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Abstract
The field of therapeutic cancer vaccines is currently in a state of active preclinical and clinical
investigation, and certain novel therapies involving tumor immunotherapy have recently come to the
forefront of prostate cancer research. While no therapeutic cancer vaccine has yet been approved by
the US FDA, recent findings have demonstrated that new paradigms of combination therapies
involving vaccines, employed in clinical trials with appropriate design and end points, may ultimately
lead to cancer vaccines being used to treat various malignancies. Several characteristics of prostate
cancer make it an ideal target for immunotherapy. Its relative indolence allows sufficient time to
generate immune responses, which usually take weeks or months to mount. In addition, prostate
cancer-associated antigens direct the immune response to prostate cancer cells, thus sparing normal
tissue. This review focuses on the future of promising new vaccines and novel perspectives in the
treatment of prostate cancer.
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Therapeutic cancer vaccines have been extensively investigated in preclinical and clinical
settings. Although no therapeutic cancer vaccine has yet been approved by the US FDA, several
new milestones in vaccine development have been reached in the areas of tumor-associated
antigens (TAAs) as vaccine targets, novel vaccine delivery systems, costimulation, and
combination therapy strategies [1].
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Prostate cancer, the second leading cause of cancer death among men in the USA [2], is an
attractive model for cancer vaccine research. It is generally considered a slow-growing tumor,
which may allow adequate time for a vaccine to activate the immune system [3]. Indeed, the
median overall survival in patients with rising prostate-specific antigen (PSA) after surgery is
14 years [4]. Furthermore, prostate cancer has many well-described TAAs. In general, TAAs
are ideal targets for immunotherapy because they are specific to the cancer and are either not
expressed or are minimally expressed in normal tissue and essential organs. The majority of
prostate cancers, as well as epithelial cells lining the acini and ducts of the prostate gland,
express PSA [5]. Other TAAs include prostatic acid phosphatase (PAP) and prostate-specific
membrane antigen. These TAAs are potential targets for prostate cancer immunotherapy. Since
the prostate is not an essential organ, targeting PSAs does not generally cause significant
morbidity and is not associated with significant systemic side effects [6]. In addition, aside
from hormonal manipulations, few systemic therapies have been proven beneficial for patients
with prostate cancer. A further advantage of prostate cancer as a model for immunotherapy is
the use of PSA for early detection of recurrent disease, which allows vaccine immunotherapy
to be initiated while tumor burden is still minimal [7].

Immune enhancement
Since cancer can develop and progress in the presence of an intact immune system, TAAs are
by definition weakly immunogenic. Cancer vaccines are designed to break immune tolerance.
Strong antigen presentation by antigen-presenting cells (APCs) is required to sufficiently
activate cytotoxic T cells (CTLs). Dendritic cells (DCs) are the most potent APCs and are key
elements in T-cell activation. APCs internalize the antigen, process it, and express it on their
surface as a peptide bound to major histocompatibility complex (MHC). T cells only recognize
the TAA peptide–MHC complex on the surface of APCs; they cannot recognize the antigen
as a protein. Thus, any antigen made by the tumor (and not just a membrane-bound protein)
can be used as a target for a T-cell-mediated attack.

Activating APCs that are able to properly process and present the antigen is pivotal to activating
the adaptive immune system. T cells are activated in a dual-signal process. The first signal
binds the peptide–MHC complex on the surface of the APC to the T-cell receptor (TCR) on
the surface of the T cell. The second signal involves the interaction of T-cell costimulatory
molecules on the surface of the APC with their corresponding ligands on the surface of the T
cell, which leads to T-cell proliferation (Figure 1). A weak first or second signal can produce
suboptimal T-cell activation and an ineffective immune response [8]. Several T-cell
costimulatory molecules have been identified, including B7.1, lymphocyte function-associated
antigen (LFA)-3 and intercellular-adhesion molecule (ICAM)-1 [8]. Genes from these
costimulatory molecules have been engineered into vaccine vectors such as poxviruses,
resulting in improved antigen-specific T-cell responses [9,10].

Strategies to enhance DC and CTL activation and function have employed various cytokines.
Granulocyte-macrophage colony-stimulating factor (GM-CSF) is frequently used as an
adjuvant to vaccine therapy [11]. GM-CSF injected at the vaccination site has been shown to
induce the growth and maturation of DCs and to increase their infiltration to regional lymph
nodes [12,13], while enhancing antigen-specific T-cell responses and delayed-type
hypersensitivity reactions [11]. Transduction of GM-CSF genes into whole tumor cells has
shown similar effects. Another cytokine, IL-2, is known to cause activation and proliferation
of T cells. It has activity as a single agent in melanoma and renal cell carcinoma and as an
adjuvant to peptide vaccines for melanoma [14,15]. Metronomic-dose IL-2 as an adjuvant to
vaccine therapy has produced immune responses similar to standard-dose IL-2, with a much
better safety profile [16]. Other cytokines with anti-tumor and immunogenic activity, such as
IL-7, IL-12 and IL-15, are currently under investigation [17–19].
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Bacillus Calmette–Guerin (BCG) and pox-viral vaccines, originally designed for infectious
diseases, have also been shown to generate strong inflammatory and immunostimulatory
responses. They activate DCs through Toll-like receptors, which enhance production of
inflammatory chemokines and engage immune-effector cells [20–22]. Cancer vaccine
strategies using these approaches are currently being employed in clinical trials in patients with
prostate cancer.

Autologous whole-tumor-cell vaccines
Autologous whole-tumor-cell vaccines are derived from the patient’s own tumor cells in a
time-consuming process that requires a significant amount of tumor tissue. The advantage of
autologous whole-tumor-cell vaccines is that they target the patient’s own TAAs and preclude
the need for antigen preselection. However, the use of autologous tumor cells may do little to
stimulate an immune response that has already failed against antigens expressed by the tumor.
Furthermore, the TAAs could be diluted by other, normal cellular components. In a Phase I
clinical study, eight immunocompetent prostate cancer patients were treated with autologous,
GM-CSF-secreting, irradiated tumor vaccines prepared from ex vivo retroviral transduction of
surgically harvested cells. Expansion of primary cultures of autologous vaccine cells
successfully met trial specifications in eight out of 11 cases; however, yields of the primary
cell culture limited the number of courses of vaccination [23]. Other disadvantages include the
lack of standardization measures and the difficulty of evaluating antigen-specific immune
responses.

Allogeneic whole-tumor-cell vaccines
Allogeneic whole-tumor-cell vaccines are derived from various tumor cell lines and are easier
to prepare. Whole tumor cells are rendered replication-defective by radiation and are frequently
combined with nonspecific immunostimulants [1,24,25]. Two allogeneic whole-tumor-cell
vaccines – GVAX and ONY-P1 (described below) – are currently being investigated in clinical
trials.

GVAX
GVAX (Cell Genesys, Inc.) consists of two prostate cancer cell lines, LNCaP and PC-3,
transfected with a human GM-CSF gene. Phase I and II studies were performed, demonstrating
both safety and clinical activity of this vaccine [11,25]. Based on these results, Cell Genesys
launched two Phase III trials of GVAX. VITAL-1 was a multicenter, randomized, controlled
Phase III trial designed to compare GVAX to the standard of care (docetaxel plus prednisone)
in asymptomatic metastatic prostate cancer patients. The primary end point of VITAL-1 was
overall survival. VITAL-2 was a two-arm, randomized Phase III study of GVAX in
symptomatic metastatic prostate cancer patients. One arm combined GVAX with docetaxel
and the other arm employed docetaxel and prednisone. VITAL-2 opened in May 2005 and was
halted on August 27, 2008 following increased deaths in the GVAX combination arm versus
the control arm (67 vs 47, respectively) [101]. On October 16, 2008 Cell Genesys announced
the termination of VITAL-1. The trial was fully enrolled in 2007 with 626 patients, but was
terminated based on the results of a previously unplanned futility analysis conducted by the
study’s Independent Data Monitoring Committee (IDMC), which indicated that the trial had
a less than 30% chance of meeting its predefined primary end point of improved overall survival
[102].

ONY-P1
ONY-P1 (Onyvax, Ltd.) consists of three irradiated prostate cancer cell lines (LNCaP, P4E6,
and OnyCap-23). In a Phase II study, 26 patients with nonmetastatic castration-resistant

Arlen et al. Page 3

Future Oncol. Author manuscript; available in PMC 2010 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



prostate cancer (CRPC) received ONY-P1 intradermally, once a month for up to 12 months.
The first two injections were given biweekly in combination with BCG [26]. In total, 11 of the
26 patients receiving ONY-P1 demonstrated a decrease in PSA doubling time. A randomized,
double-blind, placebo-controlled Phase II trial of ONY-P1, designed to evaluate whether the
vaccine can prolong time to metastatic disease, has recently completed accrual in patients with
nonmetastatic CRPC. Another randomized, double-blind, placebo-controlled Phase II study in
patients with biochemical failure following local therapy is currently ongoing at the National
Cancer Institute (NCI) in Bethesda, MD, USA.

Antigen-presenting cell vaccines
Dendritic cells play a crucial role in the activation of naive CD4 and CD8 T cells as well as
NK cells, and thus bridge the innate to adaptive immune response. Researchers in cancer
immunotherapy have focused a tremendous amount of interest on DC physiology, activation,
maturation and antigen presentation. In an effort to enhance their activity, DCs have been
loaded with peptides, proteins and tumor lysates, infected with viral vectors, TAAs and
mRNAs, or fused with tumor cells [27,28]. However, the disadvantage of autologous DC-based
vaccines is that their production is costly and labor-intensive. Large amounts of peripheral-
blood mono-nuclear cells must be cultured in the presence of several cytokines before being
engineered and reintroduced into patients.

Sipuleucel-T (Provenge®; Dendreon, Inc.) is an autologous APC vaccine pulsed ex vivo with
PA2024, a recombinant fusion protein of human PAP and GM-CSF. Two Phase II trials of
sipuleucel-T in patients with CRPC showed a greater than 25% decline in PSA in 30 and 15%
of patients, respectively. Immune responses correlated with improved time to progression
[29,30]. Subsequently, two Phase III placebo-controlled studies were conducted in patients
with meta-static CRPC, with a primary end point of time to progression. Both studies allowed
for crossover upon progression. In the first trial there was a trend toward improved time-to-
progression in patients receiving sipuleucel-T (11.7 vs 10.0 weeks; p = 0.052). Interestingly,
the trial demonstrated an overall survival benefit favoring the treatment arm (median survival:
25.9 vs 21.4 months; p = 0.01). Additional overall survival benefit was observed on longer
follow-up. A total of 34% of patients in the sipuleucel-T arm and 11% in the placebo arm were
alive at 36 months (p = 0.005). In the placebo arm, 34 patients (75.5%) crossed over to the
sipuleucel-T arm. However, 36 months was not prespecified as the primary efficacy end point
and results should therefore be interpreted cautiously. Based on the trial’s failure to meet its
primary end point, the FDA declined to approve sipuleucel-T and called for further study. A
Phase III trial with a primary end point of overall survival has completed accrual of 512 patients
[31]. On October 6, 2008, Dendreon announced interim data from their Provenge IMPACT
study. Although the company still remains blinded to the data, the IDMC reported to Dendreon
a 20% reduction in the risk of death in the Provenge arm relative to placebo (hazard ratio: 0.80;
95% CI: 0.610–1.051). The IDMC observed no safety concerns and recommended that the
study continue to its final analysis [104], anticipated in mid-2009.

Vector-based vaccines
Vectors such as viruses, bacteria or yeasts are a convenient vehicle for vaccine delivery. The
advantages of using vectors are that:

• Some have large genomes that allow for insertion of multiple genes for TAAs,
costimulatory molecules and cytokines;

• Some vectors cause an inflammatory response at the injection site, instigating
migration of APCs to the site;

• Many vectors can infect the APCs, allowing for better antigen processing;
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• Compared with DC-based and autologous whole-tumor cell vaccines, vector-based
vaccines are easy and inexpensive to produce.

The major disadvantage of some vectors is that host-induced antibodies can neutralize the
vector and limit its efficacy with repeated use.

Poxviruses have been extensively studied as potential vaccine vectors. Vaccinia virus, used as
a vector in many vaccines, induces strong immunostimulation at the injection site. Its large
genome can integrate many transducible genes and it has an excellent safety profile. Vaccinia
has been administered to more than a billion people since the WHO’s 1967 launch of the Global
Smallpox Eradication Program [32]. There was an initial concern that vaccinia-immune
individuals would not be able to mount as strong an immune response as vaccinia-naive
individuals. Further investigation demonstrated that with higher doses of recombinant vaccinia
viruses, even vaccinia-immune patients can generate a potent immune response. However, it
has been demonstrated that after one or two injections of vaccinia, immune response declines
owing to the effect of neutralizing antibodies [33]. This has led to the development of a
diversified prime-and-boost strategy, whereby the immune system is primed by replication-
competent vaccinia virus, then boosted with a replication-defective avipox virus such as
fowlpox, which is not associated with significant neutralizing antibodies [34–36]. Replication-
defective vectors have the advantage of superior safety, since they cannot replicate in the human
body. They can, however, infect human cells and express their encoded transgenes for 2–3
weeks before cell death.

Poxviruses have been employed as vehicles for prostate cancer vaccines in various
combinations. In a randomized Phase II study in non-metastatic CRPC, 42 patients were
randomized to second-line hormonal therapy with nilutamide (an androgen-receptor
antagonist) versus vaccine. The priming vaccine consisted of recombinant vaccinia (rV)-PSA
and rV-B7.1, followed by monthly boosts of recombinant fowlpox (rF)-PSA. Patients on both
arms were permitted to add the treatment of the other arm at PSA progression, if their disease
had not metastasized. Time-to-treatment failure was similar in both arms (9.9 vs 7.6 months)
[37]. The study demonstrated an additional survival benefit in the 12 patients who received
vaccine first followed by nilutamide, compared with those who received nilutamide first
followed by vaccine (median overall survival: 6.2 vs 3.7 years; p = 0.045) [37,38].

PSA-TRICOM is a poxvirus-based vaccine expressing PSA and three costimulatory molecules
(B7.1, ICAM-1, and LFA-3). A Phase II study in patients with metastatic CRPC evaluated 32
patients treated with PSA-TRICOM on a prime-and-boost schedule. In total, 38% of patients
experienced a PSA decline from baseline; the median overall survival for all patients was 26.6
months, which exceeded the Halabi predicted survival of less than 18 months. For patients with
more favorable prognostic factors (Halabi median predicted overall survival of 20.9 months),
median overall survival has not been reached at 44.6 months [39].

Results from a multicenter, randomized, placebo-controlled Phase II study of 125 patients with
advanced prostate cancer demonstrated that PSA-TRICOM extended median overall survival
by 8.5 months (p = 0.015) and had a favorable safety and tolerability profile [105]. Based on
these promising results, a confirmatory overall survival Phase III study is planned.

Combination therapies
Studies suggest synergistic effects with the combination of immunotherapy and conventional
treatments for prostate cancer such as radiation, androgen-deprivation therapy (ADT), and
certain chemotherapies.
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Radiation plus vaccine
Radiation can alter tumor-cell phenotype and upregulate the expression of some TAAs,
costimulatory molecules and cytokine receptors (Figure 2). MHC class I and Fas are among
the genes that can be upregulated by radiation [40–43]. A randomized Phase II trial evaluated
immune responses in patients undergoing definitive radiotherapy for prostate cancer. A total
of 30 patients were randomized to receive radiation alone or in combination with a poxviral-
PSA vaccine. In total, 13 out of 17 patients in the combination arm who received all eight
scheduled vaccinations had a threefold or greater increase in PSA-specific T cells, compared
with no increase in the radiotherapy-only arm (p < 0.0005) [44]. Indeed, in patients on vaccine
for 3 months prior to radiation therapy, there was evidence of immune-mediated tumor killing,
with the formation of de novo immune responses to prostate-associated antigen not found in
the vaccine.

ADT plus vaccine
Androgen-deprivation therapy has been shown to potentiate immune responses and mitigate
immune tolerance to prostate-cancer antigens [45,46]. Preclinical studies have shown that
castration in aged male mice can cause regeneration of the thymus, with normalization of the
thymic microenvironment and MHC class II expression in thymocytes increased to young-
adult levels by 4 weeks postcastration [47]. In one clinical study, T-cell infiltration of the
prostate was observed after 1 to 3 weeks of ADT. These T cells were predominantly CD4+ and
demonstrated an oligoclonal pattern of TCR restriction [48]. Another study demonstrated an
increase in tumor-associated autoantibody responses in patients receiving neoadjuvant ADT
for prostate cancer [49]. A study in patients with androgen-dependent prostate cancer and rising
PSA after prostatectomy randomized patients to sipuleucel-T or placebo following 3 months
of ADT. There was a trend toward prolonged time-to-biochemical failure favoring the
treatment arm [50]. An ongoing randomized study at the NCI is examining whether there is a
clinical benefit to combining antiandrogen therapy (flutamide) with vaccine (PSA-TRICOM)
compared with antiandrogen therapy alone. Another ongoing study at the NCI randomized
prostate-cancer patients with rising PSA after definitive therapy to receive ONY-P1 or placebo
following 3 months of ADT.

Chemotherapy plus vaccine
There are increasing data suggesting that the long-held belief that chemotherapy will blunt the
ability of a vaccine to activate an immune response may not be completely accurate. Certain
chemotherapy agents have been shown to positively modulate the immune response through
different mechanisms such as upregulation of TAAs and MHC class I, depletion of regulatory
T cells (Tregs), and increased cytokine production [51–53]. A randomized Phase II study of
patients with metastatic CRPC compared a poxviral-PSA vaccine with or without weekly
docetaxel and demonstrated no difference in PSA-specific T-cell response [54]. However, it
should be noted that in patients heavily pretreated with chemotherapy, the immune system
could be impaired, so that combining chemotherapy with vaccine in these patients may not
produce a potent immune response. Moreover, careful selection of the chemotherapy agent and
close attention to vaccine/chemotherapy scheduling and dosing are critical considerations.

Monoclonal antibodies plus vaccine
Monoclonal antibodies have been combined with vaccines for the treatment of various tumor
types. In prostate cancer, a human cytotoxic T-lymphocyte antigen-4 (CTLA-4) mono-clonal
antibody has been tested in combination with vaccines. CTLA-4 is a T-cell surface glycoprotein
that is upregulated following T-cell activation to inhibit the immune response. Its main function
is to prevent autoimmunity by regulating the body’s immune activity. T cells express two
counteracting receptors on their cell surface – CD28 and CTLA-4. Both bind to the same
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ligands or costimulatory molecules on the surface of APCs (B7.1 and B7.2, also known as
CD80 and CD86). Binding of these costimulatory molecules to CD28 activates T cells, while
interacting with CTLA-4 inhibits T-cell stimulation. Blocking CTLA-4 with a neutralizing
antibody has been shown to sustain and potentiate immune responses [55–58]. A Phase I study
of ipilimumab, an anti-CTLA-4 monoclonal antibody, and GVAX in 16 patients with
metastatic prostate cancer suggested a correlation between immune-related adverse events and
immune response [59]. Another Phase I trial, which recently closed to accrual, combined
ipilimumab and PSA-TRICOM vaccine in meta-static prostate cancer patients. An interim
analysis demonstrated a significant increase in PSA doubling time (from 2.6 months pre-study
to 11.4 months post-study; p = 0.01) in 11 patients at a dose of 10 mg/kg [106].

Conclusion
Vaccine strategies for the treatment of prostate cancer are under active investigation, using a
wide variety of approaches including whole-tumor-cell vaccines, DC approaches and vector-
driven delivery of TAAs. Preclinical and clinical results of studies employing these various
vaccine approaches have demonstrated immunologic responses that, in some instances,
correlate with clinical activity of these vaccines. Larger clinical studies are needed to validate
these findings.

Novel vaccine strategies are also being implemented, including the addition of costimulatory
molecules to help activate and proliferate T-cell responses, and combination therapies with
cytokines, antibodies, hormones and chemotherapy that may help reduce regulatory Tregs and
initiate an antigen cascade that could allow additional tumor antigens to be targeted by the
immune system.

Future perspective
In the treatment of cancer, it is becoming more evident that traditional response criteria, which
focus strictly on reduction of tumor size, may not be the best criteria for determining the efficacy
of vaccine therapy. Tumors treated with vaccines may grow initially before shrinking, or may
stabilize or grow at a slower rate. Therefore, overall survival may be a better end point than
disease-free survival for evaluating vaccines in clinical trials. Furthermore, clinical and
preclinical data suggest that vaccines are more effective in patients with small tumor volume
and less aggressive disease [31,60]. There are several possible reasons for this:

• Activation of an immune response outpaces tumor growth;
• In a large tumor, T-cell infiltration and penetrance is incomplete;
• Immunosuppression in patients heavily pre-treated with cytotoxic chemotherapy and

radiation impedes optimal immune stimulation;
• Immunosuppressive cytokines produced by tumor cells and/or suppressive cells in

the microenvironment of a large tumor further hinder immune response.

Based on these considerations, vaccine therapies may lead to better outcomes in adjuvant
settings than in metastatic settings, while tumor burden is still relatively low. As previously
discussed, sipuleucel-T demonstrated an overall survival advantage without a significant
benefit in time-to-progression [31].

Better understanding of APCs and the mechanisms of T-cell activation have led to the
development of a new generation of vaccines that incorporate costimulatory molecules. One
finding on the physiology of adoptive cell-mediated immune response is that T-cell quality
and avidity are more important than quantity. Use of costimulatory molecules and cytokine
adjuvants can increase the function and cytolytic activity of T cells [52,61].
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Another advancement in our understanding of the mechanism of immune response regulation
is the identification of Tregs. A subtype of CD4+ T cells – Tregs – are responsible for down-
regulating host immune activation, thereby reducing the risk of autoimmunity. Tregs may play
an important role in immune tolerance and anergy to TAAs; higher levels of Tregs correlate
with negative clinical outcomes [62,63]. Types of regulatory cells include
CD4+CD25highFoxP3+ Tregs, immature macrophages and CD4+NKT+ cells [64,65]. Ongoing
research is focusing on ways to inhibit these cells and thus increase the efficacy of tumor
vaccines.

Executive summary

Immune enhancement
• Tumor-associated antigens (TAAs) are, by definition, weakly immunogenic.
• Strong antigen presentation by antigen-presenting cells (APCs) is required to

sufficiently activate cytotoxic T cells (CTLs).
• T cells are activated in a dual-signal process: the first signal binds the peptide–

MHC complex on the surface of the APC to the T-cell receptor (TCR); the second
signal involves the interaction of T-cell costimulatory molecules on the surface of
the APC with their corresponding ligands on the surface of the T cell.

• Strategies to enhance dendritic cell (DC) and CTL activation and function have
employed various cytokines including granulocyte- macrophage colony-
stimulating factor (GM-CSF), IL-2, IL-7 and IL-15.

Prostate cancer vaccines

Allogeneic whole-tumor-cell vaccines:
• Allogeneic whole-tumor-cell vaccines are derived from various tumor cell lines

and are easier to prepare.
• Whole tumor cells are rendered replication-defective by radiation, frequently

combined with nonspecific immunostimulants, GVAX and ONY-P1 –
investigated in clinical trials.

APC vaccines:
• DCs play a crucial role in the activation of naive CD4 and CD8 T cells.
• DCs have been loaded with peptides, proteins and tumor lysates, infected with

viral vectors, TAAs and mRNAs, or fused with tumor cells.
• Sipuleucel-T (Provenge; Dendreon, Inc.) – autologous APC vaccine pulsed ex

vivo with PA2024, a recombinant fusion protein of human prostatic acid
phosphatase (PAP) and GM-CSF. The final Phase III analysis is scheduled in mid
2009.

Vector-based vaccines:
• Vector-based vaccines allow for insertion of multiple genes for TAAs and

costimulatory molecules and cytokines.
• Some vectors cause an inflammatory response at the injection site, instigating

migration of APCs to the site.
• Many vectors can infect the APCs, allowing for better antigen processing.
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• PSA-TRICOM, a poxvirus-based vaccine expressing PSA and three costimulatory
molecules (B7.1, ICAM-1 and LFA-3), has shown promising Phase II results.

Combination therapies

Radiation plus vaccine:
• Radiation can alter tumor-cell phenotype and upregulate the expression of some

TAAs, costimulatory molecules and cytokine receptors.

Androgen-deprivation therapy (ADT) plus vaccine:
• ADT has been shown to potentiate immune responses and mitigate immune

tolerance to prostate cancer antigens.

Chemotherapy plus vaccine:
• Certain chemotherapy agents have been shown to positively modulate the immune

response.
• Mechanisms include upregulation of TAAs and MHC class I, depletion of

regulatory T cells (Tregs), and increased cytokine production.

Monoclonal antibodies plus vaccine:
• Blocking CTLA-4 with a neutralizing antibody has been shown to sustain and

potentiate immune responses.
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Figure 1. Two-signal model of T-cell dependence on costimulation
The second (costimulatory) signal is required for T-cell cytokine production and proliferation.
MHC: Major histocompatibility complex; TCR: T-cell receptor.
Reprinted with permission from [66].
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Figure 2. Local radiation of tumor cells, at doses insufficient to kill a tumor, can modulate numerous
classes of genes (e.g., Fas)
This, in turn, may render these tumor cells more susceptible to killing by cytotoxic T
lymphocytes.
Reprinted with permission from [67].
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