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Abstract

Prostate cancer is a leading cause of cancer morbidity and mortality in the United States. Animal and clinical studies performed four decades
ago suggested that immunological approaches might be useful for the treatment of prostate cancer. The wealth of information that has been
learned over the last two decades has suggested many new directions to the immune-based therapy of prostate cancer, including passive and
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ctive immunotherapy approaches. The findings from current trials, and the likely combination of current immunotherapy approa
onventional therapies, portends a hopeful future for the treatment of prostate cancer.
2004 Published by Elsevier B.V.
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. Introduction

Prostate cancer is currently the most commonly diagnosed
on-skin cancer in men in the United States and the second

eading cause of cancer-related death in men in the United
tates[1]. Animal and clinical studies performed decades ago
sing non-specific immunomodulatory therapies suggested

hat improved immunological approaches might be useful for
he treatment of prostate cancer. Over the last two decades
here have been great strides in the fields of immunology
nd cancer biology that have suggested new directions to the

mmune-based therapy of prostate cancer. The following ar-
icle will review several immunotherapeutic strategies being
nvestigated as treatments for prostate cancer, focusing on
assive (immunomodulatory and cytokine approaches) and
ctive immunotherapies (vaccines targeting adaptive and in-
ate immune effector functions).

∗ Corresponding author. Tel.: +1 608 263 6316; fax: +1 608 263 6316.
E-mail addresses:dm3@medicine.wisc.edu (D.G. McNeel),

malkovs@wisc.edu (M. Malkovsky).

2. Background and overview

There has been controversy over the role of the imm
system in prostate cancer surveillance; many investig
decades ago concluded that prostate cancer is not a
munogenic tumor and the prostate gland is an “immu
logically privileged” site[2,3]. For example, Smith initiall
reported that the prostate gland is devoid of afferent
phatics[4]. Moreover, non-specific tests of immune functi
such as T cell rosette formation, T cell blastogenic resp
to mitogen stimulation, and DTH responses to common
call antigens, were all found to be reduced in patients
prostate cancer[5,6]. Other studies documented the red
tion of MHC class I molecules in metastatic prostate c
cer lesions, the disruption of the TAP transporter mac
ery in human prostate cancer cell lines, and the overex
sion of TGF� by prostate cancer cells as multiple po
ble mechanisms of prostate cancer escape from immun
tection [7]. Finally, the absence of prostate tumors oc
ring in T cell deficient mice suggested that the presenc
prostate cancer was not due to a defect in immune su
1 Tel.: +1 608 265 8131; fax: +1 608 265 8133. lance[8].
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More recent studies, however, have challenged these con-
clusions. For example, several reports have confirmed the
presence of lymphocytic infiltrates in the prostate, suggest-
ing the prostate is not immunologically privileged[9]. Our
group and others have identified prostate antigen-specific T
cells and IgG in patients with chronic prostatitis[10,11]and
prostate cancer[12,13], suggesting that immune responses to
prostate antigens occurs commonly in vivo. In patients with
prostate cancer, the presence of tumor-infiltrating lympho-
cytes (TIL) in tumor specimens has actually been associated
with higher 10-year survival than the absence of TIL, sug-
gesting prostate-specific immune responses may play a role
in tumor surveillance[14]. Finally, it is now generally as-
sumed that the downregulation of MHC class I expression
and expression of immunosuppressive cytokines by advanced
prostate cancers are evidence that the immune system, in fact,
does play a role in tumor surveillance that the cancer attempts
to overcome.

Immunotherapeutic strategies can be broadly classified
into passive therapies and active therapies. Passive im-
munotherapies include treatment with immunomodulatory
agents, infusion of cytokines, or infusion of immune ef-
fector agents such as antibodies or lymphocytes. Active
immunotherapies include vaccine strategies in which the
goal is to elicit host-specific anti-tumor immune responses.
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metastatic prostate cancer were treated with 250�g GM-CSF
three times per week for up to six months[21]. While no
objective disease responses were observed, several patients
did experience a decline in serum PSA measurements[21].
Rini et al. reported similar findings from a separate phase
II study of GM-CSF administered to patients with early mi-
crometastatic prostate cancer (stage D0)[22]. In that study,
patients were treated in 14-day cycles of daily GM-CSF, and
three of 29 subjects achieved a reduction in serum PSA. To-
gether, these findings would suggest that GM-CSF exerts a
biological effect mediated by inflammatory cells. Unfortu-
nately, however, neither group evaluated whether prostate-
specific immune responses were affected by the treatment.

3.2. Flt3 ligand (FL)

Similar to GM-CSF, FL has been shown to be a growth and
differentiation factor for DC[23]. Previous studies demon-
strated that systemic administration of FL to mice or hu-
mans markedly increases circulating progenitor DC that re-
tain antigen-presenting function and the capacity to stimu-
late the proliferation of antigen-specific T cells[24–28]. The
ability of FL to stimulate the production of DC suggested
to us that it might be useful as a systemic vaccine adjuvant,
like GM-CSF, by increasing the number of circulating and
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accines can be further classified as whole cell vacc
ntigen-specific vaccines, and non-antigen-specific vacc
his article will briefly review several passive and

ive immunotherapy strategies currently being investig
n prostate cancer, focusing on cytokine and vaccine
roaches.

. Passive immunotherapy – cytokines

.1. Granulocyte-macrophage colony stimulating factor
GM-CSF)

GM-CSF is a member of a large family of glycoprot
rowth factors that regulate the growth and differentiatio
ematopoietic progenitor cells and is known to act at
ral levels in the generation and propagation of imm
esponses. For example, it is known to prime neutrop
or enhanced arachidonic acid release and activate anti
ependent cell-mediated cytotoxicity of neutrophils[15]. It
lso acts as a chemoattractant for eosinophils and has
emonstrated to enhance the cytotoxicity of eosinophils[16].
inally, GM-CSF is known to induce the differentiation a
romote the survival of peripheral blood dendritic cells (D

17].
Given all of these immunostimulatory properties, sev

roups have been investigating GM-CSF as a vaccin
uvant [18–20]. Other groups have investigated adminis
ion of GM-CSF alone as a means of eliciting anti-tum
mmunity. Dreicer et al. at the Cleveland Clinic reported
esults of a small phase II trial in which 16 patients w
issue-resident antigen-presenting cells[29,30]. We have, in
act, demonstrated that treatment elicited antigen-specifi

une responses[31].
The ability of FL to elicit functional DC suggested th

irect systemic administration might elicit therapeutic a
umor immunity. This was first tested in animal models, an
act shown in several tumor-bearing mice systems that

ent with cycles of FL resulted in tumor regression[24,32],
ncluding a transgenic mouse model of prostate cancer[33].

similar study, recently reported by Higano and cowork
as conducted in patients with early androgen-indepen
rostate cancer[34]. In that study of 31 patients, PSA ser
esponses were not reported, but a biological effect wa
licated by an overall decrease in the rate of rise of se
SA in the treated subjects[34].

. Active immunotherapy – vaccines

.1. Whole cell vaccines

Early experiments in infectious disease models dem
trated that vaccination of test animals with inactivated v
r bacteria would protect them from disease caused by
equent exposure to the live pathogen. The field of tu
mmunology arose largely from this same immunization c
ept, and a prevailing hypothesis was that a variety of
ens would be needed to elicit an effective anti-tumor
une response. In addition, if a specific tumor rejection
en were not known, perhaps an approach that cou
ultaneously target multiple antigens would be of ben
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Early clinical studies with a similar approach, immunizing
cancer patients with irradiated autologous tumor cells, met
with limited success. Consequently, recent investigations in
whole cell vaccines have typically modified the tumor cells
to express an immune-stimulating agent. Simons et al. re-
ported the first trial in prostate cancer in which patients
with high-volume local prostate cancer underwent immuniza-
tion with autologous prostate cancer cells transfected with a
retroviral construct to express GM-CSF[35]. This particu-
lar study, while not particularly feasible except in patients
with very advanced localized disease, has led to the devel-
opment of a generalized approach (GVAX®, Cell Genesys)
using inactivated allogeneic prostate cancer cell lines trans-
fected to express GM-CSF. In unpublished results from a
phase II trial of the GVAX vaccine (composed of the LNCaP
and PC3 cell lines) conducted in patients with advanced
metastatic prostate cancer, clinical responses were observed
and there was a trend toward improved progression-free sur-
vival. A separate phase II trial was then initiated using a re-
engineered vaccine secreting higher levels of GM-CSF[36].
Phase III studies are planned with this vaccination approach
[37].

4.2. Antigen-specific vaccines
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patients with prostate cancer[41,42]. Similarly, in a series
of phase I/II trials for early metastatic and androgen inde-
pendent disease, investigators at Dendreon Corporation have
demonstrated that autologous antigen presenting cells, loaded
ex vivo with a conjugate protein (PAP genetically fused
with GM-CSF, “Provenge”), was capable of eliciting PAP-
specific T cell immune responses[43]. In addition, patients
that achieved a PAP-specific T cell proliferative response
were found to have a significantly prolonged time to pro-
gression compared with patients that did not[44]. Based on
these encouraging results, a multi-institutional, randomized,
placebo-controlled phase III study is currently underway us-
ing this approach.

4.2.2. Cancer-associated carbohydrate vaccines
Several membrane-bound carbohydrate moieties, includ-

ing MUC1, GM2, globo H and Thompson-Friedenreich anti-
gen, have been found to be expressed preferentially on the
surface of a variety of different tumor cell types, includ-
ing prostate cancer, suggesting that they might be antigenic
targets for tumor vaccines[45,46]. Slovin, Livingston and
colleagues at Memorial Sloan-Kettering Cancer Center have
conducted several phase I vaccine trials in patients with early
metastatic prostate cancer targeting a variety of these carbo-
hydrate moieties conjugated to keyhole limpet hemocyanin
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Prior to 1990, it was generally believed that the most
ble target antigens for anti-tumor vaccines must be mu
ntigens not normally encountered by the immune sys
r foreign antigens such as viral oncogenic proteins a
antly expressed by the cancer. Studies in human melan
owever, showed that the targets of tumor-infiltrating l
hocytes were non-mutated autologous antigens, inclu
AGE-1 [38] and tyrosinase[38]. These findings suggest

hat any tissue-specific protein might be an appropriate
ine antigen. In the case of prostate cancer, for which m
issue-specific genes are known, this has led to the
reclinical evaluation of several prostate-specific protein
accine antigens, including PSA, prostatic acid phosph
PAP), and prostate-specific membrane antigen (PSMA)
evelopment of these antigen-specific vaccines by a va
f delivery methods is detailed below.

.2.1. Protein-based vaccines
In a series of phase I pilot studies, PSA was de

red as a recombinant protein in a lipid emulsion adjuv
ith or without bacillus Calmette-Guérin (BCG), IL-2, cy-
lophosphamide, or GM-CSF as immunomodulatory ag
39]. Spitler and coworkers reported the generation of P
pecific CD4 T cells in some subjects treated[40]. No clin-

cal benefit was described, however, and this approa
ot being further pursued. Other groups have investig
rotein-pulsed autologous dendritic cells as a means of

ting antigen-specific cellular immunity. Fong et al., for
mple, demonstrated in a pilot clinical trial that autolog
endritic cells, loaded with the murine homologue of P
as effective in eliciting PAP-specific T cell immunity
KLH), and using the saponin derivative QS21 as an imm
ogical adjuvant[47]. In the initial study targeting the glob

hexasaccharide, the investigators reported IgM anti
esponses to globo H and stable PSA slopes (rate of ch
f serum PSA over time) compared with pre-treatment
lopes in specific patients over a 2-year period. The in
igators have recently presented initial data from a pha
rial combining several carbohydrate-KLH conjugates

multivalent vaccine and targeting the same populatio
rostate cancer patients[48]. Similar to the phase I tr
ls, some patients were observed to have a decrease
ate of serum PSA rise, suggesting possible clinical b
t.

.2.3. Viral vaccines
Many viral pathogens are known to elicit potent cytoto
cell (CTL) responses[49], presumably mediated in pa

y cross presentation of antigen by infected MHC clas
xpressing cells. Hodge et al. demonstrated that repe

mmunization of rhesus monkeys with recombinant vacc
xpressing PSA was capable of eliciting PSA-specific T
50]. They and others have conducted a series of ph
ilot studies using recombinant vaccinia expressing
“Prostvac”) in patients with prostate cancer[51–53]. Given
ome concerns for repetitive immunizations with vacc
hat the immune response might be more directed ag
he viral proteins, current studies with the PSA-vaccinia
ines (rV-PSA) have focused on “prime-boost” strategie
hich the rV-PSA is given in sequence with other rec
inant viruses, such as fowlpox, expressing PSA (rF-P

54]. A multi-institutional phase II study was conducted
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the Eastern Cooperative Oncology Group using this strat-
egy in patients with early metastatic prostate cancer[55]. In
this particular trial, sixty-four patients were randomized to
three treatment groups, with vaccinations occurring at six-
week intervals. A trend toward improvement in serum PSA
progression-free survival was observed in one group that re-
ceived rV-PSA followed by rF-PSA, however the study was
not powered to detect differences between the arms[55].
Further investigations in this area are now focused on either
combining this approach with standard chemotherapy, or at-
tempting to improve the efficacy of the subunit viral vaccines
[56].

4.2.4. Peptide-based vaccines
T cells recognize antigens as processed peptides presented

in the context of an appropriate MHC molecule. It was sub-
sequently demonstrated that direct delivery of T cell peptide
epitopes could be used as vaccines to elicit epitope-specific
T cells [57,58]. Over the last several years, several groups
have sought to identify MHC class I- and MHC class II-
restricted T cell epitopes derived from prostate-specific pro-
teins for potential peptide-based vaccines[59–69]. Peace and
colleagues have reported preliminary immunological results
from a phase I trial comparing direct peptide immuniza-
tion with an epitope derived from PSA versus autologous
d
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murine homologue of PSMA in a prime-boost immunization
sequence[79].

4.3. Vaccines activating�� T cells

The vaccine strategies described above are designed to
elicit adaptive immune responses to either a variety of tumor-
specific antigens (in the case of whole cell vaccines) or
antigen-specific responses. These immune responses are pre-
dominantly mediated by�� T cells, B cells and antibodies.
However, approximately 1–5% of human peripheral blood
lymphocytes express the�� T-cell receptor, the majority of
these expressing the V�9V�2 variable segments. V�9V�2 T
lymphocytes recognize nonpeptidic antigens (NpAgs) gener-
ated by the DOXP (many eubacteria, algae, plants, apicom-
plexa) and mevalonate (eukaryotes, archaebacteria and cer-
tain eubacteria) pathways of isoprenoid synthesis. NpAgs are
molecules structurally distinct from the typical peptidic anti-
gens that interact with�� T-cell receptors. Also, the recog-
nition of NpAgs by V�9V�2 T cells does not require ‘clas-
sical’ antigen processing and MHC class I or II presentation.
It is believed that this pattern of recognition allows for a
rapid primary immune response to antigen challenge, partic-
ularly by infectious agents[80-82]. In addition to NpAgs, it
has also been demonstrated that certain nitrogen-containing
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endritic cells loaded with this peptide[70]. Similarly, we
onducted a pilot vaccine trial in which patients with
anced prostate cancer were vaccinated intradermally
n HLA-A2-restricted epitope (p369-377) from HER-2/n

30]. In this particular study, few peptide-specific respon
ere detected. A recent phase I trial was conducted in J

n which HLA-A24-expressing individuals with hormon
efractory prostate cancer were pre-screened for pep
pecific responses and administered peptide vaccines t
ng only those peptides to which patients demonstrated
ponse. The authors report peptide-specific response
ne of ten individuals achieved a serum PSA partial resp

71].

.2.5. Plasmid DNA vaccines
The use of plasmid DNA alone, injected directly into m

le tissue, as a means of in vivo gene delivery was firs
cribed by Wolff et al.[72]. It was subsequently found th
ntramuscular or intradermal administration of DNA pl

ids encoding genes elicited immune responses to the
roducts[73–75]. We and other investigators have explo
ntigen-specific DNA vaccines for prostate cancer. In
linical models, Kim et al. demonstrated that a DNA vacc
ncoding human PSA was able to elicit PSA-specific im
ity in mice and rhesus monkeys[76,77]. Our group has bee
xploring DNA vaccines targeting PAP, and have show
rat model that DNA vaccines expressing PAP are ab

licit PAP-specific CD4 and CD8 T cells, and prostate
ue inflammation[78]. A clinical trial using this approac

s planned. Similarly, Wolchok et al. are conducting a ph
trial using DNA vaccines encoding either the human
-

isphosphonates (N-BPs) such as pamidronate disodiu
oledronic acid are potent stimulators of V�9V�2 T cells
83,84]. Kunzmann et al. demonstrated that the anti-tu
ffect of pamidronate on myeloma cells was correlated

ts ability to elicit�� T cells in vitro using bone marrow fro
atients with multiple myeloma[85]. The investigators als
eported that V�9V�2 T cells could be detected in the bo
arrow of patients with multiple myeloma, and that cyto
uction of these cells permitted the outgrowth of malign
yeloma cells[85]. In addition, several human tumor c

ines became targets for V�9V�2 T cell-mediated lysis a
er exposure to pamidronate[86]. A recent clinical trial in
atients with lymphoid malignancies has been reporte
hich �� T cells were augmented by means of pamidro

n combination with IL-2[87]. Given these findings, we ha
egun to investigate the ability of�� T cells to be utilized as
rostate cancer therapy. We have demonstrated that�� T cells
an specifically lyse prostate cancer cells in vitro. (Wal
t al., manuscript in preparation). Recently, we have sh

hat intravenous administration of N-BP or pyrophospho
oester drugs combined with low doses of IL-2 induc

arge pool of CD27+ and CD27- effector/memory V�9V�2
cells in the peripheral blood (Casetti et al., manuscrip

reparation). Moreover, we have observed anecdotal ca
atients with hormone-refractory prostate cancer, who
een treated with pamidronate or zoledronic acid for pa

ive purposes and who have had evidence of a PSA de
nd/or stabilization in the absence of other active thera
Fig. 1). A clinical trial is currently underway to evaluate t
bility to augment�� T cells in vivo in patients with prosta
ancer.
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Fig. 1. PSA stabilization in patients with androgen-independent prostate cancer treated with bisphosphonates. The figure shows serum PSA levels in two
patients with androgen-independent prostate cancer monthly treated with pamidronate (panel A) or zoledronate (panel B). No other prostate cancer therapies
were introduced during the periods of time shown.
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