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Liver cancer has a very poor prognosis and lacks effective therapy.
We have previously demonstrated that intraportal injection of
adeno-associated-viral (AAV) particles that express angiostatin
lead to long-term expression of angiostatin capable of suppressing
the outgrowth of EL-4 tumors in the liver. Here we combine
AAV-mediated angiostatin therapy with immunotherapy by em-
ploying an AAV vector encoding the T-cell costimulator B7.1.
Incubation of EL-4 cells with AAV-B7.1 viruses resulted in the
rapid expression of B7.1 on the surface of 80% of EL-4 cells. Mice
that were vaccinated with B7.1-engineered tumor cells rejected the
tumor cells and resisted a secondary challenge with unmodified
parental cells. Splenocytes from the vaccinated mice were highly
cytotoxic towards parental EL-4 cells in vitro. However, the vac-
cinated mice failed to resist the challenge of a heavy burden of
EL-4 cells. Intraportal injection of AAV particles that express
angiostatin into mice that had been vaccinated 1 month earlier
with B7.1-engineered tumor cells protected mice against the chal-
lenge of a heavy burden of EL-4 cells and eradicated tumors that
had disseminated to the liver. The combinational therapy in-
creased the survival rate of mice with advanced liver cancer. These
encouraging results warrant investigation of the employment of
anti-angiogenic therapy subsequent to cancer immunotherapy for
targeting unresectable disseminated liver metastases.
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The liver is the most frequent site of blood-borne metastases,
being involved in about one third of all cancers, including the most
frequent cancer types.1 Despite extensive exploration for novel
therapies, there is no effective treatment for liver metastases. A
recent study suggests liver cancer may be susceptible to immuno-
therapy. Thus, there was a decreased frequency and risk of recur-
rence of disease for patients treated by infusion of activated
autologous lymphocytes, and treated patients had a longer disease-
specific survival.2

Vaccination with B7.1-transfected tumor cells induces specific
anti-tumor immunity in models of relatively immunogenic tu-
mors.3–5 However, cell adhesion molecule (CAM)-mediated im-
munotherapy is problematical in that it is ineffective against large
immune-resistant tumors and generates weak anti-tumor systemic
immunity.6 In searching for ways to more effectively harness and
strengthen the anti-tumor activity of CAM-mediated immunother-
apy, we reported that immunogene therapy employing the T-cell
costimulator B7.1 could be vastly improved by combining it with
anti-angiogenic agents such as angiostatin7 and antisense hypoxia
inducible factor (HIF)-1�.8 Combination therapy overcame tumor
immune-resistance and caused the complete and rapid eradication
of large tumor burdens, which were refractory to monotherapy
with either angiostatin, antisense HIF-1� or B7.1. This finding is
highly relevant for the treatment of liver cancer, as Kim et al.9
demonstrated that the HBV X-protein increases the transcriptional
activity of HIF-1 under both normoxic and hypoxic conditions, and
stimulates angiogenesis. Microvessels were found to be more
abundant in dysplastic regions of the liver than in nonneoplastic

regions, indicating that liver cancer may be critically dependent on
angiogenesis.10

Adeno-associated-virus (AAV) is a nonpathogenic, helper-de-
pendent member of the parvovirus family with several major
advantages such as stable integration, low immunogenicity, long-
term expression and the ability to infect both dividing and nondi-
viding cells. We have established AAV as a system to rapidly
induce persistent expression of anti-cancer agents. With this sys-
tem, we have previously demonstrated that intraportal injection of
AAV expression vector encoding angiostatin led to high-level,
long-term (6 months) transgene expression localized to hepato-
cytes. AAV-generated angiostatin significantly suppressed the
growth of both nodular EL-4 tumors, and EL-4 metastases that had
disseminated to the liver.11 However, angiostatin therapy, which
indirectly targets tumors by inhibiting vascular endothelial cells,
was unable to completely eradicate the liver tumors.

In our study, we investigate whether follow-up AAV-mediated,
anti-angiogenic therapy can augment B7.1 immunotherapy to gen-
erate anti-tumor immunity sufficient to combat intractable liver
cancer.

Materials and methods
Plasmid construction

The cytomegalovirus (CMV) enhancer/chicken �-actin
promoter,12 a 1.4 kb complementary DNA (cDNA) encoding full-
length mouse angiostatin that consists of the signal peptide and
first 4 kringle regions of mouse plasminogen, or a 1.2 kb cDNA
encoding full-length mouse B7.1, and poly A sequences were
inserted between the ITRs of an AAV vector, which has been
described previously,12 using appropriate restriction enzymes. For
AAV empty vector controls, no insert was placed between the
ITRs. A woodchuck hepatitis B virus posttranscriptional regula-
tory element (WPRE) was inserted into this construct to boost
expression levels.13,14 Plasmids were prepared using Qiagen plas-
mid purification kits.
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Generation of AAV
AAV particles were generated by a 3 plasmid, helper-virus free

packaging method15 with slight modification. The method has been
described previously.11 Briefly, AAV, AAV-angiostatin, AAV-
B7.1 and the helper pFd, H22 vectors were transfected into 293
cells using calcium phosphate precipitation. Cells were harvested
70 hr after transfection and lysed. After centrifugation at 5,000g,
they were filtered to remove any particulate matter prior to frac-
tionation on a heparin column. The AAV particles were isolated by
heparin affinity column chromatography. Peak virus fraction was
dialyzed. A portion of the samples was subjected to quantitative
PCR analysis using the AB Applied Biosystem Tagman PCR assay
to quantify the genomic titer. The assay was a modified dot-blot
protocol whereby AAV was serially diluted and sequentially di-
gested with DNAse I and Proteinase K. Viral DNA was extracted
with phenol-chloroform and precipitated with ethanol. A standard
amplification curve was set up at a range from 102 to 107 copies,
and the amplification curve corresponding to each initial template
copy number was obtained. The AAV, AAV-angiostatin and
AAV-B7.1 viral particles had similar genomic titers. Viral parti-
cles were reconfirmed using a commercial analysis kit (Progen,
Frankfurt, Germany) and were stored at �80°C prior to animal
experiments.

Mice, cell lines and antibodies
Male C57BL/6 mice (H-2b), 6–8 weeks old, were obtained

from the Laboratory Animal Unit of the University of Hong Kong.
The syngeneic (H-2b) EL-4 thymic lymphoma cell line was pur-
chased from the American Type Culture Collection (Rockville,
MD). It was cultured at 37°C in DMEM medium (Gibco BRL,
Grand Island, NY) supplemented with 10% fetal calf serum,
50 U/ml penicillin/streptomycin, 2 mM L-glutamine and 1 mM
pyruvate. Anti-angiostatin and anti-CD4 (clone Gk1.5) antibodies
were purchased from Calbiochem-Novabiochem Corporation
(Temecula, CA) and Chemicon International, Inc., (Boston, MA),
respectively. Anti-B7.1, anti-CD8 (clone 53-6.7), anti-NK (clone
PK136) and anti-CD31 (MEC13.3) antibodies were purchased
from Pharmingen (San Diego, CA).

Transfection of EL-4 cells, and analysis of transgene expression
Primary EL-4 cells (5 � 105/well in 96-well plates) were

incubated in a total volume of 50 �l of Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (FCS)
and infectious AAV was added resulting in a multiplicity of
infection (MOI) between 1 and 500. Cells were harvested 2, 6, 12,
24 and 48 hr following infection, fixed with 4% paraformaldehyde
solution, blocked with 3% bovine serum albumin and incubated
with anti-B7.1 Abs. They were then incubated with fluorescein-
isothiocyanate (FITC)-conjugated secondary Abs and observed by
fluorescence microscopy. Cells transfected with empty AAV vec-
tor alone served as controls.

Flow cytometry
After AAV transduction, EL-4 tumor cells were harvested,

purified by Ficoll density gradient centrifugation to remove extra-
neous virus and washed. Cells were incubated with specific Abs
for 30 min in PBS, 4% FCS, 0.1% sodium azide, 20 mM HEPES
(N-2-hydroxyethylpiperazine- N�-2 ethanesulfonic acid) and
5 mM EDTA, pH 7.3, on ice and washed. Nonspecific binding was
controlled by incubation with an isotypic control rat IgG1 MAb
(BD Pharmingen, San Diego, CA). Cells transfected with empty
AAV vector alone served as controls. The level of expression of
the transgene was assessed by FACScan analysis. Cells were then
used as CTL targets as described below and for animal experi-
ments.

Animal experiments
All surgical procedures and care administered to the animals

were approved by the University Ethics Committee and performed
according to institutional guidelines. Animals were randomly as-

signed to treatment. Each group contained 10 mice. Each experi-
ment was repeated at least once. The disseminated liver metastasis
models consistently yielded tumors in at least 90–95% animals.
Equal numbers of parental EL-4 cells and equal numbers of empty
AAV virus particles served as controls.

Vaccination of mice with AAV-B7.1-transfected EL-4 tumor
cells, and analysis of liver tumors

C57BL/6 mice were anesthetized with 10% ketamine/xylazine
solution by intraperitoneal injection, and their abdomens were
prepared with betadine solution. A right subcostal incision was
used to open the abdominal cavity. After the hilar of the liver was
surgically exposed, 2 � 105 AAV-B7.1-transfected EL-4 tumor
cells were slowly injected into the portal vein with a 30-gauge
needle, and pressure was applied with a sterile cotton tip applicator
until the injection site was hemostatic. Hemostasis was performed
and the abdominal cavity was closed. The mice were laparoto-
mized under anesthetization to observe tumors on the surface of
livers. Four weeks later, the mice with visible tumors were killed,
and their livers excised. The livers were then frozen and cryostated
to prepare transverse 10 �m sections, which were made at 5
different levels to cover the entire liver. The sections were
mounted and stained with haematoxylin and eosin. The area oc-
cupied by each tumor in the liver was measured under microscopy
using the Sigma Scan program and then the areas were combined
to obtain the total tumor area. The relative areas occupied by the
tumors were calculated in accordance with the following formula:
total tumor areas/liver area � 100.

Challenge of the vaccinated mice with parental tumor cells
The mice without visible tumors on the surface of livers from

the experiments above were intraportally injected with 2 � 105 or
2 � 106 parental EL-4 tumor cells to detect whether systemic
anti-tumor immunity had been generated. Four weeks later the
mice were killed and hepatomized. The relative areas occupied by
tumors in the livers were analyzed as above.

AAV-angiostatin therapy to combat disseminated liver cancers
in mice vaccinated with AAV-B7.1-transfected EL-4 tumor cells

Mice vaccinated with AAV-B7.1-transfected EL-4 tumor cells
and found to be free of liver tumors were intraportally injected
with 2 � 106 parental EL-4 tumor cells with a 30-gauge needle,
followed by intraportal transfusion of 3 � 1011 particles of AAV-
angiostatin. Pressure was applied with a sterile cotton tip applica-
tor until the injection site was hemostatic. Homeostasis was per-
formed and the abdominal cavity was closed. Unvaccinated mice
and empty AAV virus were used as controls. Four weeks after the
operation, the mice were killed and their livers excised. The
relative areas occupied by tumors in the livers were analyzed as
above.

Survival studies
Mice vaccinated with AAV-B7.1-transfected EL-4 tumor cells

that were found to be free of tumors and subsequently challenged
with 2 � 106 parental EL-4 tumor cells, and intraportally trans-
fused with AAV-angiostatin, were weighed thrice weekly and
assessed together with controls. Moribund mice were euthanized
according to preestablished criteria as described previously.11

Immunohistochemistry of tissue sections
Cryosections (10 �m thickness) prepared from livers following

intraportal delivery of therapeutic agents were incubated overnight
with specific Abs. They were subsequently incubated for 30 min
with appropriate secondary antibodies (VECTASTAIN� Universal
Quick kit, Vector Laboratories, Burlingame, CA), and developed
with Sigma FAST™ DAB (3,3�-diaminobenzidine tetrahydrochlo-
ride) and CoCl2 enhancer tablets (Sigma Chemical Co., St. Louis,
MO). Sections were counterstained with Mayer’s hematoxylin.

Western blot analysis
Tissues from mice were excised, minced, and homogenized in

protein lysate buffer. AAV-transfected cells were lysed in the same
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buffer. Debris was removed by centrifugation at 10,000 g for
10 min at 4°C. Lysates from each group of mice were pooled, and
the protein content determined. Protein samples (100 �g) were
resolved on 10% polyacrylamide SDS gels and electrophoretically
transferred to nitrocellulose Hybond C extra membranes (Amer-
sham Life Science, Buckinghamshire, England). After the mem-
branes were blocked with 5% BSA, blots were incubated with
specific primary Abs, followed by horseradish peroxidase-conju-
gated secondary antibodies and developed by enhanced chemilu-
minescence (Amersham International plc, Buckinghamshire,
England) and exposure to X-Ray film. Band density was quantified
using the Sigma Scan Program.

Cytotoxicity assays
Splenocytes harvested from mice vaccinated with AAV-B7.1-

transfected EL-4 tumor cells and found to be free of liver tumors,
and incubated at 37°C with EL-4 target cells in graded E:T ratios
in 96-well round-bottom plates. After a 4 hr incubation, 50 �l of
supernatant was collected, and lysis was measured using the Cyto
Tox 96 Assay kit (Promega, Madison, WI). Background controls
for nonspecific target and effector cell lysis were included. After
background subtraction, the percentage of cell lysis was calculated
using the formula: 100 � (experimental-spontaneous effector-
spontaneous target/maximum target-spontaneous target).

Statistical analysis
For the tumor volume and relative areas occupied by tumors,

Kruskal-Wallis tests were performed to test the significance of the
treatment effect, whereas log rank tests were performed for sur-
vival data. For other data, results were expressed as mean values �
standard deviation (s.d.), and a Student’s t-test was used for
evaluating statistical significance; p values were considered to be
statistically significant when less than 0.05. Each experiment was
repeated at least once.

Results
Rapid and efficient transfection of EL-4 tumor cells with
AAV-B7.1

The efficiency of transfection of parental EL-4 tumor cells by
AAV-B7.1 viruses in vitro was analyzed by measuring the expres-
sion of B7.1 on the surface of transfectants by flow cytometry
(Fig. 1a), and was confirmed by immunohistochemistry (Fig. 1b)
and Western blot analysis (Fig. 1c). EL-4 cells transfected with
AAV-B7.1 viruses expressed higher levels of B7.1 compared to
untransfected parental EL-4 cells. Increased levels of B7.1 could
be detected in over 80% of the EL-4 tumor cells transfected with
AAV-B7.1 after only 24 hr of infection (data not shown). Similar
high levels of transfection of dendritic cells by AAV have been
reported previously, demonstrating that AAV can be highly effi-
cacious in transducing cells.16 The rapid expression of virally
expressed B7.1 presumably relates to the high metabolic activity of
tumor cells.

Vaccination with AAV-B7.1-transfected tumor cells leads to
infiltration of tumors by CD8� T cells and NK cells, and
inhibition of the formation and growth of tumors in the liver

EL-4 cells (2 � 105) that had either been transfected with either
empty AAV or AAV-B7.1 were intraportally injected into the
livers of mice (n 	 10) to compare the formation and growth of
disseminated hepatic metastatic tumors infected with AAV vs.
those infected with AAV engineered to express B7.1.
Four weeks later, all mice underwent laparotomy, and mice with
visible tumors were hepatectomized. Livers were sectioned, and
the relative areas occupied by tumors were measured with a Sigma
Scan program as illustrated in Figure 2a. The mean relative areas
were 3.2% and 22.9%, respectively, after treatment with 2 �
105 EL-4 cells transfected with either AAV-B7.1 or empty AAV.
Thus, vaccination with AAV-B7.1-transfected EL-4 cells led to
statistically significant (p 
 0.001) reductions (86%) in the relative
areas occupied by tumors. Furthermore, 60% of the mice were

completely free of liver tumors, whereas in contrast only 5 to 10%
of mice vaccinated with AAV-transfected tumors were free of liver
tumors.

To further investigate the anti-tumor immunity generated by
AAV-B7.1 mediated vaccination, liver tumors were immuno-
stained with antibodies specific for different lymphocyte subsets in
order to measure leukocyte infiltration. Disseminated tumors from
the control group contained few CD8� and CD4� lymphocytes,
and sparse numbers of NK cells (Fig. 2b). In contrast, highly
elevated numbers of CD8� T cells and NK cells, and conversely
small numbers of CD4� T cells infiltrated the tumors of mice
immunized with AAV-B7.1-transfected tumor cells (Fig. 2b). This

FIGURE 1 – AAV delivery of B7.1. (a) FACscan analysis of B7.1
expression. Parental EL-4 cells were incubated with AAV-B7.1 par-
ticles for 24 hr, stained with anti-B7.1 MAb and subjected to flow
cytometry. B7.1 protein expression on the surface of AAV-B7.1-
infected EL-4 cells is shown by thick lines and background staining of
AAV-B7.1-infected EL-4 cells with secondary Abs by light lines. (b)
Fluorescence microscopy analysis of the in vitro transfection effi-
ciency of AAV-B7.1. B7.1 expression on EL-4 cells transfected with
AAV-B7.1 was visible following immunostaining with specific MAb
and FITC-labeled secondary Ab. EL-4 cells incubated with empty
AAV and stained with antibody served as controls. (c) Western blot
analysis of B7.1 expressed by EL-4 cells. B7.1 expression in AAV-
B7.1-transfected and control AAV-transfected EL-4 cells was further
confirmed by Western blot analysis. Blots were stained with an anti-
�-actin MAb to confirm that gel lanes contained identical amounts of
protein.
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FIGURE 2 – Vaccination with AAV-B7.1-
transfected EL-4 cells leads to the infiltration
of tumors by CD8� T cells and NK cells, and
inhibits growth of tumors that disseminate to
the liver. Tumors disseminated to the liver
were established by intraportal injection of
2 � 105 EL-4 cells that had been transfected
with either AAV-B7.1 or empty AAV parti-
cles. Four weeks later, all the mice underwent
laparotomy to observe visible tumors on the
surface of livers. (a) Livers were sectioned,
and relative areas of tumors were measured
with a Sigma Scan program. Mean relative
areas occupied by tumors are indicated by the
large crosses. (b) Liver tumors from vacci-
nated mice (2, 4 and 6) and unvaccinated
mice (1, 3 and 5) were immunostained with
leukocyte-type specific Abs to show infiltrat-
ing CD8� T cells (1 and 2), NK cells (3 and
4) and CD4� T cells (5 and 6).
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result indicates that AAV-B7.1-mediated anti-tumor immunity
mainly relies on CD8� T cells and NK cells, in accordance with
previous reports.6,8

Memorized immunity induced by AAV-B7.1-mediated
vaccination is prolonged, tumor-specific and protects against
subsequent tumor challenge

The anti-tumor cytolytic activity against parental EL-4 cells
displayed by splenocytes from tumor-free cured mice, which had
been intraportally injected 28 days earlier with AAV-B7.1-trans-
fected EL-4 cells, was significantly (p 
 0.01) augmented vs.
splenocytes from mice that had received empty AAV transfected
EL-4 cells (Fig. 3a). Anti-tumor cytolytic activity against the

original modified EL-4 cells engineered to express B7.1 that were
used to vaccinate mice was even greater indicating that expression
of B7.1 by EL-4 cells facilitates tumor cell lysis by cytolytic
splenocytes (data not shown) as reported previously.6 The anti-
tumor cytolytic activity of splenocytes from naı̈ve mice is presum-
ably due to NK cell activity. A proportion of the anti-tumor
cytolytic activity of splenocytes from mice vaccinated with AAV-
B7.1-transfected EL-4 cells is also probably due to NK cell activ-
ity, as we have previously reported that anti-tumor cytolytic ac-
tivity generated in response to B7.1-mediated immunotherapy is
both NK cell, and CD8� T-cell-dependent,6 and as above, NK
cells infiltrate the tumors in increased numbers. The mice cured of
their tumors by intraportal injection of AAV-B7.1- transfected
EL-4 cells were rechallenged by intraportal injection of 2 � 105

parental EL-4 tumor cells. Tumors reappeared in only 10% (1/10)
of mice, indicating that systemic anti-tumor immunity had been
established. In contrast, disseminated hepatic tumors appeared in
100% (10/10) of the unvaccinated mice with significantly large
areas (up to 30%) occupied by tumors (data not shown). However,
the memorized anti-tumor immunity failed to protect against a
challenge with a much larger number (2 � 106) of parental EL-4
tumor cells. In this situation, tumors that disseminated to the liver
were observed in all the mice, though the average relative areas
occupied by tumors were significantly smaller (p 
 0.01) in
vaccinated mice (30% of liver) than in unvaccinated (51% of liver)
mice (Fig. 3b). Note that naı̈ve animals injected with 2 � 105

control EL4 cells in Figure 2a showed a lower percentage (22.9%)
of tumor areas as compared to mice already injected and rechal-
lenged with B7.1-expressing cells (30%, Fig. 3b), presumably
because the number (2 � 106) of cells used in the latter challenge
was increased by 10-fold. In the latter case, when the same number
(2 � 105) of cells was used in the challenge only 10% of mice
developed tumors, whereas 100% of mice vaccinated with EL-4
cells infected with empty AAV developed tumours as described
above.

Subsequent antiangiogenic therapy with AAV-angiostatin
augments the therapeutic efficacy of AAV-B7.1-mediated
vaccination to protect mice against a heavy tumor burden

We previously reported that injection of a recombinant AAV-
angiostatin vector via a portal vein led to long-term expression of
exogenous angiostatin in the liver, which inhibited tumor vascu-
larization.11 Similar results were achieved in our study in that the
expression of transgenic angiostatin in hepatocytes rose rapidly to
a high level within 2 weeks, increased to a peak level within
2 months and then was stably expressed at a constant level for at
least 6 months after injection of AAV-angiostatin. AAV-angiosta-
tin therapy resulted in a statistically significant reduction in tumor
vessel density and increased the median distance to the nearest
anti-CD31 MAb-labeled vessel from an array of points within the
tumor (data not shown; for details please refer to ref. 11).

We investigated whether intraportal delivery of AAV-angiosta-
tin 1 month following vaccination with AAV-B7.1-transfected
tumor cells would augment the therapeutic efficacy of B7.1-me-
diated immunotherapy. AAV-B7.1-transfected EL-4 tumor cells
(2 � 105) were intraportally injected into the livers of mice.
Four weeks later, these vaccinated mice underwent laparotomy,
and mice with visible liver tumors were excluded from the fol-
lowing experiments. The mice without tumors were intraportally
injected with 2 � 106 EL-4 parental cells, followed by intraportal
injection of either empty AAV (n 	 10) or AAV-angiostatin (n 	
10). Unvaccinated mice used as controls were intraportally in-
jected with 2 � 106 parental EL-4 cells, followed by either empty
AAV (n 	 10), or AAV-angiostatin (n 	 10). The mice were
sacrificed 4 weeks later, hepatectomized and the livers transversely
sectioned. The relative areas occupied by tumors in the livers are
illustrated in Figure 4a. The mean relative areas of tumors in
unvaccinated mice receiving either empty AAV or AAV-angiosta-
tin were 42.3% and 17.7%, respectively. Thus, AAV-angiostatin
significantly suppressed the growth of tumors that had dissemi-

FIGURE 3 – Anti-tumor immunity generated by vaccination with
AAV-B7.1-transfected EL-4 cells is memorized. (a) Splenocytes from
mice vaccinated with AAV-B7.1-transfected tumor cells display en-
hanced anti-tumor cytolytic activity against parental EL-4 cells.
Spleens were removed from C57BL/6 mice that were free of liver
tumors following intraportal injection of AAV-B7.1-transfected EL-4
cells. Splenocytes were prepared and tested for cytotoxic activity
against parental EL-4 tumor cells. Their activity was compared to that
of splenocytes from control animals that received empty AAV-trans-
fected EL-4 cells. The percentage cytotoxicity is plotted against var-
ious effector to target (E:T) ratios. (b) Vaccinated mice inhibit an
intraportal rechallenge of a heavy burden of 2 � 106 parental EL-4
cells. The growth of tumors disseminated to the liver was suppressed
compared to the growth of tumors in control mice injected with empty
AAV transfected EL-4 cells. * and ** indicate a significant and highly
significant difference from control groups of mice at p 
 0.01 and p 

0.001, respectively.
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nated to the liver by 56%, in accord with our previous report.11

Vaccination with AAV-B7.1-transfected EL-4 cells also signifi-
cantly suppressed the growth of tumors by 38% such that 26.2% of
the liver was occupied by tumors, compared to 42.3% of the liver
in the unvaccinated mice. The mean relative area occupied by liver
tumors in mice vaccinated with AAV-B7.1-transfected EL-4 cells
and treated with AAV-angiostatin was only 5.6%, and only 50% of
mice had visible tumors on the surface of the liver. The reduction
in the relative areas occupied by liver tumors was decreased by
87% compared to unvaccinated mice treated with empty AAV, by

79% compared to mice vaccinated with AAV-B7.1-transfected
EL-4 cells and treated with empty AAV and by 68% compared to
unvaccinated mice treated with AAV-angiostatin. Thus, the sizes
and numbers of tumors on the surface of livers of mice vaccinated
with AAV-B7.1-transfected EL-4 cells and subsequently treated
with AAV-angiostatin were greatly reduced, compared to unvac-
cinated mice treated with empty AAV, vaccinated mice treated
with empty AAV and unvaccinated mice treated with AAV-an-
giostatin (Fig. 4b).

Vaccination with AAV-B7.1-transfected tumor cells synergizes
with intraportal delivery of AAV-angiostatin in improving the
survival rate of mice bearing liver tumors

We further investigated whether the synergy obtained by vac-
cination with AAV-B7.1-transfected EL-4 cells followed by AAV-
angiostatin therapy would offer a survival benefit for mice.
C57BL/6 mice were intraportally injected with 2 � 105 AAV-
B7.1-transfected EL-4 tumor cells. Four weeks later, all the mice
underwent laparotomy. Mice with visible tumors in their livers
were excluded from the experiments. All mice without tumors
were intraportally injected with 2 � 106 parental EL-4 cells,
followed by intraportal injection of either 3 � 1011 particles of
empty AAV (n 	 10) or 3 � 1011 particles of AAV-angiostatin
(n 	 10). Unvaccinated mice used as controls were intraportally
injected with 2 � 106 parental EL-4 cells, followed by intraportal
injection of either 3 � 1011 particles of empty AAV (n 	 10) or
3 � 1011 particles of AAV-angiostatin (n 	 10). Both vaccination
with AAV-B7.1-transfected EL-4 cells and AAV-angiostatin ther-
apy resulted in significant improvement in the survival rate of
mice, compared to unvaccinated mice treated with empty AAV.
Median survival times for mice vaccinated with AAV-B7.1-trans-
fected EL-4 cells and treated with empty AAV, and for unvacci-
nated mice treated with AAV-angiostatin was 33 days and 42 days,
respectively, which are significantly (p 
 0.05 and p 
 0.01,
respectively) different from the median survival time of 25 days
for unvaccinated control mice treated with empty AAV (Fig. 4c).
Combinational therapy by vaccination with AAV-B7.1-transfected
EL-4 cells and intraportal delivery of AAV-angiostatin led to a
statistically longer survival rate. Six of 10 mice in the combination
therapy group survived for more than 100 days after tumor cell
inoculation (Fig. 4c).

–

FIGURE 4 – Vaccination with AAV-B7.1-transfected tumor cells
augments AAV-angiostatin therapy to eradicate disseminated liver
tumors and improve the survival of mice. (a) Combination therapy
inhibits tumorigenesis. C57BL mice were vaccinated by intraportal
injection of 2 � 105 AAV-B7.1-transfected EL-4 cells, and 4 weeks
later mice that were free of tumors were intraportally injected with 2 �
106 parental EL-4 cells and either 3 � 1011 particles of AAV-
angiostatin (data 4) or empty AAV virus (data 2). Unvaccinated mice
treated with AAV-angiostatin (data 3) or empty AAV virus (data 1)
were included as controls. The mice were hepatectomized 4 weeks
later, the livers were removed and sectioned and relative areas of
tumors were measured. Mean relative areas occupied by tumors
are indicated by the large crosses. (b) Visualization of tumors on the
surface of livers. Representative photographs of livers with metastatic
tumors from unvaccinated mice treated with empty AAV (photo 1),
vaccinated mice treated with empty AAV (photo 2), unvaccinated
mice treated with AAV-angiostatin (photo 3) and vaccinated mice
treated with AAV-angiostatin (photo 4). The arrows point to tumors in
the livers. (c) Combinational therapy increases survival rates and
times. Mice that had been vaccinated by intraportal injection of AAV-
B7.1-transfected EL-4 cells 4 weeks earlier were intraportally injected
with 2 � 106 parental EL-4 cells and either 3 � 1011 particles of
AAV-angiostatin (curve 4) or empty AAV viruses (curve 2). Unvac-
cinated mice treated with AAV-angiostatin (curve 3) or empty AAV
virus (curve 1) were included as controls. Mice were observed thrice
weekly and were sacrificed when they became moribund by preestab-
lished criteria. A plot of survival curves is illustrated.

675AAV GENE THERAPY FOR LIVER CANCER



Discussion

Metastatic liver cancer is common and remains problematic as
conventional therapies, such as surgery, chemotherapy or radiation
therapy, have little impact. To have a major clinical impact,
systemic or regional therapies must be capable of eradicating all
liver metastases.17 Anti-angiogenic therapy is widely regarded as a
promising treatment strategy to combat cancers including metas-
tases based on the fact that most tumors are dependent on angio-
genesis for survival. Angiogenesis is required to supply of nutri-
ents, growth factors, hormones and oxygen for tumor growth and
metastatic development.18 However, despite many successful ex-
periments with antiangiogenic therapies in suppressing the growth
of tumors and their metastases,19–21 disappointing reports have
emerged recently.22,23 To optimize anti-angiogenic therapy, we
established a novel AAV gene transfer system. Intraportal trans-
fusion of AAV-angiostatin led to long-term and persistent expres-
sion of transgenic angiostatin in the liver, resulting in significant
suppression of tumor cells that had disseminated to the liver.11

However, anti-angiogenic therapy using AAV-angiostatin could
not completely eradicate disseminated liver tumors, presumably
because while anti-angiogenic proteins are effective at inducing
tumor regression, they are not directly tumoricidal, and hence
tumor regrowth frequently recurs once treatment is suspended.

T-cell costimulation is one of the most important factors in the
induction of T-cell responses and antitumor immunity.24,25 At least
2 signals are required for activation of naı̈ve T cells, namely, an
antigen specific signal delivered through the T-cell receptor and an
antigen-independent or costimulatory signal. Intratumoral gene
transfer of the T-cell costimulator B7.1 has been shown to induce
the eradication of established tumors. B7.1-induced anti-tumor
immunity was largely dependent on CD8� T cells and NK cells,
accompanied by augmented tumor-specific cytolytic T-cell activity
involving both the perforin and fas-ligand pathways.6–8,26 In ac-
cord, we revealed in the present study that B7.1-mediated immu-
notherapy induced the infiltration of large numbers of CD8� T
cells, and NK cells into liver tumors, whereas there was only a
small increase in the numbers of CD4� T cells. In another ap-
proach, ex vivo transfection of the B7.1 gene into immunogenic
tumor cells attributes such cells with an ability to generate anti-
tumor CTLs and prevent tumorigenesis when transfectants are
injected into animals.3–5 Therefore, immunization with B7.1-trans-
fected tumor cells provides another useful method for stimulating
immune responses in combating multiple metastases after surgery.
The AAV-mediated transfection system used in the present study
is advantageous as it can be employed to rapidly and easily
transfect tumor cells, which might otherwise be difficult to trans-
fect ex vivo. Our study demonstrates for the first time that localized
intraportal delivery of AAV-B7.1-transfected EL-4 cells induces
memorized anti-tumor immunity, which renders vaccinated mice
with the ability to resist a challenge of parental EL-4 cells. How-
ever, the key finding of our study is that angiostatin and B7.1-

immunotherapy synergize in causing the eradication of tumors that
disseminate to the liver. In contrast, neither vaccination with
AAV-B7.1-transfected EL-4 cells nor AAV-angiostatin mono-
therapy was effective. The therapeutic efficacy of B7.1-immuno-
therapy is long-lived, such that synergy with anti-angiogenic treat-
ment was achieved when AAV-angiostatin treatment was initiated
1 month following immunotherapy. The results contrast with those
obtained in a study,27 in which the interaction between cyclophos-
phamide (CPA) and angiostatin on the growth of primary Lewis
lung carcinoma (LLC) tumors was examined. Angiostatin en-
hanced the antimetastatic effects of CPA, but without significantly
inffuencing the effects of CPA on primary tumor growth. CPA
plus angiostatin inhibited endothelial tube formation. It was argued
that interrupting specific steps in the angiogenesis process might
be an effective approach to the treatment of subclinical distant
metastases.27 The interaction between angiostatin and B7.1 differs
from that between angiostatin and CPA as we have previously
shown that the former combination completely eradicates estab-
lished primary tumors, whereas monotherapies are ineffective.7
We suggest that B7.1 inhibits tumor metastasis by eradicating
single tumor cells and microfoci, whereas angiostatin inhibits
endothelial tube formation required for the growth and establish-
ment of metastases, perhaps in combination with an immune factor
derived from B7.1 immunotherapy. The combination of the 2
approaches, targeting different facets of the process of metastasis,
yields a synergistic outcome.

Localized vector delivery has been used to specifically target
transgene expression within tumors.28–30 Although systemic vec-
tor delivery may be the best option in many clinical settings, the
unique anatomic features of the liver facilitate regional gene ther-
apy approaches for unresectable hepatic metastases.29 The advan-
tages of localized vector delivery are obvious, namely, it can
induce high level expression of transgenic proteins in situ to
achieve effective anti-tumor activity and reduce the possibility of
side-effects compared to a systemic delivery approach.

The combinational gene therapy approach described herein,
using initial treatment with the costimulatory molecule B7.1 and
subsequential treatment with the angiogenesis inhibitor angiosta-
tin, led to persistent over-expression of exogenous angiostatin in
hepatocytes for up to 6 months and suppressed the growth of
lymphomas that had disseminated to the liver. The results have
important implications for the treatment of cancers of the liver that
are intractable to treatment.
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