and 3, 6

and 10 days after skin incision are presented. No significant difference was noted between the groups.

Adverse events. Regarding wound healing, the wound was
completely repaired about 2 weeks after skin incision in both the
AAV1-sFlt-1 (n = 3) and control (n = 3) groups, showing no sig-
nificant difference in the time required for healing between the
groups. Photographs of typical views immediately and 3, 6, and
10 days after skin incision are shown in Figure 3d. As for neuro-
muscular damage, no apparent damage was noted at the histologi-
cal level in the AAV1-sFlt-1 group, similar to the control group
(data not shown). The body weights were 17.1 = 1.0, 21.5 = 0.9,
and 23.3 + 1.2 g before intramuscular AAV vector injection and 2
and 4 weeks after the injection, respectively, in the AAV1-sFlt-1
group (n = 5) and 169 * 1.2, 20.7 = 1.8, and 23.0 = 1.9 g,
respectively, in the control group (n = 5), showing no significant
difference. The laboratory data are shown in Table I. There were
no significant differences in the serum Alb, BUN, Cr, AST, ALT,
Na, K or Cl level between the AAV1-sFlt-1 and control groups, nor
were there significant differences in the complete blood counts.

Discussion

In this study, we demonstrated the efficacy of muscle-mediated
sFlt-1 expression using AAV vectors in both subcutaneous and in-
traperitoneally disseminated tumors.

A VEGF receptor, Flt-1, consists of an intracellular tyrosine
kinase domain, transmembrane domain and extracellular do-
main, containing 7 immunoglobulin-like domains. sFlt-1 gener-
ated by alternative splicing of the Flt-1 gene lacks the intracellu-
lar tyrosine kinase and transmembrane domains, and consists of
an extracellular domain containing 6 immunoglobulin-like do-
mains, from which the 7th immunoglobulin-like domain is de-
leted. The VEGF-binding site of Flt-1 is located on the 2nd and
3rd immunoglobulin-like domains in the extracellular do-
main.?®?° Hence, sFlt-1 has VEGF-binding ability. However, it
has no signal transduction activity because the molecule is not
anchored on the cell surface, and lacks the tyrosine kinase do-



SUPPRESSION OF OVARIAN CANCER BY AAV1-sFit-1

TABLE I1- LABORATORY DATA

AAVI-LacZ (n =3) AAVI1-sFit-1 (n = 3) p

WBC (10%/ul) 1.7+03 1.4 =05 ns.
Hemoglobin (g/dl) 123+ 1.0 139x13 n.s.
Platelets (10*/ul) 75 =+ 49 96 * 42 n.s.
Albumin (g/dl) 0.5 0.1 0.5+0 n.s.
BUN (mg/dl) 365 29+ 4 n.s.
Creatinine (mg/dl) 0.25 = 0.03 0.19 £ 0.04 n.s.
AST (1Uf) 103 = 34 86 + 30 n.s.
ALT (IU/) 37x5 31%2 n.s.
Na (meq/l) 153 +2 154 =2 n.s.
K (meqg/l) 41+04 4.2 *0.1 n.s.
Cl (meg/l) 116 =2 116 + 2 n.s.

AST, aspartate aminotransferase; ALT, alanine aminotransferase;
n.s., not significant.

main. Therefore, sFlt-1 acts as a VEGF antagonist by competing
with the original VEGF receptors, Flt-1 and KDR.

Studies suggesting the therapeutic efficacy with sFlt-1-encoding
adenoviral vectors for lung™ or pancreatic’” cancer have been
reported. Our strategy is aimed at attaining long-term sFlt-1
expression not only for tumor suppression but also to prevent the
potential recurrence of the tumor after surgical excision. For this
purpose, AAV vector appears to be ideal, since transgene expres-
sion can be achieved for a number of years.'®!"** To date, various
serotypes of AAV (1 through 11) have been identified, and the
applicability of these serotype-derived vectors has been investi-
gated.25’33“ ¥ In case of muscle transduction, AAV1-based vector
was shown to be more efficient than the rest of the serotypes.”**
Therefore, we used AAV1 vectors for sfl--1 gene transfer. In fact,
we had previously attempted the same set of experiments using
vectors AAV2 and AAVS; however, none of these experiments
showed any promising results (data not shown).

In this study, we confirmed the tumor-suppressive actions of
sFlt-1 by transducing tumor cells as we reported in different cell
line’* and demonstrated the therapeutic efficacy of muscle-
directed sflz-] gene transfer in the tumor-bearing mouse model.
Although the muscle transduction model is clinically more rele-
vant, the tumor suppressive action observed in this model was less
complete, as assessed by tumor growth (Figs. la vs. 3b), tumor
volume (Figs. 2d vs. 3¢) and overall survival. The difference in
therapeutic outcome seems to lie in the concentration of sFlt-1
within tumor and the surrounding area. Therefore, in order to
obtain more substantial therapeutic benefit, approaches to enhance
the supply of sFlt-1 from the muscle by either increasing the vec-
tor dose or by transducing more muscle tissues would be neces-
sary. Another approach, increasing the intraperitoneal concentra-
tions of sFlt-1, would be also helpful to improve the therapeutic
outcome. However, peritoneal dissemination was inhibited at a
concentration of 1,000 pg/m! in this experiment. AAV vectors
have an advantage of long-term gene expression, unlike adenovi-
rus vectors, and the level could be maintained at 1,000 pg/ml or
higher for as long as 6 weeks in this experiment. The persistent
sFlt-1 gene expression may have contributed to the inhibition of
peritoneal dissemination. For clinical application, combination of
available anticancer drugs and AAVI1-sFlt-1 may be recom-
mended more than administration of AAV1-sFlt-1 alone.
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Molecular targeted therapy against VEGF has been conducted
by using a variety of different molecules.*** Of all these mole-
cules, bevacizumab, an anti-human VEGF monoclonal antibody,
appears to be most promising, and clinical trials are ongoing for
patients with cancer.*>**** Significant prolongation of progres-
sion-free survival was noted in clinical trials with bevacizumab
for metastatic colorectal*? and renal®® cancer, either in combina-
tion with chemotherapy or independently. On the other hand, this
strategy requires frequent infusion of drugs, and the adverse
effects due to the use of the monocional antibody have been
noted.*” Although difficult to predict, our approach may be safer,
since it eliminates inherent problems that arise during the repeti-
tive injection of a monoclonal antibody. However, an influence on
vascular endothelial cells in normal tissues is a concern as an
adverse drug reaction of angiogenesis inhibitors including sFlt-1.
Actually, an anti-human VEGF monoclonal antibody, bevacizu-
mab, has been reported to exhibit adverse events of proteinuria,
hypertension, nasal bleeding and hematuria.*> The mechanism of
proteinuriza is assumed to be injuries of kidney glomerular endo-
thelial and epithelial cells due to bevacizumab-induced reduction
of the blood VEGF level.*® A delay in wound healing has also
been reported.” However, no delay in wound healing, neuromus-
cular damage or body weight changes were noted in our experi-
ment, nor were there changes in the laboratory data, and no appa-
rent AAV1-sFlt-1-induced adverse event was observed.

Reports on gene therapy for ovarian cancer that are underway
include the use of adenoviral vectors encoding tumor suppressor
genes p53*® and phosphatase and tensin homolog deleted on chro-
mosome 10.*° These studies aimed at destroying cancer cells by
introducing a therapeutic gene into the cancer cells. However, these
methods are unrealistic, since introducing a therapeutic gene into all
of the peritoneally disseminated cancer cells is impractical. On the
other hand, targeted therapy against VEGF is advantageous because
it not only has tumor-suppressive effects but also controls the for-
mation of ascites, since it simultaneously suppresses enhanced vasc-
ular permeability.’**® Theoretically, molecular targeted therapy
against VEGF is effective against high VEGF-producing tumors. It
is demonstrated that approximately half of the ovarian cancer
patients have elevated serum VEGF level.” Therefore, this approach
would be suitable for at least half of the patients with ovarian can-
cer. In case of patients who have ovarian cancer with low VEGF-
producing tumors, an alternative strategy should be applied. The
results of our in vitro study suggests that low VEGF-producing
ovarian cancer cell lines frequently secrete other angiogenic factors
such as PDGF, PD-ECGF and interleukin-8 (unpublished observa-
tions). Therefore, a different therapeutic strategy based on the
increased level of another angiogenic factor may prove useful for
treating patients with low VEGF-producing tumors.

In summary, the experiments using transduced cancer cells con-
firmed that sFlt-1 has angiogenesis-suppressing activity, through
which it inhibits the growth of subcutaneously transplanted ovar-
ian cancer cells and the peritoneal dissemination of tumors. In
addition, the in vivo experiment that aimed at the clinical applica-
tion of gene therapy using the AAV vector (AAVI1-sFlt-1)
revealed that the intramuscular injection of AAV1-sFlt-1 had simi-
lar inhibitory effects. These results suggest the possibility of
implementing gene therapy using AAV1-sFit-1 aimed at suppress-
ing peritoneal dissemination of ovarian cancer.
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The ability of adeno-asseciated virus serotype 1 to 8 (AAV1 to AAVS) vectors expressing the human
immunodeficiency virus type 1 (HIV-1) Env gp160 (AAV-HIV) to induce an immune response was evalu-
ated in BALB/c mice. The AAVS3 vector showed a higher tropism for both mouse and human dendritic cells
(DCs) than did the AAV2 vector, whereas other AAV serotype vectors transduced DCs only poorly. AAV1,
AAV5, AAV7, and AAVS were more highly expressed in muscle cells than AAV2. An immunogenicity study
of AAV serotypes indicates that AAV1, AAV5, AAV7, and AAVS vectors expressing the Env gpl60 gene
induced higher HIV-specific humoral and cell-mediated immune responses than the AAV2 vector did, with
the AAVS vector producing the best responses. Furthermore, mice injected with DCs that had been
transduced ex vivo with an AAV5 vector expressing the gpl60 gene elicited higher HIV-specific cell-
mediated immune responses than did DCs transduced with AAV1 and AAV2 vectors. We also found that
AAV vectors produced by HEK293 cells and insect cells elicit similar levels of antigen-specific immune
responses. These results demonstrate that the immunogenicity of AAV vectors depends on their tropism
for both antigen-presenting cells (such as DCs) and non-antigen-presenting cells (such as muscular cells)
and that AAVS is a better vector than other AAV serotypes. These results may aid in the development of

AAV-based vaccine and gene therapy.

Recombinant adeno-associated viruses (AAVs) have been
widely used as gene delivery vectors in animal models (17, 18),
and these have entered human clinical trials (34). AAVs have
been found in many animal species, including nonhuman pri-
mates, canines, fowls, and humans. An increasing number of
AAY serotypes have been reported. AAV2, AAV3, and AAVS
are found in humans, while AAV4, AAV7, and AAVS are
found in nonhuman primates (21, 45, 50). The reservoir for
AAV1 is unclear because these viruses have not been primarily
isolated from tissues; however, reactive antibodies (Abs)
against AAV1 have been found to exist in both humans and
nonhuman primates (9). AAV6 appears to be a recombinant
between AAV1 and AAV2 (60). Most of the current studies
involving AAV are based on AAV2 since it was the first avail-
able infectious clone (51). The use of AAV2 as a vector to
introduce exogenous genes encoding immunogenic proteins
for the purpose of vaccination has been explored in several
studies conducted by us (65, 66) and other researchers (17, 30,
46, 47). An ex vivo experiment demonstrated that the AAV2
vector can transduce dendritic cells (DCs) and that these cells

* Corresponding author. Mailing address: Department of Molecular
Biodefense Research, Yokohama City University Graduate School of
Medicine, 3-9 Fukuura, Kanazawa-ku, Yokohama 236-0004, Japan.
Phone: 81(45)787-2602. Fax: 81 (45)787-2851. E-mail: kokuda@med
.yokohama-cu.ac.jp.

¥ Published ahead of print on 27 September 2006.

then present the AAV-encoded antigen to T cells (46, 65).
Other AAV serotypes may have advantages as vaccine vectors
because AAV serotypes differ in their tissue and/or cell tro-
pism (23, 25, 30, 47). For example, AAV1 and AAV7 are more
efficient than AAV2 for the transduction of skeletal muscle
(21, 60), while AAV3 is superior for the transduction of
megakaryocytes (27). AAVS and AAV6 infect apical airway
cells more efficiently (24, 68). AAV2, AAV4, and AAVS infect
cells of the central nervous system; however, differences with
regard to the distribution and target cell types exist among
these three serotypes (68).

AAV is a small, single-stranded DNA virus that lacks an
envelope. This virus requires a helper virus to facilitate effi-
cient replication. The genome of wild-type AAV is known to
integrate into the human genome at a specific site on chromo-
some 19q (36). However, in nondividing cells, AAV vector
genomes mostly adopt the form of concatameric circular epi-
somes that comprise active transcriptional units (16, 54).
AAYV is currently the only nonpathogenic viral vector that
has been shown to mediate long-term gene expression with-
out causing toxicity in vivo. Using this vector system, exog-
enous genes have been cfficiently transferred into a number
of tissues, including brain (18), muscle (29), lung (19), gut
(17), liver (55), and eye (37). A human clinical trial of AAV2
has been conducted (34, 41).

The objectives of the present study were (i) to compare the
immunogenicities of AAV serotypes (1 to 8) expressing human
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immunodeficiency virus (HIV) Env gp160 in BALB/c mice, (ii)
to compare the immunogenicities of AAV serotype vectors
produced by HEK293 cells and insect cells, and (iii) to evaluate
the mechanisms involved in the observed responses.

MATERIALS AND METHODS

AAV production. AAYV vectors were generated as described previously (65,
66). In brief, a lacZ gene or a fragment containing HIV Env gp160 and Rev
coding genes, which were derived from the HIV 1IIB strain, was subcloned into
a shuttle vector containing the cytomegalovirus (CMV) promoter, poly(A), and
the AAV2 inverted terminal repeat (the AAVS inverted terminal repeat was
used for construction of the AAVS vector; the AAV2 inverted terminal repeat
was used for other AAV serotype vectors). We included a Rev coding gene in the
construct because expression of HIV Env gp160 is dependent on Rev protein.
This approach resulted in increased HIV Env gp160 protein expression in vitro
and enhanced immune responses against HIV Env gpl60 in vivo (33). The
recombinant shuttle vector was packaged by triple transfection of HEK293 cells
with an adenovirus helper plasmid, a chimeric packaging construct in which the
AAV?2 Rep gene was fused to the cap gene derived from either AAV serotype,
and a shuttle vector plasmid to produce pseudotypes AAV2-based AAV1-LacZ,
AAV2-LacZ, AAV3-LacZ, AAV4-LacZ, AAV5-LacZ, AAV7-LacZ, and
AAVS8-LacZ or AAVI1-HIV, AAV2-HIV, AAV3-HIV, AAV4-HIV, AAVS-
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FIG. 2. Transduction of mouse purified DCs by AAV serotype vectors. (a) Mouse CD11c* DCs were transduced with LacZ-expressing AAV
vectors at 10° vp/cell (triplicate for each sample). Two days after infection, the cells were stained with X-Gal (upper panel), and the -galactosidase
activity was measured using the Beta-Glo Assay System (bottom panel). The data presented were averaged from three separate experiments. The
asterisk indicates a significant difference when AAV2-LacZ-transduced cells were compared to AAV1-LacZ-, AAV3-LacZ-, AAV4-LacZ-,
AAV7-LacZ-, and AAV8-LacZ-transduced cells and mock-transduced cells; the double asterisk indicates a significant difference when AAV5-
LacZ-transduced cells were compared to AAV2-LacZ-transduced cells. RLU, relative light units. (b) Mouse CD11c™ DCs were transduced with
AAV-LacZ vectors at 10° to 10° vp/cell (triplicate for each sample). Two days after transduction, the cells were stained with X-Gal, and the
percentages of LacZ-expressing DCs (FDG™ CD11c* DCs) were determined. The data presented were averaged from three separate experiments.
(c) Enriched immature DCs were transduced with 10° vp/cell of various AAV-LacZ vectors (triplicate for each sample). Two days after
transduction, the cells were treated with PE-conjugated anti-mouse CD11c Ab and FDG followed by flow cytometric analysis. The data provided
represent the fraction of FDG/CD11c dual-positive cells as a percentage of the total population of CD11c" cells. The data presented were averaged

from three independent experiments.

HIV, AAV7-HIV, and AAVS-HIV vectors. The AAV vectors were purified by
the standard cesium chloride sedimentation method (65, 66). The titer was
determined by quantitative DNA dot blot hybridization.

The insect cell-produced AAV vectors (BacAAVs) were generated as de-
scribed previously (58). The fragment containing the CMV promoter, HIV Env
gp160 and Rev coding genes, and poly(A) was excised from the AAV shuttle
vector by using Not]; the resulting fragment was inserted into the corresponding
site of a baculovirus transfer plasmid between the serotype 2 or 5 inverted
terminal repeats. Recombinant baculoviruses were generated by using the Bac-
to-Bac baculovirus expression system (Invitrogen, Carlsbad, CA). Recombinant
baculoviruses containing the HIV Env gp160 and Rev coding genes; an AAV
Rep of serotypes 1, 2, and 5; and an AAV1, AAV?2, or AAVS capsid were used
to infect insect cells in order to produce BacAAVI-HIV, BacAAV2-HIV, and
BacAAV5-HIV vectors, respectively. The AAV vectors produced were purified
by two rounds of ultracentrifugation with a standard cesium chloride density
gradient (65, 66). The titer was determined by quantitative DNA dot blot hy-
bridization.

In vivo expression of B-galactosidase. The AAV-LacZ vector (10'° viral par-
ticles {vp}/mouse) was injected into mouse muscle. Two weeks after the admin-
istration, the mouse was sacrificed and the B-galactosidase activity in the muscle
was monitored periodically from 1 week through 6 months after administration
by using the Beta-Glo Assay System (Promega, Madison, WI).

Mouse DC preparation. DCs were isolated from BALB/c mouse bone marrow,
as described previously (7, 62). In brief, the bone marrow was obtained from the
tibia and femur of BALB/c mice. The DCs at a density of 5 X 10° cells/ml were

cultured in RPMI 1640 medium containing 10% fetal calf serum, 1 ng/ml re-
combinant granulocyte-macrophage colony-stimulating factor (GM-CSF; Kirin
Beer Corp., Tokyo, Japan), and recombinant interleukin-4 (IL-4) for 6 days.

Transduction of AAV vectors to mouse cells. Immature mouse DCs were
stained with phycoerythrin (PE)-conjugated anti-mouse CD11c antibody (clone
N418; eBioscience, Boston, MA). The CD11c* DCs were sorted using a MoFlo
Cell Sorter (Takara Bio Corp., Tokyo, Japan). The cells were transduced with
LacZ-expressing serotype AAV vectors at 37°C at 10° to 10° vpfcell for 2 days.
The transduced cells were washed with phosphate-buffered saline (PBS) and
stained with 40 mM X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside)
in staining buffer [5 mM K;Fe(CN),, 5 mM K Fe(CN);, 2mM MgCl, in PBS] at
37°C for 2 h. The B-galactosidase activity was detected by using the Beta-Gio
Assay System (Promega). To count LacZ-expressing cells, the sorted CD11c™
DCs were treated with 1 pM of fluorescein digalactoside (FDG; Molecular
Probes, Eugene, OR) followed by flow cytometric analysis (the data are shown in
Fig. 2b). The enriched, unsorted DCs were transduced with LacZ-expressing
serotype AAV vectors at 37°C at 10° vp/cell for 2 days. The cells were stained
with anti-mouse CD11c antibody and treated with FDG followed by flow cyto-
metric analysis (the data are shown in Fig. 2c).

The mouse DCs used in this study were derived from GM-CSF- and IL-4-
treated bone marrow cells. To explore the efficiencies of transduction of AAV
serotype vectors to hematopoietic cells, unpurified mouse splenocytes and bone
marrow cells were transduced with LacZ-expressing serotype AAV vectors at 10°
vp/eell at 37°C for 2 days. The bone marrow cells were treated with 1 uM of
FDG, and splenocytes were treated with 1 pM of FDG and PE-conjugated
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anti-mouse CD3e (clonel45-2C11), PE-conjugated anti-mouse CD11b (clone
M1/70), or PE-conjugated anti-mouse CD19 (clone MB19-1) (all antibodies were
from eBioscience) followed by flow cytometric analysis for staining T cells,
macrophages, and B cells, respectively.

Human DC preparation. To explore the transduction efficiencies of AAV
serotype vectors to human cells, human peripheral blood mononuclear cells
(PBMCs) and an enriched population of PBMC-derived immature DCs were
prepared as previously described (67). Briefly, human PBMCs were isolated from
the blood of a healthy person using Lymphoparu 1 (Immune Biological Labora-
tory, Gunma, Japan) according to the manufacturer’s instructions. Fresh human
PBMCs at 3 X 10° cells/ml in RPMI 1640 medium were dispensed into individual
wells of 12-well plates (1 mi/well), which had been previously coated with autol-
ogous plasma for 30 min at 37°C. The PBMC cultures were allowed to incubate
at 37°C for 1 h. After gentle washing with serum-free RPMI 1640 medium, the
adherent cells were cultured in Iscove’s modification of Dulbecco modified Eagle
medium (2 ml/well) containing human GM-CSF (500 ng/ml) and IL-4 (200
ug/ml) (both from Pierce Biotechnology, Rockford, IL) for 5 days.

Transduction of AAV vectors to human cells. The human PBMCs and an
enriched population of PBMC-derived immature DCs were transduced with
LacZ-expressing serotype AAV vectors at 10° vp/eell at 37°C for 2 days. The
AAV-transduced DCs were treated with 1 uM of FDG, and AAV-transduced
PBMCs were treated with FDG and PE-conjugated anti-human CD11c (clone
3.9), PE-conjugated anti-human CD3 (clone HIT3a), PE-conjugated anti-human
CD11b (clone ICRF44), or PE-conjugated anti-human CD19 (J4-166) (all anti-
bodies were from eBioscience) followed by flow cytometric analysis for staining
DCs, T cells, macrophages, and B cells, respectively.

‘Western blot analysis. To confirm the expression of HIV Env gp160, HEK293
cells were transduced with the AAV vectors encoding the HIV gene in a six-well
plate. Two days posttransduction, the cells were washed in PBS and lysed with 0.1
M Tris-HCI (pH 7.8) and 0.125% Nonidet P-40. The cell lysates were mixed with
an equal volume of 2X sodium dodecyl sulfate buffer (125 mM Tris-HCI, pH 6.8,
4% sodium dodecyl sulfate, 20% glycerol, 0.01% bromophenol blue, and 10%
B-mercaptoethanol) and boiled for 10 min. Then the cell lysates were loaded on
an 8% polyacrylamide gel and transferred to a Hybond ECL nitrocellulose
membrane (Amersham Pharmacia Biotech, Buckinghamshire, England). The
HIV gpl60 and B-actin proteins were detected using a mouse anti-HIV gp120
monoclonal Ab (MAb) (hybridoma 902; AIDS Research and Reference Reagent
Program, National Institutes of Health, Maryland) and an anti-human B-actin
MADb (Sigma), respectively. An affinity-purified horseradish peroxidase-labeled
anti-mouse immunoglobulin (Ig; ICN Pharmaceuticals, Inc., Solon, OH) was
used as the secondary Ab. Protein was detected using the ECL Plus Western
Blotting Detection System (Amersham Pharmacia Biotech, Uppsala, Sweden).

Animals and i i Eight-week-old BALB/c female mice were pur-
chased from Japan SLC, Inc. (Hamamatsu, Japan). The mice were housed in the
animal center located at Yokohama City University and maintained on a 12-h
day-night cycle. The mice were intramuscularly (i.m.) immunized three times
with 10'° particles of the AAV vector at 2-week intervals.

Enzyme-linked immunesorbent assay. The enzyme-linked immunosorbent as-
say was performed as described elsewhere (63, 65). To summarize, 96-well
microtiter plates were coated with 1 pg/ml of HIVe, gp120 protein (donated by
the AIDS Research and Reference Reagent Program, National Institutes of
Health) and incubated overnight at 4°C. The wells were blocked with PBS
containing 1% bovine serum albumin (BSA) for 2 h at room temperature. They
were then treated with 100 pl of serially diluted antisera and incubated for an
additional 2 h at 37°C. The bound immunoglobulin was quantified using an
affinity-purified horseradish peroxidase-labeled anti-mouse antibody (Sigma).
The mean antibody titer was expressed as the reciprocal of the serial serum
dilution that exceeded the assay background by 2 standard deviations.

IFN-y ELISPOT assay. Two weeks after the final immunization, a gamma
interferon (IFN-y) ELISPOT assay was performed as described previously (62).
In brief, MultiScreen-IP plates (Millipore, Bedford, MA) were coated with 50 ul
of 10-pg/ml purified rat anti-mouse IFN-vy antibody (XMG1.2; PharMingen, San
Diego, CA) in PBS overnight at 4°C. The plate was then blocked with PBS
containing 5% BSA and 0.025% Tween 20 for 2 h at room temperature. Lym-
phocytes (1 X 10° to 10 X 10°) isolated from the spleen were added to each well
in triplicate. The spleen cells were stimulated with or without 10 pg/ml of the
HIV V3 peptide (RGPGRAFVTI) for 24 h at 37°C. After incubation, the cells
were removed and incubated with 0.5 pg/ml of biotinylated anti-mouse IFN-y
antibody (PharMingen) for 2 h at 37°C, followed by the addition of 100 pl/well
of 0.2% alkaline phosphatase-streptavidin (Vector Laboratories, Burlingame,
CA) in PBS containing 0.05% Tween 20 and 5% BSA for 1.5 h. Finally, the plate
was treated with 50 pl/well of 5-bromo-4-chloro-3-indolylphosphate—nitroblue
tetrazolium membrane phosphatase (Kirkegaard and Perry Laboratories,
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Gaithersburg, MD) at room temperature for 20 min, and the reaction was
terminated by holding the plate under running distilled water. The number of
spots was counted using a computer-assisted video image analyzer. The results
were expressed as spot-forming cells (SFC) per million cells.

Tetramer assay. The tetramer assay was performed as described previously
(62-65). The H-2Dp18 tetramer (RGPGRAFVTI) labeled with PE was pre-
pared by ProImmune Limited (Oxford, United Kingdom). In brief, mouse
splenocytes were incubated with 4% healthy mouse serum in PBS for 15 min at
4°C. The cells were stained with fluorescein isothiocyanate (FITC)-labeled anti-
mouse CD8a (Ly-2; PharMingen) at 0.5 p.g/10° cells for 30 min at 4°C. After two
washes in staining buffer (3% fetal calf serum, 0.1% NaNj; in PBS), the cells were
incubated with the tetramer reagent for 30 min at 4°C and analyzed by flow
cytometry.

In vive CTL assay. The assay was performed as previously described (52). Briefly,
cytotoxic T-lymphocyte (CTL) target cells were derived from naive splenocytes and
then pulsed with 10 wg/ml of the HIV V3 peptide (RGPGRAFVTI) or with no
peptide at 37°C for 1 h. Peptide-pulsed cells were labeled with a high concentration
of carboxyfluorescein diacetate succinimidyl ester (CFSE; 5 pM; Molecular Probes,
Eugene, Oreg.), or unpulsed cells were labeled with a Jow concentration of CFSE
(0.5 uM). Cells were then washed and enumerated. For the in vivo CTL assay, 5 X
10° pulsed and 5 x 10° unpulsed cells were combined into a final 200 l of PBS and
intravenously injected into vaccinated mice. Mice were killed 24 h after in vivo target
cell incubation. The mouse splenocytes were analyzed by flow cytometry. The per-
cent in vivo killing of CFSE-labeled target cells was defined as the relative loss of
such cells after in vivo incubation and thus was taken as the measure of CTL. It was
calculated using the formula % killing = [1 — (unpulsed cells/peptide-pulsed cells
from unimmunized control)/(unpulsed cells/peptide-pulsed cells from immunized
group)] X 100.

Surface expression of HIV gp120 and ex vive transduction. To investigate
whether the AAV-HIV-transduced DCs could present the HIV peptide to T
cells, mouse bone marrow-derived DCs were transduced with AAV-HIV vectors
at 10° vp/cell at 37°C for 2 days. To explore whether HIV gp160 is expressed on
the surface of DCs, the AAV-HIV-transduced DCs were stained with HIV gp120
MAD (hybridoma 902) followed by FITC-conjugated rabbit anti-mouse IgG and
PE-conjugated anti-mouse CD11c antibody (clone N418; eBioscience). The cells
were analyzed by flow cytometry. Enriched mouse DCs were transduced with the
AAV-HIV vectors for 2 h and then washed with PBS, and 10° cells were intra-
venously administered to recipient BALB/c mice. One week after the adminis-
tration, HIV-specific responses were detected by a tetramer assay.

Data analysis. All the values are expressed as means * standard errors.
Statistical analysis of the experimental data and controls was conducted using
one-way factorial analysis of variance. Statistical significance was defined as a
value of P < 0.05.

RESULTS

Different expression levels of AAV serotype vectors in mouse
muscle. Muscular cells are one of the major targets trans-
duced when viral vectors are delivered via the i.m. route. In
this study, the relative efficiency with which various AAV
serotype vectors were transduced and expressed in vivo was
explored. Mice were injected i.m. with AAV serotype vec-
tors carrying the lacZ gene. B-Galactosidase activity was
monitored periodically from 1 week through 6 months after
administration. Results show that the AAV1 and AAV7
vectors elicited significantly higher B-galactosidase activity
than the AAV2, AAV3, and AAV4 vectors, with AAVS and
AAVS yielding intermediate levels of expression at 2 weeks
after administration (Fig. 1). We found that AAV expres-
sion was maximal 2 to 4 weeks after AAV vector adminis-
tration, although B-galactosidase activity remained elevated
for up to 6 months (data not shown).

Strong tropism of AAVS for mouse DCs. The ability of each
AAY serotype to transduce DCs was then examined. Enriched
CD11c* DCs were purified and incubated for 2 days with 10*
vp/cell of each AAV serotype. Some cells were stained with
X-Gal, and others were examined for B-galactosidase expres-
sion. As shown in Fig. 2a, very strong X-Gal staining was
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FIG. 3. Transduction of mouse unpurified bone marrow cells and splenocytes by AAV serotype vectors. Mouse bone marrow cells and
splenocytes were transduced with 10° vp/cell of AAV-LacZ vectors. Two days after transduction, the cells were treated with FDG and the
splenocytes were stained with anti-mouse CD3 (T cells), anti-mouse CD11b (macrophages), or anti-mouse CD19 (B cells) antibody followed by
flow cytometric analysis. Panels show results from one of three independent experiments.

observed in cells treated with AAVS vector, weaker staining in
those treated with AAV2, and none in cells exposed to the
other AAV serotypes. Similar results were obtained when pu-
rified CD11c* DCs were incubated with 10% to 10° vp/cell, and
X-Gal expression was monitored by flow cytometry. As the
dose of vector increased, up to 96.5% of DCs were transduced
by the AAVS vector and 45.7% by the AAV2 vector, but
<10% for all other vectors (Fig. 2b). Similar results were
observed using enriched bone marrow-derived immature DCs
(Fig. 2c). Of note, the AAVS5 vector strongly transduced both
bone marrow-derived CD11c* cells and CD1lc™ cells (Fig.
2c). Further study demonstrated that AAVS transfected most
unpurified bone marrow cells, whereas AAV2 was much less
effective and other AAV serotypes largely ineffective (Fig. 3).
AAVS was also effective at transducing T cells (>85% of
CD3™" cells) and macrophages (>30% of CD11b™ cells), but
less than 10% of T cells and macrophages were transduced by
other AAV serotypes (Fig. 3). However, there was no signifi-
cant difference in the abilities of various vectors to transduce B
cells (<15%).

Strong tropism of AAV5S for human DCs. To explore the
transduction efficiency of AAV5 for human target cells, DCs
were prepared from human PBMCs. At an infection dose of

10° vp/cell, 26.8% of enriched human CD11™ DCs were trans-
duced by AAVS3, but less than 5% of DCs were transduced by
other serotypes (Fig. 4). The cellular tropism of AAVS was
also examined by flow cytometry. AAVS5 infected 56.4% of
CD3* T celis (Fig. 4) and 23.5% of CD11b* macrophages
(Fig. 4). However, other serotype vectors were poorly trans-
duced into both T cells and macrophages (<5%, Fig. 4). No
significant difference in transduction of CD19" B cells was
observed among AAV serotype vectors (<10% of B cells). In
general, human DCs, macrophages, and T cells were trans-
duced less effectively by AAVS5 than were murine cells, perhaps
reflecting differences in AAVS receptor expression between
these two species.

Similar immunogenicities of AAV vectors produced by
HEK293 cells and insect cells. Difficulty in producing high-
titered AAV stocks has limited the clinical utility of this class
of vectors. To resolve the problem, AAV vectors have been
produced utilizing baculovirus in insect cells (42, 56, 58) and
herpes simplex virus (8, 14). In this study, HEK293 cells were
infected with 10° vp/cell of AAV-HIV vectors and the expres-
sion of AAV-HIV vectors was confirmed by Western blotting
(Fig. 5a). HIV gene expression by AAV1 and AAV?2 vectors
was slightly stronger than that by other serotype vectors. The
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followed by flow cytometric analysis. Panels show results from one of three independent experiments.

abilities to produce three AAV serotypes (AAV1, AAV2, and
AAV35) in insect cells and in HEK293 cells were compared.
Expression levels of insect cell-produced AAV vectors similar
to those of HEK293-produced corresponding AAV vectors
were observed. Again, as seen in Fig. 6, similar cell-mediated
immune responses were elicited by the corresponding AAV
vectors. However, AAYV vectors derived from insect cells were
slightly more effective at inducing humoral immune responses
than vectors derived from HEK?293 cells (Fig. 5b). This may be
due to vector contamination by baculovirus components, since
baculovirus itself can have an adjuvant effect on vaccine-in-
duced immune responses (1, 22).

AAV-HIV immunization stimulates a humoral immune re-
sponse. To explore the immunogenicity of the AAV vectors,
BALB/c mice were immunized three times with 10'° vp of
various AAV-HIV vectors. The resultant HIV-specific serum
Ab response was examined 1 month after the last boost. The
strongest HIV-specific serum IgG response was generated in
mice immunized with the AAVS5-HIV vector; the poorest
humoral responses were observed in mice immunized with
AAV3-HIV or AAV4-HIV (Fig. 5b). AAV1-HIV, AAV7-
HIV, and AAVS-HIV induced intermediate humoral re-
sponses (Fig. 5b).

AAV-HIV immunization stimulates a cellular immune re-
sponse. The induction of HIV-specific IFN-y-secreting cells
was then examined in the immunized mice. As observed for
humoral immunity, animals immunized with the AAV5-HIV

vector generated the strongest cellular immune response
(1,500 SFC/million cells). The AAV1, AAV2, AAV7, and
AAV8 HIV vectors also stimulated >300 IFN-y-secreting
SFC/million spleen cells, whereas the AAV3- and AAV4-HIV
vectors elicited significantly weaker cellular responses (P <
0.05, Fig. 6a). The AAV5-HIV produced by either HEK293
or insect cells induced significantly higher cellular immune
responses than the AAV1-HIV produced by corresponding
cells.

A tetramer binding assay was used to identify major histo-
compatibility complex class I-restricted HIV-specific T cells
(3). Mice immunized with the AAV1-, AAVS-, and AAV7-
HIV vectors induced strong HIV-specific CD8" T-cell re-
sponses (>2%, Fig. 6b), and AAV2-HIV was intermediate
(1.2%), while AAV3- and AAV4-HIV elicited only 0.4% HIV-
specific CD8" T cells.

An in vivo CTL assay was used to detect vaccine-elicited
cell-mediated immune responses. Whereas the AAV3-,
AAV4-, and AAVS-HIV vectors elicited approximately 40%
CTL activity, the AAV1-, AAVS-, and AAV7-HIV vectors
were significantly more effective (generally >50% activity),
with the AAV2-HIV vector being intermediate (Fig. 6c).

DCs present HIV peptide to T cells in vivo. To examine
whether DCs play a role in AAV-HIV-induced immune re-
sponses, DCs were enriched from the bone marrow of naive
mice. Enriched DCs were then treated with AAVS5-LacZ,
AAVI1-HIV, AAV2-HIV, or AAV5-HIV vectors in vitro (10°
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vp/cell). The expression of HIV gp160 protein on the surface of
mouse DCs was confirmed by anti-mouse HIV gpl120 mono-
clonal antibody and anti-mouse CD11c antibody staining fol-
Jowed by flow cytometric analysis. HIV gp160 protein was
detected in 13.5%, 19.4%, and 65.2% of CD11c* DCs which
were transduced with AAV1-HIV, AAV2-HIV, and AAVS-
HIV vectors, respectively (Fig. 7a). On the other hand, en-
riched mouse DCs were transduced with AAV-HIV vectors
and injected into naive recipients. Seven days later, HIV-spe-
cific tetramer binding CD8" cells were quantified using the
tetramer assay. Recipients of the AAV2-HIV (0.6%)- and
AAV5-HIV (2.1%)-transduced cells had significantly higher
HIV peptide-binding CD8" T cells than the AAV-LacZ-
treated control (0.0%) (Fig. 7b). In contrast, a weak immune
response was observed in recipients of AAV1-HIV vector-
transduced cells (0.1%).

DISCUSSION

The present study demonstrates that AAVS is a superior
vector for achieving humoral and cellular immune responses,
and the immunogenicity of AAV vectors depends on their
tropism for both antigen-presenting cells (APCs) (such as
DCs) and non-antigen-presenting cells (such as muscular
cells).

Consistent with previous studies, AAV-HIV vectors of dif-
ferent serotypes had distinct effects on the induction of HIV-
specific humoral and cell-mediated immune responses (10, 17,
20, 28, 31, 38, 40, 53, 65, 66). However, most of these studies
examined the durability of transgene expression after i.m. ad-
ministration of the AAV vector but did not typically monitor
cell-mediated immune responses against the encoded antigen
(19, 32, 61). In contrast to studies in which the AAV vector
encoded a self protein (as in gene therapy) or in which a
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neoantigen was used to evaluate long-term expression (such as
B-galactosidase), the immune response elicited by our HIV
Env gpl160-encoding vector was quite strong (10, 17, 20, 28, 31,
38, 40, 53, 65, 66).

Most currently used AAV vectors for vaccine or gene ther-
apy are based on the AAV2 serotype (10, 17, 20, 28, 31, 38, 40,
53, 65, 66). The current work compared the immunogenicity of
AAV2-HIV to that of other AAV serotype-based vectors and
found that the AAVS vector induced the strongest cellular and
humoral immune responses. This finding may help in the de-
velopment of novel AAV vector-based vaccines, particularly
because natural immunity to AAVS is rare (30). Of note, while
we used a prime/boost regimen involving repeated administra-
tion of the same AAV serotype vector, it may be even more
effective to prime with one serotype and boost with another
(since neutralizing Abs raised against the first vector are un-
likely to cross-react with a different serotype) (43).

Con., negative control.

Following vaccination with the AAV vector, antigen-specific
immune responses can be induced through at least two path-
ways. In one of the pathways, the vaccine vector directly infects
APCs, such as DCs, where the encoded antigen is expressed.
The antigen is then processed and presented by APCs to T
cells (Fig. 7) (65). The percentage of HIV gpl60™ CD11c”
cells in Fig. 7a was lower than the percentage of FDG™
CD11c™ cells in Fig. 2c. This may be due to the presentation
of HIV gp160 peptides by DCs present in culture. In the
other pathway, the vaccine vector infects non-APCs, such as
muscle cells. APCs take up the antigen expressed by the
infected cells and present peptides from the exogenous an-
tigen to T cells by major histocompatibility complex class
I-restricted cross-presentation. It has been known that ad-
enovirus vectors may use both pathways; however, AAV2
relies on the latter pathway due to a low efficiency of trans-
fection of DCs (53). Current findings indicate that AAV1,

FIG. 6. HIV-specific cell-mediated immune responses induced by AAV vector vaccination. BALB/c mice (five mice/group) were immunized
with AAV-HIV vectors on days 0, 14, and 28. Five mice per group for the IFN-y ELISPOT and tetramer assay and five mice per group for the
in vivo CTL assay were used. The HIV-specific IFN-y ELISPOT assay was performed (a), the percentage of HIV-specific tetramer binding CD8™
cells was determined (b), and the in vivo CTL assay was performed (c) 2 weeks after the final immunization. BacAAV vectors were generated in
insect cells, whereas other AAV vectors were generated in HEK293 cells. Asterisks indicate significant differences between the two groups (P <
0.05). Panels b and ¢ show results from individual representative animals, while the data represent the averages of five mice/group.
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AAV7, and AAVS vectors preferentially infect muscle cells,
whereas the AAVS5 vector optimally infected DCs (Fig. 1 to
4 and 7). Following i.m. administration, all four vectors induced
higher HIV-specific immunogenicity than the AAV2 vector (Fig.
5 and 6).

DCs are primarily responsible for stimulating resting naive T
lymphocytes and initiating a CTL response (5). Immature DCs
residing in the peripheral tissues capture foreign antigens, ma-
ture, and then migrate to secondary lymphoid organs, where
the processed antigen is presented. To determine whether DCs
might contribute to the immune responses induced by the
AAV-HIV vector, enriched DCs were transduced with the
AAVS5-HIV vector and transferred into naive mice. As seen in
Fig. 7b, recipients generated HIV-specific tetramer binding
CD8* T cells. These results demonstrate that DCs can present
vector-encoded antigen to naive T cells efficiently. In this con-
text, the levels of immune response induced by the AAV1-
HIV, AAV2-HIV, and AAV5-HIV vectors correlated with
their tropism for DCs (70).

A number of studies show that recombinant AAV vectors
can be used to transduce DCs (2, 13, 32, 35, 39, 46, 49, 53, 70).
Current results document that AAVS5 can transfect mouse and
human DCs much more efficiently than other AAV serotype
vectors (Fig. 2 to 4). In addition, AAVS5 was efficiently trans-
duced into T cells and macrophages (Fig. 3 and 4), which may
be useful for gene therapy of diseases involving hematopoietic
cells (4, 26, 43, 57, 59, 69).

Eight AAV serotypes (AAV1 to AAVE) have been de-
scribed, with each serotype having unique binding and cell
tropism characteristics (6, 11, 12, 21, 44, 50, 60). A primary
coreceptor for AAVS is sialic acid, while the platelet-derived
growth factor receptor is involved in the binding and cell entry
of AAVS5 (15). Platelet-derived growth factor receptor is
mainly expressed on fibroblasts, smooth muscle cells, glial cells,
and chondrocytes but not on hematopoietic cells. Surprisingly,
we found that AAVS was efficiently transduced into hemato-
poietic cells (Fig. 3 and 4), suggesting that another receptor(s)
may be used by AAVS for cell entry.

The AAV?2 vector can be produced in insect cells by using
baculovirus expression vectors in suspension culture, a strategy
that is amenable to easy scale-up (58). In this study, AAV1,
AAV2, and AAVS vectors expressing the HIV gpl60 gene
were prepared using either insect cells or HEK293 cells. Sim-
ilar immune responses were obtained using vectors produced
by either method (Fig. 5b and 6), indicating that insect cell-
produced AAYV vectors should be considered for the large-scale
preparation of AAV vectors.

In summary, this is the first report that systematically com-
pares DC tropism and immunogenicity of AAV serotype vec-
tors. Results show that AAVS vectors can efficiently transduce
DCs and produce stronger antigen-specific immune responses
than other AAV vectors. Thus, AAV5-based vectors deserve
further consideration for clinical vaccine development and im-
mune therapy.
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