
Abstract. Recombinant adenovirus-associated vector sero-
type 2 (rAAV2) is one of the most promising gene transfer
vectors due to its advantage of causing non-pathogenic infec-
tion, low immunogenicity, and long-term gene expression
in human clinical trials. Human interleukin 15 (hIL15) has
been implicated in modulation of antitumor activity of
lymphokine-activated killer (LAK) cells, including T cells
and NK cells. In this study, the rAAV2-hIL15 vector was
produced and subjected for treatment with xenograft JC
breast cancer model. Results showed that tumor onset was
significantly delayed, the tumor growth was suppressed,
and the lifespan of tumor-bearing mice were prolonged by
rAAV2-hIL15. In addition, rAAV2-hIL15 was able to produce
a substantial expression of IL15 protein that ultimately
activated the cytotoxic activity of LAK cells. Furthermore,
prominent apoptosis was observed in tumor lesions following
injection of rAAV2-hIL15. Taken together, our results
suggested that rAAV2-hIL15 appears as a new potential
therapeutic tool for breast cancer immunotherapy.

Introduction

The adenovirus-associated vectors (AAV) are known to have
the best safety profile among viral vectors without causing
any known disease and exhibit low immunogenicity. In
particular, recombinant AAV serotype 2 (rAAV2) is able to
infect both dividing and non-dividing cells while maintaining
long-term gene expression up to more than a year in a broad
range of tissues, including liver, brain, retina, and muscle
(1,2). rAAV2 have been applied to cancer gene therapy and
showed a great deal of promise as a viral vector, delivering
therapeutic genes such as antiangiogenesis associated genes
(e.g., angiostatin) (3) and immune regulatory genes (e.g.,
interferon) (4) or by vaccination (5). Among the diversified
AAV serotypes, AAV2 is well characterized, and it has been
employed in clinical trials of cystic fibrosis, hemophilia,
and Canavan's disease (6). More recently, rAAV vector
expressing glutamic acid decarboxylase (GAD) gene was
successfully applied to the treatment of patients who had
advanced Parkinson's disease with no adverse effects or
immunogenic reactions (7,8). These data further emphasized
the safety and efficacy of rAAV for gene therapy in human.

Breast cancer is a complex and multifactorial disease, it can
span decades during the period of development and clinical
course is highly variable. Both the innate and acquired arms of
the immune system are believed to play crucial roles in the anti-
tumor response. Cytokines including interleukins (IL1, IL2,
IL10, IL12, IL18, IL24), tumor necrosis factor-· (TNF-·), and
the interferon-Á (IFN-Á) all play a key role in controlling the
immune response and with a potential role in immunotherapy
of breast cancer (9,10) and the cytokines IL2, IFN-Á, and
TNF-· have also been approved to treat advanced melanoma,
renal cell carcinoma (RCC), and sarcoma (10). 

IL15 is a 14-15-kDa immunostimulatory cytokine with
structural similarity to IL2 that is secreted by mononuclear
phage upon infection by viruses (11,12). This cytokine induces
cell proliferation and differentiation of T cells, B cells and
NK cells, whose principal role is to kill pathogenic infected
cells, activates innate immune defense system (11-14) and
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was found to be superior to IL2 in generating cytolytic effector
splenocytes (12). In addition, both IL2 and IL15 are able to
stimulate antitumor cytotoxic activities of cytotoxic T cells
(CTL) and NK cells, and these two kinds of lymphocytes can
further develop into lymphokine-activated killer (LAK) cells
(15,16). Immunotherapy with LAK cells has been widely used
in cancer therapy, including breast, lung, ovary, and pancreatic
cancers in phase II clinical trials (17). For its features in
activation of the immune system, IL15 was considered a
good candidate for cancer immunotherapy (12,18).

The current situation with regards to the use of cytokines
in immunotherapy is that many studies used cytokine proteins
to treat cancer patients through multi-dose daily injections
(up to three doses per day) because of their short lives (17)
and also injection of cytokine genes into tumor cells was
documented (19,20). The methods described above are not
feasible to use for clinical purpose due to high expense and
complexity of the injection procedure. In order to deal with
these hindrances, we are trying to produce rAAV2 carrying
human IL15 (hIL15) gene for cancer immunotherapy. In our
previous study, we successfully inhibited HeLa cell tumor
growth by using rAAV2-hIL15 (21). In the present study, we
further produced rAAV2-hIL15 to treat and inhibit xeno-
grafted JC breast cancer cells in a syngenic BALB/c mice
model. Our results may provide a new potential safe and
effective therapeutic tool for breast cancer immunotherapy. 

Materials and methods

Cell lines and cell cultures. The HEK 293 (human embryonic
kidney), HT1080 (human fibrosarcoma), JC (mice breast
cancer cells), HT2 (murine IL2/IL15 dependent) and YAC-1
(A murine T-lymphoma cell line sensitive to NK-cells) cells
were purchased from Bioresource Collection and Research
Center (BCRC, Shinchu, Taiwan) and cultured in DMEM or
RPMI-1640 medium supplemented with 10% fetal bovine
serum, and 100 IU/ml penicillin/streptomycin. In addition,
HT2 cell line needs supplement with IL2 or equivalent
IL15 protein (Santa Cruz Biotechnology, Santa Cruz, CA)
for maintaining survival. DMEM, RPMI, fetal bovine serum,
L-glutamine, penicillin/streptomycin, sodium pyruvate and
non-essential amino acids were purchased from Invitrogen
(Carlsbad, CA, USA).

Plasmids and plasmid construction. The rAAV2 helper-free
system, containing packaging plasmid pAAV-MCS plasmid,
pAAV-RC plasmid, pHelper, pAAV-hrGFP plasmid was
purchased from Stratagene (La Jolla, CA). The plasmid
containing human IL15 gene (hIL15) was provided though the
kindness of Dr K.W. Liao (National Chiao Tung University,
Taiwan). The hIL15 containing EcoR I and BamH I sites was
amplified for cloning using the polymerase chain reaction.
Oligonucleotide primers containing EcoRI and BamHI sites
were synthesized as follows: sense primer: 5'-GAATTC
AAA GAA TTC ATG TAC AGG ATG CAA CTC CT, and
anti-sense primer, 3'-GGATCC AAA GGA TCC TTA AGA
AGT GTT GAT GAA CAT TTG G. The PCR conditions
used a thermal profile as described previously (21). The
amplified hIL15 cDNA was inserted between the EcoRI and
BamHI sites of pAAV-MCS to yield pAAV-hIL15 plasmid.

Production and purification of rAAV2. Production of rAAV2-
hIL15 and rAAV2-hrGFP was done in the helper-free system
as described previously (22). For rAAV2-hIL15 production,
293 cells were cultured on fifty 15-cm dishes and transfected
with calcium chloride with 2 mg pAAV-hIL15 plasmid, 2 mg
pAAV-RC plasmid and 2 mg pAAV-Helper plasmid. For
rAAV2-hrGFP production, 293 cells were cultured on fifty
15-cm dishes and transfected with calcium chloride with 2 mg
pAAV-hrGFP plasmid, 2 mg pAAV-RC plasmid and 2 mg
pAAV-Helper plasmid. After 65 h of transfection, rAAV2-
hIL15 and rAAV2-hrGFP were produced in 293 cells. Purifi-
cation of rAAV2-hIL15 and rAAV2-hrGFP was done using
a single-step column purification (SSCP) method (23). The
rAAV2 was concentrated to about 1 ml with an Amicon
Ultra-15 centrifugal filter (Millipore, Billerica, MA) and
stored at -80˚C, as described previously (21). Purified rAAV2
(rAAV2-hIL15 and rAAV2-hrGFP) was determined by loading
1010 viral particles on 10% SDS gel (23). 

Measurement of viral titer and endotoxin activity of rAAV2.
The viral titers of rAAV2 were determined by real-time PCR
method as described previously (21,24). Primers including
forward primer (5'-GCC CAC TTG GCA GTA CAT CAA),
reverse primer (3'-GGG CCA TTT ACC GTC ATT GAC)
and probe primer (CAT ATG CCA AGT ACG CCC C)
were designed by ABI Research (New York, NY). A total of
2-5x1012 genomic particles of rAAV2 can be obtained from
fifty 15-cm dishes. The endotoxin of the produced rAAV2
vectors were determined using endotoxin kit (Cambrex,
Walkersville, MD). 

ELISA and in vitro bioactivity assay. To determine the resulting
expression of protein and bioactivity of rAAV2-hIL15, the
culture media from rAAV2-hIL15 (1013 viral particles/ml),
empty-vector (1013 viral particles/ml) and transduced HT1080
cells (1.5x105 cells/well) placed on 6-well plates for 3 days
were collected and subjected to ELISA and bioactivity
analysis. In the ELISA assay (Biosource, Camarillo, CA),
hIL15 antibody was coated on 96-well plates at first then
added to culture media. After 4 h of reaction and then
measured at optical density of 450 nm. In order to determine
the bioactivity of rAAV2-hIL15, the culture medium from
rAAV2-hIL15 or empty-vector transduced HT1080 cells were
used to treat HT2 cells (6x103 cells/well) for 16 h, and the
cell viability score was measured using MTS assay (Promega,
Madison, WI), used as the surrogate maker of rAAV2-hIL15
bioactivity. Media containing purified recombinant hIL15 at
1 g/ml (Santa Cruz Biotechnology) were added to HT2 cells
which served as positive control in the bio-activity assay.

Animal studies. The JC mouse breast cancer cells were used
in animal experiments to monitor rAAV2-hIL15 antitumor
activities. Female BALB/c mice (18-23 g/mouse, 4-6-weeks
old) were obtained from the National Animal Laboratory
Center (Taipei, Taiwan). All procedures were done in
compliance with the standard operating procedures of the
Laboratory Animal Center of Tzu Chi University (Hualien,
Taiwan). Syngenic BALB/c mice (6 rats per group) were
implanted subcutaneously on the back with 1x105 JC cells.
Six mice in the study group were treated with rAAV2 -hIL15
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(1013 viral particles (VP)/kg) by intramuscular injection over
the quadricep muscle of the left thigh, four weeks prior to
tumor cell implantation. The mice in the control group were
treated with empty-vector (1013 VP/kg) or PBS at the same
time comparatively. Body weights of all groups of mice were
measured three times a week for basic safety examination.
Tumor size was measured with the caliper three times a week
and the tumor volume was calculated as 1/2 x length x width2.
Animals were sacrificed when tumor volume exceeded
1500 mm3 and tissue biopsy of the tumor, muscle and other
vital organs were obtained, stained with H&E and observed
and photographed under a light microscope.

LAK cells cytotoxicity assay. rAAV2-hIL15 infects mice by
intramuscular injection for >9 weeks. After the test animals
were sacrificed and their blood collected, the lymphocytes
were separated from dead cells and red blood cells by ACK
lysis buffer (0.15 mM NH4Cl, 1.0 mM KHCO3, 0.1 mM
Na2EDTA, pH 7.3). Cytotoxic activity of LAK cells was
determined by the lactate dehydrogenase (LDH) release
assay using CytoTox 96 Non-Radioactive Cytotoxicity
Assay kit (Promega). Target cells used in LAK cell cyto-
toxicity assay were YAC-1 cells which were incubated in a
total volume of 200 μl with effector cells in RPMI-1640
containing 10% FCS in 96-well round-bottom micro-titer
plates at various cell densities in order to achieve effector-
to-target (E/T) ratios (1:1, 12.5:1, 25:1, and 50:1) for 4 h at
37˚C. Target cell lysis was calculated as: (OD490 nm of
sample - OD490 nm with spontaneous release of LDH from
target cells - OD490 nm with spontaneous release of LDH
from effector cells) x 100/(OD490 nm with maximum release
of LDH from target cells - OD490 nm with spontaneous
release of LDH from effector cells).

Immunofluorescent assay. The muscles of mice with rAAV2-
hIL15 (control) with injection sites over the left thighs were

obtained for immunofluorescent staining. The muscles were
fixed in 10% formalin, embedded in paraffin, then cut into
5-μm sections and fixed in saline coating slides. Later, these
slides were treated with 0.03% Triton-X-100 and blocked
with 3% BSA. The slides were incubated with hIL15 antibody
overnight at 40˚C and then incubated with a secondary goat-
anti-rabbit-FITC antibody (Jackson ImmunoResearch, West
Grove, PA) at room temperature for 1 h. After mounted with
cover slips, the slides with muscle slices were visualized and
photographed under fluorescent microscopy.

In situ detection of apoptotic cells. Tumor specimens of all
groups were obtained after each mouse was sacrificed when
tumor volume exceeded 1500 mm3 to investigate whether
rAAV2-hIL15 suppressed the tumor growth via programmed
cell death or not. Apoptotic tumor cells were labeled by
the TUNEL method (terminal deoxynucleotinyl transferase-
mediated dUTP nick-end labeling) using an in situ cell
death detection kit from Roche Applied Science (Penzberg,
Germany) following the manufacturer's recommendation.

Statistical analyses. Data were expressed as mean ± SEM.
Statistical significance was analyzed by Student's t-test. The
survival analysis was done using the Kaplan-Meier method
where P<0.05 was considered to be statistically significant.

Results

The expression of rAAV-hIL15 protein in vitro and in vivo.
We examine the hIL15 protein expression in vitro by using
ELISA and HT2 viability assay. We measured the hIL15
protein titers by ELISA from transfected and non-transfected
HT1080 cells (Fig. 1A). The results demonstrated that
rAAV2-hIL15 transfected HT1080 cells expressed 8-fold
increase in hIL15 proteins as compared with the non-trans-
fected and empty-vector control groups. The hIL15 protein
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Figure 1. The expression and bioactivity of rAAV2-hIL15. (A) hIL15 protein production was measured by ELISA in rAAV2-hIL15, empty-vector and non-infected
HT1080 cells. (B) Culture media obtained from the 3 groups above were added to HT2 cell culture for bioactivity assay. Purified hIL15 was added as positive
control and cell viability is obtained by MTS assay. (C) Mice were sacrificed when tumor size exceeded 1500 mm3. The muscle of injection sites of all three groups
were obtained for anti-hIL15 immunofluorescent stain (A, C and E, DAPI; B, D and F, anti-IL15 FITC). 
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expression by rAAV2-hIL15 was further examined by HT2
cell culture system. HT2 cells are IL2 or IL15 dependent
cells which require the IL2 or IL15 supplement to proliferate.
Culture media obtained from the above 3 groups were added
to HT2 cells in 96-well culture plates and incubated overnight
for viability assay. The HT2 cell viability is observed with
MTS assay and the purified hIL15 serves as the positive
control. The group treated with media obtained from
rAAV2-hIL15 infected HT1080 cells showed higher viability
as compared with the control (Fig. 1B).

In order to investigate whether rAAV2-hIL15 could use
muscle as a platform to produce hIL15 protein in vivo, the
injection sites of quadriceps muscles of all groups of mice were
obtained for immune-fluorescence assay after each mouse
was sacrificed. The immune-fluorescence assay of muscle
biopsy revealed hIL15 expression with green fluorescence
over rAAV2-hIL15 injection sites under a fluorescent micro-
scope; green fluorescence was not seen in negative control
groups (Fig. 1C).

rAAV2-hIL15 delayed tumor appearance, suppressed tumor
growth and prolonged survival of mice bearing subcutaneous
JC breast cancer cells. We performed the in vivo animal
experiments to investigate antitumor activity of rAAV2-hIL15
and there was a significant inhibitory effect on JC breast
cancer cell growth for the rAAV2-hIL15 group compared
with negative control groups (Fig. 2A). The onset of tumor in
this study group was delayed for about 5 days as compared
with negative control groups (time to develop a measurable
tumor, rAAV2-hIL15 group at day 21 versus control group at
day 16). The rAAV2-hIL15 suppressed tumor growth. The
average tumor size of rAAV2-hIL15 group at day 35 was
significantly smaller than control groups (Fig. 2A). To
investigate whether rAAV2-hIL15 could prolong survival of
tumor-bearing mice, all tumor-bearing mice were sacrificed
when tumor volume exceeded 1500 mm3 and that day was
used as the final survival day for that mouse. Survival of mice
in the rAAV2-hIL15 group was longer then the control ones
(Fig. 2B).

In order to investigate the safety of rAAV2-hIL15 single
dose intramuscular injection, basic safety examination was
performed by measuring body weights of all groups of mice
as well as histological analysis. The heart, lung, liver, and
kidney of all groups of mice were obtained after each mouse
was sacrificed for histological analysis. Tissue sections were
stained with hematoxylin-eosin, observed and photographed
under a light microscope and thus described. We found no
body weight or histological difference between the rAAV2-
hIL15 group and control group (data not shown).

Antitumor cytotoxic activity of LAK cells induced by rAAV2-
hIL15 in vivo. To test whether rAAV2-hIL15 could induce
antitumor cytotoxic activity of LAK cells, we collected
LAK cells derived from splenocytes of sacrificed mice
against YAC-1 cells (target for LAK cells) with the lactate
dehydrogenase (LDH) release assay using CytoTox 96 Non-
Radioactive Cytotoxicity Assay kit. The data suggested that
antitumor cytotoxic activity of LAK cells can be induced in
rAAV2-hIL15 group up to ~4-fold as compared with the
control groups at effector/target ratio of 50:1 (Fig. 3).

rAAV2-hIL15 induction of apoptosis on tumor cells. To
investigate whether rAAV2-hIL15 suppressed tumor growth
via apoptosis or not, we obtained tumor specimens from all
study groups to perform in situ labeling of fragmented DNA
using the TUNEL method. Prominent apoptotic cells were
detected in tumors treated with rAAV2-hIL15 as compared
to negative control groups where no apoptosis was observed
(Fig. 4).
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Figure 2. rAAV2-hIL15 delayed tumor appearance and suppressed tumor
growth in vivo. (A) Tumor volumes were measured three times per week,
calculated as 1/2 x length x width2, and represented as mean ± SEM. Each
mouse was sacrificed when tumor volume exceeded 1500 mm3. (B) JC breast
cancer cells (1x105) were inoculated subcutaneously into the right side of
the flank region of BALB/c mice. Survival rate was monitored three times
per week. Mice were sacrificed when tumor size exceeded 1500 mm3. 

Figure 3. Cytotoxic activities of LAK cells were activated by rAAV2-hIL15
in vivo. The cytotoxtic activity of LAK cells which derived from splenocytes
were assayed by using the lactate dehydrogenase (LDH) release assay 
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Discussion

As of 2007, over 1000 clinical trials in gene therapy have
been initiated with 66.5% targeting cancer according to the
worldwide website on gene therapy clinical trials. AAV
vectors are more potent and safe than the previous two with
lower immunogenicity than adenoviral vectors with no risk
of randomized insertional gene mutation as compared with
the retroviral vectors. In this study, we chose AAV vector
carrying hIL15 gene to maintain long-term gene expression
to stimulate LAK cells for breast cancer therapy. This method
could avoid the obstacles of previous studies using cytokine
proteins for tumor treatments because of their short lives and
multiple doses are required (17).

AAV is a single-stranded DNA virus and must convert
into a double stranded template for further gene transcription
(25). This rate-limiting step takes about 3 weeks. In order to
produce sufficient therapeutic proteins in mice, we designed
the therapeutic protocol as rAAV2-hIL15 single dose (1013
VP/kg) intramuscular injection over the quadricep muscles
for 4 weeks prior to tumor implantation.

Previous studies reported that hIL15 proteins share ~73%
sequence identity with murine IL15 and can be used by mice
(26). In our study, we produced rAAV2 carrying hIL15
gene and successfully applied on a single dose intramuscular
administration. Expression of hIL15 protein was observed
through immunofluorescent assay over muscle injection sites.

The major drawback of using rAAV vector for gene therapy
is difficult at large scale production of high bioactivity and
high purity vectors. We built up a hospital-based current good
manufacturing practice (cGMP) laboratory for gene vector
production 5 years ago. We were able to successfully
produce rAAV vectors via triple plasmid co-transfection by
using AAV helper-free system. We modified the purification
method by adding deoxycholic acid to remove extra DNA
fragments and nucleotides, changed hitrap heparin column to
heparin-agarose gel column according to single step column
purification (SSCP) method so as to increase affinity to rAAV
vectors. We were able to produce higher titers (1013 VP/ml)
and higher purity rAAV vectors than previous purification
method proved by real-time PCR and SDS-page (data not
shown).

Of the 55% adenoviruses that have neutralizing antibody
(NAB) in human serum, only 32% AAVs have NAB (27). In
a study done previously from the Institute of Human Gene
Therapy of University of Pennsylvania, it was reported that

high levels and stable transgene expression were found in
mice following intramuscular injection of purified rAAV
(28). The rAAV genome is efficiently incorporated into the
nuclei of differentiated muscle fibers. Neutralizing antibody
against AAV capsid proteins does not prevent re-
administration of the vector. No humoral or cellular immune
responses are elicited in the neoantigenic transgene product
(28). The favorable feature of rAAV in muscle-directed gene
therapy showed great potential for this study to be applied in
the treatment of cancer.

In this study, we were able to present evidence that a
single dose intramuscular rAAV2-hIL15 injection is feasible.
It mediates an effective antitumor immunity via activation of
LAK cells, inducing tumor apoptosis and inhibiting JC breast
cancer growth. These data provide a preclinical rationale for
rAAV2-hIL15-based breast cancer immunotherapy.
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