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Abstract Prostate cancer is the most common male can-
cer and there is an urgent need for adjuvant therapy such as
immunotherapy. Recombinant adeno-associated virus type
2 (rAAV) vectors are useful for antigen gene-loading of
human dendritic cells (DC) and for the rapid generation of
cytotoxic T lymphocytes (CTL). In this study, we report a
protocol for AAV-loading of DC with the AAV-loading of
self-antigen prostate speciWc antigen (PSA) resulting in
generation of CTL. PSA and cytokine expression, Cell sur-
face marker analysis of DC and CTL cells were done using
a FACScalibur Xow cytometer. Chromium-51 release assay
was used to analyze the killing activity of CTL. It was
found that AAV-loading of DC with the PSA gene is supe-
rior to PSA protein loading of the same antigen for generat-
ing eVective CTL. AAV/PSA-loading of DC was found to

result in: (1) strong, rapid PSA-speciWc, MHC Class I-
restricted CTL, (2) PSA expression in DC, (3) high CD80,
CD83, and CD86 expression on DC, (4) high level of IL-12
and low level of IL-10 in DC, (5) T cell populations with
signiWcant interferon � (IFN�) expression, but low IL-4
expression, (6) high proliferation of T cell populations, (7)
high CD8:CD4 and CD8:CD56 T cell ratios. The reason for
generation of robust CTL is partly explained by the charac-
teristics of DC and CTL described. This protocol may be
useful for adoptive immunotherapy against self antigens
such as PSA for prostate cancer.
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Abbreviations
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Introduction

Professional antigen presenting dendritic cells (DC) are
pivotal in antigen-speciWc immune responses [34, 4, 31],
and are easily obtained from peripheral blood precursors
[27, 25]. The genetic manipulation of DC by Adeno-Asso-
ciated Virus type 2 (AAV) vector-deliveries of self antigen
may circumvent and surmount innate immune tolerance.
AAV vectors are one of the safest for use in gene therapy.
AAV vectors are eVective for the delivery of antigens and
cytokine genes into human DC, often with 90% eYciency
[6, 15, 24, 35, 36]. Transduced DC can stimulate a robust
CTL response with one stimulation (1 week co-incubation)
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against viral antigens. Moreover, these CTL express high
levels of IFN� [6]. Altogether, this is an improvement over
currently used techniques [3, 23, 29, 37, 38, 40, 41].

Prostate cancer (PC) is the most common male cancer
and the second leading cause of male cancer deaths [8–12,
14, 18, 26, 32, 33]. PC can be treated surgically, radiation
and/or by chemotherapy, if detected early. Unfortunately,
for many patients with advanced or hormone refractory PC,
no eVective surgical or medical treatment is available.
There is an urgent need to develop alternative treatment
approaches such as immunotherapy or gene therapy, as
adjunct to standard treatments [9–12, 14, 16–19, 26, 33].
The prostate is not required for normal life. Therefore, the
prostate may be a good target for immunotherapy or gene
therapy. EVective anti-cancer CTL requires the choosing of
an appropriate antigen. Prostate speciWc antigen (PSA), as a
secreted protein, is currently the most widely used test
for prostate cancer screening and monitoring [32]. It is
expressed in both prostate cancer and normal prostate cells.
In this study, we demonstrate that improved anti-PSA CTL
can be generated by AAV/PSA transduced DC. In addition,
we have characterized both DC and CTL in order to delin-
eate the mechanisms for improved generation of CTL.

Materials and methods

Cells

Prostate cancer cell line, LNCaP–FGC that was obtained
from the American Type Culture Collection (ATCC), EBV-
transformed B cells (LCL) derived from Wve healthy donors
and negative control cell line K562 (ATCC) were cultured
in RPMI 1640 medium (Mediatech) supplemented with
10% fetal bovine serum (FBS) and 2 mM L-glutamine. The
peripheral blood mononuclear cells (PBMC) from Wve
healthy donors were separated by routine Ficoll gradient
method. All blood donors were given informed consent in
writing, and the study protocol conformed to the ethical
guidelines of the 1975 Declaration of Helsinki as reXected
in a priori approval by our Human Research Internal
Review Board. The HLA haplotype of all donors were com-
patible with LNCaP-FGC. The PBMC and PBL (non-adher-
ent PBMC) were cultured with 2.5 ml of AIM-V medium
(Invitrogen Life Technologies) in six-well culture plate.

Generation of recombinant virus

Human PSA cDNA was ampliWed by reverse-transcription
polymerase chain reaction (RT-PCR). The total mRNA was
isolated from LNCaP-FGC. After the Wrst-strand cDNA
was generated, PCR ampliWcation for PSA cDNA was
carried out using the following primer pair: 5�-

ATCCTGTCTCGGATTGTGG-3� and 5�-TTGATAGGGG
TGCTCAGG-3� that amplify the sequence from nucleo-
tides 252 to 1,506 [30]. PSA cDNA was sequenced and
determined to be identical to the published sequence [30].
The AAV/PSA and AAV/PSA/Neo vectors were con-
structed as previously described [6, 15]. AAV/E6, AAV/
BA46, AAV/HM1.24 were also constructed, coding for
papilloma virus E6 antigen, breast cancer antigen/milk pro-
tein, and multiple myeloma B-cell-restricted antigen,
respectively.

The plasmid pSH3 can express AAV type 2 rep and cap
genes and adenovirus E2A, VA1 and E4 genes to allow
rAAV DNA replication and packaging into particles with-
out contaminating wild type AAV and adenovirus [7].
rAAV vectors were co-lipofected into HK 293 cells
(ATCC) with plasmid pSH3. The rAAV were harvested by
routine method after 4 days [6, 15]. To generate the puriWed
rAAV the one-step column puriWcation technique described
by Auricchio et al. [2]. The rAAV were tittered as
described previously by dot blot hybridization [6, 15].

Generation of DC infected by AAV/PSA

After the PBMC (5 £ 106) were cultured for two hours, the
non-adherent cells were removed. The monocytes (Mo)
were infected immediately with 1 £ 108 encapsidated
genomes (eg)/ml of AAV/PSA virus or the control. After
4 h the medium/virus solution was removed and the cells
were Wnally fed with AIM-V medium containing recombi-
nant human GM-CSF (Immunex, 800 IU/ml). At day 2 and
4, to induce the maturation of Mo into DC, recombinant
human IL-4 and TNF� (R & D Systems) at 1,000 IU/ml
and 20 ng/ml were added to the medium, respectively. The
medium and cytokines were replaced every two days.
Finally, at day 6 the DC were mixed with PBL.

Generation of DC pulsed by PSA protein

The method of generation of PSA-lipofected DC described
by Santin et al. was employed [28]. In brief, before Mo/DC
were treated with TNF� at day 4 PSA protein (Chemicon
International, 100�g/ml) and DOTAP liposomal reagent
(Roche Diagnostics, 125 �g in 500 �l of AIM-V) were
mixed. The complex was added to DC in a total volume of
2.5 ml of AIM-V medium, and the mixture was incubated
for 3 h. The cells were washed and resuspended in AIM-V
as described above.

Analysis of AAV/PSA Expression and eYcient infection

At day six of Mo/DC culture, intracellular staining assay of
Pala et al. [22] was employed to analyze the expression and
eYcient infection of AAV/PSA virus according to the
123
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routine method. After the AAV/PSA virus-infected or con-
trol suspension cells (DC) were harvested the cells were
Wxed and permeabilized. The cells were incubated with
mouse anti-PSA monoclonal antibody (40 �g/ml; Chem-
icon International), and were subsequently stained with
FITC-conjugated goat anti-mouse monoclonal antibody
(1 �g/ml; Chemicon International). A FACSCalibur Xow
cytometer (Becton–Dickinson) was used for data acquisi-
tions. At least 10,000 events were counted for each sample.

Cell surface marker analysis of DC

For the analysis of DC a panel of FITC- or PE-labeled
monoclonal antibodies recognizing the following antigens
was used: CD1a (Caltag Laboratories), CD14, CD40 (Chem-
icon International), HLA-DR, CD80, CD83 and CD86 (BD
Pharmingen), Control irrelevant isotype-matched FITC- or
PE-conjugated monoclonal antibodies were obtained from
BD Pharmingen. After 6 days the non-adherent DC were
harvested (>95% viable as assessed by Trypan blue exclu-
sion) the cells counted and distributed. Stained cells were
assayed for surface markers as described previously [6].

Analysis of IL-10 and IL-12 expression in the DC

Human IL-12 p70 and IL-10 were measured in the DC
supernatants by enzyme-linked immunosorbent assay
(ELISA) using commercially available kits (Biosource
International). The sensitivity of the IL-10 and IL-12
ELISA is <1  and <0.5 pg/ml, respectively. At day 3 of Mo/
DC culture (before the addition of TNF�) and day 6 (after
the addition of TNF� the supernatants were separated from
the culture. IL-10 and IL-12 p70 secretion was measured in
duplicate according to the manufacturer’s instructions.

Analysis of T cell proliferation

T cell proliferation, in the presence of variously treated DC,
was measured by tritium incorporation.

Generation of target cells

LCL derived from Wve donors were infected by AAV/PSA/
Neo virus, and cultured in the medium plus 50 �g/ml of
G418 for more than 15 days. Immunostaining assay was
performed to analyze the eYciency of the rAAV infection
using mouse anti-PSA monoclonal antibody as described
above. K562 cells, the target cells of natural killer cells
(NK), and LNCaP–FGC cells were also analyzed for the
expression of PSA. In addition, AAV/E6, AAV/BA46 and
AAV/HM1.24 virus-infected LCL were generated, respec-
tively, as control targets [6]. A series of non-prostate cell
lines were also used as negative control targets.

Generation of cytotoxic T lymphocytes (CTL)

After 6 days of DC culture the mature DC were harvested
and mixed with the PBL (ratios 20:1, PBL: DC). The mix-
tures were cultured in AIM-V containing recombinant
human GM-CSF (800 IU/ml), IL-2 (20 IU/ml) and IL-7
(20 ng/ml) at 10–20 £ 106 cells/well in 6-well culture
plates. The medium and cytokines were replaced every
2 days. After 8 days post-priming the cells were harvested
and analyzed further.

Analysis of PSA-speciWc and MHC Class I-restricted CTL 
killing activity

Six-hour chromium-51 (51Cr) release assay [23, 28, 42,]
was used to analyze the killing activity of CTL elicited by
AAV/PSA-infected, PSA-lipofected and control DC against
the target cells. The CTL cells and 51Cr-labeled target cells
were mixed (20:1) and incubated for 6 h at 37°C with 5%
CO2. To determine the structures on the target cells
involved in lysis, mouse anti-HLA Class I monoclonal anti-
bodies were used to block cytotoxicity. The 51Cr-labeled
targets were pre-incubated with mouse anti-human MHC
class I antibody (Serotec) for 1 h. before the 51Cr release
assay was performed. The mouse anti-human MHC class II
antibody (Serotec) was also used as a control.

CD marker analysis of activated T cells

For the analysis of activated T cells, at day 8 of the experi-
ment the primed T cell populations were analyzed for their
surface markers with immunoXuorescence staining. A
panel of FITC- or PE-labeled monoclonal antibodies recog-
nizing the following antigens was used: CD4, CD8, CD56
(Pharmingen).

Analysis for the level of IFN-� and IL-4 in the activated 
T cell populations

At day 8 days post-priming T cells were harvested. The
intracellular staining assay was performed to analyze the
expression of IFN-� and IL-4 in the T cells according to
the protocol described by Pala et al. [22].

Results

AAV/PSA transduced cells express PSA

One main goal of this study was to determine if AAV-based
antigen gene delivery into DC could generate CTL against
a self-antigen, PSA, as has been shown previously for viral
antigens [6]. The structure of the AAV vectors used in this
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study includes the PSA cDNA that was ligated into the basic
AAV vector dl6-95 to give AAV/PSA. In these vectors the
PSA gene was expressed from the AAV p5 promoter,
which is known to be active in DC [6]. The titer of AAV/PSA
virus stocks was 1 £ 1011 encapsidated genomes per ml
(eg/ml; data not shown). Virus stock of other AAV vectors
was also generated and tittered.

Protocols for the generation of DC by stimulating the
diVerentiation of peripheral blood adherent monocytes
(Mo) involve treating adherent Mo with GM-CSF and IL-4.
We have modiWed these protocols in order to promote AAV
vector transduction in DC precursor Mo. This altered proto-
col involves treating adherent Mo with GM-CSF alone for
2 days before the addition of IL-4, TNF-� on day 2 and day
4 [6]. This will allow the Mo to go through a brief period of
limited cell division. Cell division is important for promot-
ing higher levels of AAV transduction [23, 38]. The trans-
duction of the Mo/DC population was observed by
intracellular staining for PSA. In addition to DC transduc-
tion, we also measured the transduction of EB virus trans-
formed B lymphocytes (LCL). The results are shown in
Fig. 1a. Both cell types were transduced at levels of 85–
90%. We also analyzed the natural level of expression of
PSA in LNCaP–FGC cells (a prostate cancer cell line) and
K562 cells as these two cell lines will serve as our standard
antigen-positive and negative target cells. As expected 94%

of LNCaP–FGC cells expressed PSA, while less than 1% of
K562 cells did (Fig. 1a).

Analysis of PSA-speciWc and MHC class I -restricted CTL 
killing activity

The ability of the AAV/PSA-loaded DC to stimulate eVec-
tive anti-PSA CTL killing was next analyzed. CTL derived
from DC, which was loaded by untreated, PSA protein and
AAV/PSA transduction were generated and tested for the
ability to kill various targets. Using chromium-release kill-
ing assay, Fig. 1b, we compared all primed CTL popula-
tions for their ability to kill the PSA-positive prostate
cancer cell line LNCaP-FGC. We also tested CTL gener-
ated by three diVerent loading doses of the AAV/PSA virus.
The data from Wve diVerent donors, HLA-matched to the
LNCaP-FGC cell line, were compiled and the results
shown in Fig. 1b. As shown the untreated-derived CTL, at a
20:1 eVector:target ratio, were unable to kill LNCaP-FGC
cells (3.8%), while the PSA protein-derived CTL killed at
22.9% (P < 0.01). In contrast the CTL derived from
increasing doses of AAV/PSA killed at increasingly higher
levels of 29.5, 38.7, and 52.5% (P < 0.05). In Fig. 1c, we
assayed all three of these primed CTL populations for the
ability to kill the PSA-positive autologous LCL. These PSA
postive-LCL cell lines were generated by infecting the

Fig. 1 a Transduction eY-
ciency by AAV vectors and 
analysis of PSA-positive targets. 
b and c Killing of PSA-positive 
targets by AAV/PSA-loaded DC 
derived CTL and PSA protein-
loaded DC-derived CTL. CTL 
were generated as indicated and 
assayed for their ability to kill 
either LNCaP-FGC (b) or LCL 
transduced with AAV/PSA (c)
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autologous LCL with AAV/PSA/Neo and transduced cells
were selected using G418. We also tested CTL generated
by three diVerent loading doses of the AAV/PSA virus. The
data from Wve diVerent donors were compiled and the
results shown in Fig. 1c. As shown the untreated-derived
CTL, at a 20:1 eVector:target ratio, were unable to kill LCL
cells (3.3%) while the PSA protein-derived CTL killing
was 21.5% (P < 0.01). In contrast, the CTL derived from
the three increasing doses of AAV/PSA killed at increas-
ingly higher levels of 22.6, 39.2, and 55.4% (P < 0.01).
Thus, the AAV/PSA generated CTL were superior to the
PSA protein-derived CTL in killing ability of either the
LNCaP-FGC (Fig. 1b) or the autologous PSA positive LCL
cells (Fig. 1c). Furthermore, in both experiments, increas-
ing the DC loading dose of AAV/PSA resulted in more
eVective DC and primed CTL in a loading-dose-dependent
fashion.

Experiments shown in Fig. 2a were designed to test the
antigen speciWcity of AAV-based DC loading. In this
experiment, using Wve diVerent donors, six diVerent DC
loading treatments were carried out, each using one of four
diVerent AAV vectors, each containing a diVerent trans-
gene, as well as PSA protein and untreated loading DC.
Only one vector, AAV/PSA, contained the target antigen.
CTL were generated using the six diVerent DC and then the
derived CTL were compared for the ability to kill the PSA-
positive LNCaP-FGC. As can be seen, only those T cells
incubated with AAV/PSA- and PSA protein-loaded DC
were able to kill the LNCaP-FGC at a level of 52 and 23%,
respectively (P < 0.001). These data are fully consistent
with antigen-loading speciWcity of the resulting CTL, as
expected.

Experiments shown in Fig. 2b were designed to test the
antigen speciWcity of killing by T cells stimulated by AAV/
PSA-loaded DC. Several diVerent HLA-matched antigen-
positive and antigen-negative targets were included. As
shown, while the LNCaP–FGC and PSA positive-LCL tar-
gets were killed, the other Wve PSA-negative cell lines were
not (P < 0.001). These data, and those of the preceeding
Wgures are fully consistent with the resulting CTL being
highly PSA-speciWc.

MHC class I-restriction was examined in experiments
using both LNCaP–FGC and PSA positive LCL cell lines
(Fig. 3). The targets were pre-incubated with anti-MHC
class I or anti-MHC class II antibody. CTL was generated
by AAV/PSA-loaded DC and incubated with the indicated
targets. The CTL killing was blocked by anti-MHC class I
antibody, but not by anti-MHC class II antibody, strongly
suggesting MHC class I-restriction (P < 0.001).

As shown in Fig. 4, we designed an experiment to test
the dose-dependent killing ability of the CTL derived from
AAV/PSA-loaded DC. Five diVerent eVector-to-target
ratios were used and the resulting level of killing measured.

The results, using the LNCaP-FGC as a target, is shown in
Fig. 4a. Note that increased CTL to target ratios resulted in
increased killing, with the exception of a plateauing eVect
at the highest ratio (P < 0.01). A similar analysis using
PSA § LCL cells showed very similar results, including
the plateauing eVect at the highest ratio (Fig. 4b). These
data are fully consistent with target killing being dependent
upon the amount of CTL added.

Characterization of AAV/PSA transduced DC

The DC resulting from the various loading techniques were
next characterized to observe if signiWcant diVerences were
induced by the treatments and delineate the mechanisms
involved in the robust generation of CTL. We used Xow
cytometric analysis to determine the surface marker pheno-
type of untreated and AAV/PSA-loaded DC populations.
The results, shown in Fig. 5a, demonstrate that the DC

Fig. 2 a Loading speciWcity of generated CTL. CTL generated by var-
ious AAV vectors were assayed for killing the LNCaP-FGC. Nore that
only the CTL generated from DC loaded with AAV/PSA or PSA pro-
tein were able to kill these cells. Also note that CTL derived from
AAV/PSA-loaded DC could kills at a much higher levevl than those
drived from PSA protein-loaded DC. b Target speciWcity of generated
CTL: AAV/PSA-generated CTL response against a variety of targets
is shown. Note that only LNCaP-FGC and PSA positive-LCL are
killed while all others are not
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generated from these techniques share common DC mark-
ers and low CD14 levels. However, AAV/PSA loaded DC
did express signiWcantly higher levels of CD80, CD83, and
CD86 (P < 0.05). This is largely in agreement with our
other studies, which consistently show CD80 upregulation
and sometimes CD40, CD83, and CD86 as well.

The results for IL-12, shown in Fig. 5b, demonstrate that
the DC progressively secreted more IL-12 in a dose-depen-
dent manner along with increased AAV/PSA transduction
(P < 0.05). Furthermore, the stimulation of DC maturation
by TNF� further up-regulated the AAV/PSA dose eVect on
IL-12 secretion. The results for IL-10, shown in Fig. 5c,
demonstrate that DC not treated with TNF� secreted equal
amounts of IL-10 independent of AAV/PSA dose. Finally,
the stimulation of DC maturation by TNF� was associated
with very low IL-10 secretion and this was down-regulated,
in a dosage dependent manner by AAV/PSA (P < 0.05).

Characterization of AAV/PSA transduced DC stimulated 
T cells

The T cell populations resulting from the variously treated
DC were next characterized to observe if signiWcant diVer-
ences resulted in the stimulated CTL and delineate mecha-
nisms for improved generation of CTL. Immunophenotyping
of the AAV/PSA-primed T-cell populations showed that
they expressed predominantly CD8 (61%), in contrast to

untreated cells (33%; Fig. 6a, P < 0.05). The PSA protein-
primed T cells were intermediate at 55% CD8-positive
cells. More striking was the increase of the CD8/CD4 ratio
in the untreated, protein, and gene-derived T cell popula-
tions, rises from 0.49, to 2.8 and then 7.1, respectively
(Fig. 6a; P < 0.05). Furthermore, the CD8-to-CD56 ratio
was substantially higher in the AAV-loaded situation,
increasing from a ratio of 3.1 to 9.2 and Wnally to 76.3 in
the untreated, protein, and gene-derived T cell populations
respectively (P < 0.05).

To determine the cytokine proWle of the T cells gener-
ated from co-culture with AAV/PSA-loaded DC, PSA pro-
tein-loaded, or untreated DC, we carried out intracellular
staining of these T cells for IFN� and IL-4. Figure 6b dem-
onstrates that most of the stimulated T cells highly
expressed IFN� (71%) and very little IL-4 (0.14%), sug-
gesting that these cells are of strong Th1 phenotype. A
much smaller proportion of IFN�-producing T cells were
observed in the T-cell populations primed by PSA protein
(37%) or untreated (21.3%). The level of T cell prolifera-
tion by variously treated DC was also analyzed by tritium
incorporation (Fig. 6c). It was found that the AAV/PSA
transduced DC cells stimulated the highest proliferation
and untreated DC stimulated the lowest, consistent with the
IFN� expression results (P < 0.05).

Fig. 3 Class I Restriction of CTL killing. CTL generated by various
AAV vectors were assayed for killing the LNCaP-FGC. Note that only
the CTL generated from DC loaded with AAV/PSA or PSA protein
were able to kill these cells. Also, note that CTL derived from AAV/
PSA-loaded DC could kill at a much higher level. Note the addition of
anti-class I antibody inhibited killing, while anti-class II antibody did
not
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Discussion

A number of prostate cancer self antigens have been identi-
Wed [8–12, 14, 16–19, 26, 32, 33]. We have chosen to target
PSA because of its broad expression in normal prostate,
prostate carcinomas and minimal expression on other cell
types. Previously we have used this technique for the gen-
eration of CTL against viral antigens [6]. In this study, we
demonstrate that AAV/PSA virus is able to eVectively load
DC and DC were able to prime and propagate PSA antigen-
speciWc CTL in an eYcient manner resulting in robust CTL
killing. The protocol described in this study has the ability
to generate signiWcant CTL activity against a self-antigen
with one stimulation but most DC loading/priming proto-
cols require much longer times. The speciWc reason for this
is not yet known but may be due to as we have shown in
this study, (1) high transduction eYciency of AAV/PSA
vector, (2) higher CD80, CD 83 and CD86 expression in
the DC loaded with AAV/PSA, (3) high IL-12 secretion
that is associated with a desirable Th 1 response, and (4) an
increase in proliferation of the CD8 + Th1 T cells.

The results in this study are in agreement with the
hypothesis that antigen gene loading of DC may be more
eYcient in CTL killing than protein loading of DC for sev-

eral reasons. First, due to protein degradation and MHC
molecule cycling, protein loading of DC may be an ineY-
cient way to deliver an antigen. In contrast, gene transfer
leads to a continuous production of the antigenic protein
and may provide the opportunity for repeated rounds of
presentation and CTL stimulation. Second, viral entry into
cells is usually more eYcient than proteins delivered via
lipofection [6]. Finally, viral delivery of the full gene
encoding the full protein will result in post-translational
modiWcations and multiple epitopes being expressed by the
DC. In this study, apart from these theoretical reasons, we
have shown that increased CTL killing after AAV-PSA
loading compared to PSA protein pulsing may be due to (1)
increased proliferation of CTL, (2) high CD8/CD4 ratio and
high CD8/CD56 T cell ratios, and (3) T cell population
with signiWcant IFN� expression Therefore, the protocols
used in this study resulted in robust CTL killing mainly due
to enhanced characteristics of DC and CTL. Further studies
are needed to delineate the mechanisms responsible for the
rapid and robust CTL killing.

In this study, functional characterization of CD8 + CTL
responses included analysis of speciWcity, using autologous
PSA expressing epithelial and lymphoid targets and NK-
sensitive targets, (e.g., K562). The generation of signiWcant

Fig. 5 a Characterization of DC under diVerent conditions. Mono-
cytes were treated as indicated, treated with GM-CSF, IL-4, and TNF�,
and analyzed by FACS for mean Xuorescent intensity (MFI) on day 6.

Original histograms are shown with percentage of positivity. b and c
Secretion of IL-12 (b) and IL-10 (c) by DC. Shown are the levels of
secreted IL-12 and IL-10 by DC under various treatments
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MHC-class I restricted, antigen speciWc anti-PSA CTL
activity resulting from AAV/antigen gene loading of DC
was expected. This is fully consistent with what we know
about CTL generation by antigen presenting DC and CTL
activity (Th1 immune response). However, some might
argue that what we are observing is non-speciWc killing that
the antigen-speciWc CTL are arising too rapidly. Yet, there
was little evidence of CD56 participation as K562 cells
were not killed at signiWcant levels and CD56 cells were a
minimal subset within the stimulated T cell population.
Also, loading speciWcity results show that only AAV/PSA
transduced DC demonstrated high CTL killing whereas
AAV/E6 or AAV/BA46 transduced DC did not. Further-
more, the antigen-speciWcity of the killing was strongly
supported by the Wnding of a lack of cytotoxicity observed
against non-PSA-bearing targets. Moreover, as shown in
this study CTL killing is dose dependent up to a target ratio
of 20:1 and then did not show increase. Therefore, CTL
killing is unlikely due to simple cellular toxicity.

We have used androgen sensitive cell line LNCaP as tar-
get for CTL killing. We did not use androgen insensitive
cell lines such as PC-3 and Du-145 as they have been
reported not to express PSA [5, 21]. However, PC-3 and
DU-145 PC cell lines can express androgen receptor pro-
tein [1] and patients with androgen resistant PC express
androgen receptors even at low androgen levels and con-
tinue to express PSA [41]. If even low level of PSA is
expressed and appropriate epitopes are presented by the
DC, CTL killing should be expected in PC-3 and Du-145
cell lines. Further studies are necessary to conWrm this.

During the last 10 years there are several reports on
diVerent immunological approaches for the treatment of PC
[8–12, 14, 16–19, 26, 33]. Both viral and non-viral vectors
have been used with limited success. There have been
many studies demonstrating the defective nature of T lym-
phocytes in cancerous hosts and tumor escape mechanisms
in PC [13, 20, 39]. As early as 1976 Thomas et al. [37]
demonstrated that PC patients had lymphocytes with

Fig. 6 a Two-color Xow cyto-
metric characterization of sur-
face markers and proliferation of 
stimulated T cell populations. 
The top panel shows the CD8 
and CD4 prevalence within the 
activated T cell population 
resulting from two diVerent 
pulsing techniques as indicated. 
The bottom panel shows the 
CD8 and CD56 prevalence 
under the same experimental 
situations as in the top panel. b 
Two-color Xow cytometric char-
acterization of intracellular cyto-
kine expression. Intracellular 
prevalence of IFN� and IL-4 
within primed T cell populations 
resulting from untreated-loaded 
DC (control), PSA protein-load-
ed, or AAV/PSA-loaded- DC.  
c T cell proliferation in stimu-
lated T cell populations. The 
level of proliferation of T cells 
stimulated by three diVerent 
treated DC (see Materials and 
methods section)

0021

0001

008

006

004

002

0

ASP/VAA
4-LI

%41.0

4-LI
%5.6

-NFI γ 3.12 %

detaertnU

nietorp ASP
4-LI

%7.84

-NFI γ 73 %0.

 gnidaol

:yb CD

A
A

V
/P

S
A

P
S

A
   

  
pr

ot
ei

n

U
nt

re
at

ed
  

3 RdT-H
procnI

C
mpd

A

B

C
el

l c
o

u
n

t
C

el
l c

o
u

n
t

ytisnetnI ecnecseroulF goL

ytisnetnI ecnecseroulF goL

4DC
%6.91

8DC %19.45

4DC
%6.8

8DC %7.23

8DC %3.65

65DC
%1.6

8DC %3.63

65DC
%9.0

4DC
%4.66

detaertnU

2.16 8DC %

ASP/VAA

86 8DC %7.

65DC
%9.0

-NFI γ 7 %0.1

nietorp ASP
123



Cancer Immunol Immunother (2007) 56:1615–1624 1623
depressed functions, showing defects is mitogen-induced
lymphocyte transformation. In designing adoptive immuno-
therapy against prostate cancer, it is clear that a more robust
in vitro CTL must be generated to allow for tumor cell kill-
ing in vivo in spite of surmounting inherent immune toler-
ance to the cancer. Both clinical and pre-clinical studies
indicate that PSA is a good PC antigen for immunotherapy
[8–12, 14, 16–19, 26, 33]. While advances are being made
in immunotherapy against PC, this is the Wrst report of
preclinical demonstration of using AAV vector for gene
immunotherapy against a prostate antigen. Rapid genera-
tion of CTL by this technique against PSA, after one stimu-
lation is signiWcant. Taken together, the eYcient protocol
described in this study may be used as an adjuvant immu-
notherapy for the treatment of PC.
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