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Abstract

Prostate cancer remains a major contributor to cancer-related deaths in men, with its
incidence rising significantly with age. Conventional treatment modalities, including
surgery, radiation therapy, hormonal therapy, and chemotherapy, often face limitations
such as treatment resistance, disease recurrence, and considerable side effects. These
challenges have sparked growing interest in novel approaches like immunotherapy,
which leverages the immune system to combat cancer. Among these, vaccine-based
immunotherapy has emerged as a promising strategy, aiming to generate precise
immune responses against tumor-specific antigens. Advances in immunology, molecular
targeting, and vaccine development have demonstrated encouraging results in terms of
safety and immunogenicity. Nevertheless, obstacles such as tumor heterogeneity,
immune escape mechanisms, and limited efficacy in advanced stages of the disease
continue to hinder progress. The aim of this review is to examine the current landscape
of prostate cancer vaccine development, with a focus on advancements in molecular
target identification, optimization of vaccine technologies, and the evaluation of
combination therapy strategies. Findings from clinical trials have shed light on both the
opportunities and challenges of vaccine-based therapies. Synergistic approaches
involving immune checkpoint inhibitors, radiotherapy, and androgen deprivation therapy
have shown potential to amplify immune responses and mitigate resistance mechanisms.
Additionally, emerging technologies such as bioinformatics and artificial intelligence are
revolutionizing vaccine development by enabling the discovery of patient-specific
neoantigens and the creation of tailored vaccine formulations. Despite these
breakthroughs, achieving consistent therapeutic outcomes remains challenging,
particularly in metastatic and castration-resistant cases. Future directions in the field
include developing personalized cancer vaccines, adopting adaptive clinical trial designs,
and employing innovative endpoints to streamline translation into clinical practice. In
summary, while prostate cancer vaccine development has advanced significantly,
addressing critical barriers like tumor heterogeneity and immune evasion and embracing
emerging technologies are essential for optimizing personalized vaccines and improving
treatment outcomes.
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1. Introduction

Prostate cancer is among the most prevalent cancers in
men globally and is a significant contributor to cancer-
related deaths, ranking second only to lung cancer in men
[1-3]. Its incidence increases sharply with age, with
studies indicating undiagnosed cases in up to 60% of men
over 80 [4, 5]. The high prevalence of prostate cancer,
combined with its significant morbidity and mortality,
poses substantial challenges for both patients and
healthcare systems worldwide [6]. Conventional
treatment options, including surgery, radiation therapy,
hormonal therapy, and chemotherapy, are often limited
by drug resistance, severe side effects, and disease
recurrence, underscoring the need for more effective
therapeutic approaches [7, 8]. Despite advancements in
prostate cancer treatment, several unmet clinical needs
remain unresolved. Although systemic treatments can
slow disease progression, their tumor control is often
temporary and comes with significant toxicity [9-12].
Over time, many patients develop castration-resistant
prostate cancer (CRPC), in which the disease advances
despite ongoing hormone therapy [9]. One of the most
significant obstacles in prostate cancer treatment is its
immunosuppressive tumor microenvironment (TME),
which weakens natural immune responses and limits the
efficacy of immunotherapies [13-16]. Overcoming these
challenges requires novel strategies that can induce a
robust and sustained antitumor immune response.
Unlike conventional cytotoxic treatments that directly
attack tumor cells, vaccines are designed to train the
immune system to recognize and eliminate cancer cells
with greater precision [17-19]. In this context,
therapeutic cancer vaccines introduce a transformative
approach by utilizing the immune system to elicit
targeted and long-lasting tumor destruction, reducing
off-target effects and potentially offering long-term
tumor control with fewer adverse consequences [20, 21].

Recent technological breakthroughs have propelled
prostate cancer vaccine development, offering new
opportunities to overcome these barriers. Advances in
tumor antigen discovery have identified prostate-specific
targets such as PSMA, PAP, and TMPRSS2:ERG, allowing
for the design of more precise immunotherapies [22, 23].
Innovations in vaccine platforms, including dendritic cell-
based vaccines, mRNA vaccines, viral vector vaccines, and
peptide-based formulations, have expanded the scope of
vaccine-induced immune responses. Additionally, the
integration of immune checkpoint inhibitors (ICls) (e.g.,
anti-PD-1, anti-CTLA-4) with vaccines has shown promise
in enhancing T cell activation and overcoming immune
suppression. Emerging Al-driven antigen selection and
personalized vaccine design are further refining vaccine

development by predicting highly immunogenic epitopes
and tailoring formulations to individual patient profiles.
Given these advancements, prostate cancer vaccines
hold great promise as both an alternative and a
complementary approach to existing therapies. This
review explores the current landscape of prostate cancer
vaccine development, key clinical challenges, and
emerging strategies aimed at optimizing vaccine efficacy
and clinical translation.

2. Immunological Foundations of Prostate Cancer
Vaccines

2.1. Immunopathology of Prostate Cancer

Prostate cancer poses a significant challenge for
immunotherapy due to its highly immunosuppressive
tumor microenvironment. This microenvironment is
dominated by regulatory T cells, tumor-associated
macrophages, and myeloid-derived suppressor cells, as
well as immunosuppressive molecules such as adenosine
and TGF-beta, which collectively hinder immune
responses [24, 25]. Additionally, the low mutational
burden of prostate cancer further reduces its
immunogenicity, complicating efforts to stimulate robust
immune activity [26].

Inflammation and infection may also contribute to the
disease’s pathogenesis, adding another layer of
complexity. Chronic inflammation plays a dual role in
prostate cancer progression. While inflammation is
generally associated with immune activation, persistent
inflammation in the prostate can paradoxically promote
tumor progression by fostering an immunosuppressive
microenvironment [27]. Prolonged exposure to
inflammatory cytokines can recruit immunosuppressive
cells, including regulatory T cells and myeloid-derived
suppressor cells, which inhibit cytotoxic T cell responses
[28]. Furthermore, the presence of chronic inflammation
has been linked to increased genomic instability and the
upregulation of immune checkpoints like PD-L1, further
dampening immune surveillance [29-35]. These
mechanisms highlight the complex interplay between
immunosuppression and inflammation in prostate
cancer, where vaccines must not only elicit an effective
immune response but also overcome these regulatory
barriers. Prostate-specific antigen-focused
immunotherapy has also shown potential in eliciting
meaningful clinical responses in advanced prostate
cancer cases.

Although some prostate cancer vaccines have shown
potential (e.g., Sipeleucel-T), their efficacy remains
marginal, barely meeting clinical benchmarks [36, 37]. To
achieve meaningful therapeutic impact, it is crucial to
develop strategies that enhance vaccine efficacy beyond
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Figure 1. Prostate cancer vaccine immunological principle.

current limitations. Novel approaches are still being
explored to counteract the immunosuppressive tumor
microenvironment, including the integration of ICls to
sustain T cell activation and adjuvants to boost immune
responses as will be explored further in this article. A
comprehensive understanding of the immunopathology
of prostate cancer is therefore essential for developing
effective and innovative immunotherapy approaches.

2.2. Mechanisms Underlying Cancer Vaccine Efficacy

Cancer vaccines offer a promising approach in
immunotherapy, aiming to boost the immune system's
ability to fight tumors by introducing tumor-specific
antigens in various forms. These vaccines aim to
overcome immune suppression and activate both
humoral and cellular immune responses. Their
mechanism of action involves eliciting antigen-specific T-
cell responses, stimulating helper T cells, and activating
innate immune cells [38, 39].

Researches underscores the pivotal role of both CD4+
and CD8+ T cells in cancer immunotherapy, with CD4+ T
cells contributing to antigen presentation, T cell
activation, and immune memory while sometimes
proving more effective than CD8+ T cells in tumor
rejection [40, 41]. CD8+ cytotoxic T lymphocytes (CTLs)
serve as the primary effectors of antitumor immunity by
directly killing cancer cells (Figure 1) [42]. Once activated,
CD8+ T cells recognize tumor-associated antigens (TAAs)
presented by major histocompatibility complex (MHC)
class I molecules on the surface of cancer cells [43]. Upon
binding to the antigen, they release perforin and
granzymes, inducing apoptosis in target cells [44]. The
strength and persistence of the CD8+ T cell response
correlate with better clinical outcomes, making their

activation a critical goal for therapeutic cancer vaccines.
However, CD8+ T cells alone are often insufficient in
mounting a sustained antitumor response, particularly in
immunosuppressive tumor microenvironments like that
of prostate cancer.

Recent animal studies further reinforce this limitation,
revealing that even a large in vivo population of tumor-
reactive CD8+ T cells is insufficient to drive clinically
significant tumor regression [45, 46]. This is where CD4+
helper T cells play a crucial supportive role. CD4+ helper
T cells enhance antigen presentation, providing cytokine
support, facilitating immune memory, and even
contributing to direct tumor killing [47, 48]. They interact
with antigen-presenting cells (APCs), such as dendritic
cells, to improve antigen processing and presentation via
MHC class Il molecules, which is essential for the effective
priming of CD8+ T cells [49]. Additionally, CD4+ T cells
secrete key cytokines, including IL-2, IFN-y, and TNF-q,
which promote CD8+ T cell proliferation, differentiation,
and persistence, thereby strengthening the overall
immune response [49]. Their role extends further to
facilitating immune memory, as CD4+ T cell assistance is
necessary for the formation and maintenance of long-
lived memory CD8+ T cells, ensuring prolonged immunity
after vaccination. Notably, certain subsets of CD4+ T cells
also exhibit cytotoxic properties, directly targeting tumor
cells that express MHC class Il molecules [50]. This
multifaceted involvement highlights the indispensable
function of CD4+ T cells in shaping a robust and sustained
immune response in cancer immunotherapy.

An ideal prostate cancer vaccine should effectively
stimulate both CD4+ and CD8+ T cell responses to
maximize clinical efficacy. While vaccines that exclusively
target CD8+ T cells can induce cytotoxicity, the absence
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of CD4+ T cell support often results in a transient immune
response that is insufficient for long-term tumor control.
Conversely, vaccines that also engage CD4+ T cells ensure
a more sustained immune response by enhancing CD8+
T cell survival, promoting antibody production, and
modulating the tumor microenvironment to support
immune activation. This insight has driven the
development of cancer vaccines targeting both T cell
subsets, leveraging MHC class ll-restricted tumor
antigens to optimize antitumor immunity. By generating
effector cells and establishing immunological memory,
cancer vaccines could potentially provide long-term
protective immunity [51].

Studies are increasingly focused on enhancing prostate
cancer vaccine efficacy by optimizing T cell activation and
addressing tumor-induced immunosuppression. Current
vaccine candidates, including dendritic cell-based,
peptide-based, and DNA/RNA vaccines, aim to stimulate
both CD4+ and CD8+ T cells for a stronger and more
durable immune response [52, 53]. However, tumor
heterogeneity and immune evasion remain major
challenges, as prolonged antigen exposure can lead to T
cell exhaustion, driven by the upregulation of inhibitory
receptors such as PD-1, CTLA-4, TIM-3, and LAG-3 [54-58].
To counteract this, ongoing research integrates ICls with
vaccines to sustain T cell activity and leverages Al-driven
epitope selection to identify highly immunogenic targets.
These approaches are designed to enhance immune
surveillance, reduce tumor immune suppression, and
improve long-term vaccine efficacy, as will be explored
further later in this article.

2.3. Key Molecular Targets in Prostate Cancer
Immunotherapy

Prostate cancer vaccines rely on TAAs to elicit targeted
immune responses, but not all antigens are equally
effective as vaccine targets. The selection of an ideal
antigen is critical for optimizing vaccine efficacy, as the
right target can significantly impact immune activation,
tumor control, and clinical outcomes. Several key
properties define an ideal TAA in prostate cancer
immunotherapy are: (1) highly overexpressed in
metastatic prostate cancer cells; (2) minimally or not
expressed in normal tissues; (3) easily accessible on the
cancer cell surface for targeted therapies, and (4)
unaffected by androgen regulation [59].

In prostate cancer research, autoantibodies to TAAs,
produced by prostate cancer patients, offer a valuable
avenue for identifying novel biomarkers [60]. Several
promising immunotherapy targets have been discovered
and are currently undergoing different stages of
preclinical evaluation or clinical trials. Key TAAs, such as

PSMA, MUC1, and VEGF/VEGFR, have been studied, and
their immunogenic properties are being explored for
potential clinical applications [61]. Notably, a recent study
identified a prostate-restricced TAA with greater
immunogenicity than established antigens like PAP and
PSA, showing significant therapeutic potential for
metastatic castration-resistant prostate cancer (mCRPC)
[62].

Prostate-Specific Membrane Antigen (PSMA) is one of the
most promising TAAs in prostate cancer immunotherapy,
as it meets all the criteria of an ideal target, including high
tumor specificity and consistent overexpression even in
advanced metastatic disease [63-66]. Its widespread
presence makes it an ideal target for therapeutic
vaccines, monoclonal antibodies, and also CAR-T cell
therapy. Prostatic Acid Phosphatase (PAP), the antigen
used in Sipuleucel-T, was one of the first explored for
prostate cancer vaccines, but its low immunogenicity has
limited its clinical impact, driving research toward more
potent alternatives [67, 68]. Prostate-Specific Antigen
(PSA) has also been widely studied, but its expression in
both normal and cancerous prostate tissue, as well as its
downregulation in aggressive disease, poses challenges
for vaccine efficacy [69-71]. To address this, multivalent
vaccines targeting multiple antigens have been
developed to enhance immune responses and improve
treatment durability [72]. Emerging targets, such as the
TMPRSS2:ERG fusion protein, offer new opportunities
due to their exclusive presence in prostate cancer and
stable expression throughout disease progression [23,
73]. Similarly, mucin-1 (MUC1), a glycoprotein involved in
tumor growth, has gained attention for its aberrant
overexpression in prostate cancer cells, making it a highly
promising candidate for vaccine-based immunotherapy
[74-76].

Recent advancements in bioinformatics and artificial
intelligence (Al) have revolutionized antigen discovery,
enabling the identification of novel TAAs and patient-
specific neoantigens. Al-driven prediction models analyze
tumor genomic and proteomic data to identify unique
epitopes with high immunogenic potential [77]. This
personalized approach enhances the likelihood of
vaccine efficacy by tailoring antigen selection to an
individual's tumor profile, reducing the risk of immune
escape [78]. Additionally, the concept of "epitope
spreading"—where an initial immune response against
one antigen broadens to recognize additional tumor
antigens—has gained interest in vaccine research [72, 79,
80]. By leveraging this phenomenon, vaccines can induce
a more comprehensive and durable immune attack
against heterogeneous prostate cancer cells.
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Figure 2. Prostate cancer vaccine types.

The success of prostate cancer vaccines hinges on
selecting the right molecular targets. PSMA remains a
frontrunner due to its specificity and consistent
expression, while newer targets like TMPRSS2:ERG and
MUC1 offer promising alternatives. Multivalent vaccine
strategies, Al-driven antigen discovery, and combination
approaches with immune-modulating agents are paving
the way for more effective prostate cancer
immunotherapies. Moving forward, the integration of
personalized antigen selection and combination
therapies will be crucial in overcoming tumor
heterogeneity and resistance, ultimately improving
vaccine efficacy in clinical settings. Preclinical studies in
animal models have further demonstrated that
immunization with recombinant vectors encoding TAAs
elicits robust T-cell-mediated protection against prostate
tumor growth, particularly in settings of minimal tumor
burden [62]. These findings underscore the potential of
TAA-based immunization strategies, such as a prostate
cancer vaccine, to improve outcomes in prostate cancer
treatment.

3. Types of Prostate Cancer Vaccines

Figure 2 depicts various prostate cancer vaccines,
including dendritic cell-based, peptide-based, virus
vector-based, RNA-based, and DNA-based types, each of
which is discussed in detail in this section.

3.1. Dendritic Cell-Based Vaccines

Dendritic cell (DC)-based vaccines, such as Sipuleucel-T,
are patient-specific immunotherapies that utilize ex vivo-
modified antigen-presenting cells (APCs) to activate both
CD4+ and CD8+ T cell responses. These vaccines have
demonstrated robust immune activation and clinical

benefits, making Sipuleucel-T the first FDA-approved
prostate cancer vaccine. However, their highly complex
manufacturing process and high costs have significantly
limited widespread adoption [81]. Producing a DCvaccine
involves extracting peripheral blood mononuclear cells
(PBMCs) from a patient, loading them with a specific
tumor antigen, and reinfusing them to elicit an immune
response [82]. This patient-specific processing is labor-
intensive and expensive, resulting in limited scalability
and high treatment costs. Despite these challenges, DC
vaccines generate strong, targeted immune responses,
making them wvaluable in personalized cancer
immunotherapy. Clinical trials have demonstrated the
safety and effectiveness of DC vaccines, showing immune
responses in about two-thirds of treated prostate cancer
patients and clinical benefits in nearly half [35]. The
clinical benefit rate of DC vaccines is 54.2%, with a modest
objective response rate of 7.7%, and these outcomes are
positively correlated with reductions in PSA levels and the
induction of cellular immunity [36]. Higher doses of
dendritic cells and the use of mature DCs have been
associated with improved clinical outcomes, highlighting
the importance of optimizing vaccine protocols [37].
However, subsequent trials with DC-based vaccines have
struggled to replicate these clinical successes, further
contributing to the limited adoption of Sipuleucel-T in
standard clinical practice [29]. Monocyte-derived
dendritic cells (MoDCs), a common choice for these
vaccines, face challenges such as reduced T-cell
stimulation and impaired migration, particularly in
patients with advanced cancer [29].

The discrepancy between early successful trials and
subsequent setbacks of DC-based vaccines in prostate
cancer can be attributed to several factors. Variability in
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patient selection played a key role, as early trials often
included less advanced disease cases, while later studies
focused on immunosuppressed, late-stage patients,
where the tumor microenvironment (TME) is more
resistant to immune activation. Additionally, differences
in dendritic cell manufacturing impacted effectiveness,
with some trials using highly functional, mature DCs,
while others relied on weaker monocyte-derived DCs
(MoDCs) with lower T-cell stimulation potential [83]. The
highly immunosuppressive TME in advanced disease
further weakened vaccine efficacy, as regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and
PD-L1 expression suppressed immune responses.
Inconsistent clinical endpoints also contributed, with
early trials measuring immune activation markers, while
later studies focused on overall survival (OS), which is
harder to improve with DC vaccines alone. Furthermore,
many trials, including those leading to Sipuleucel-T's
approval, lacked combination strategies with ICIs or
cytokine adjuvants, which might have improved T-cell
persistence and tumor infiltration. Finally, logistical and
financial challenges limited the widespread adoption of
Sipuleucel-T, as its patient-specific production process
was costly and difficult to scale [84]. Despite these
challenges, emerging technologies such as antibody-
antigen conjugates and virus co-delivery systems present
promising strategies to enhance DC targeting and in vivo
activation [81, 85-88].

3.2. DNA and RNA-Based Vaccines

Innovative DNA and RNA-based vaccines are redefining
prostate cancer immunotherapy by harnessing their
capacity to elicit precise, antigen-specific immune
responses while maintaining safety, scalability, and
specificity. Unlike dendritic cell vaccines, these vaccines
do not require patient-specific processing, making them
moderately complex to manufacture yet highly scalable.
These platforms target prostate cancer antigens such as
PSA, PSCA, PSMA, and STEAP1, inducing both humoral
and cellular immunity [89, 90]. DNA vaccines typically
require electroporation or viral vectors for efficient
uptake, whereas mRNA vaccines utilize lipid nanoparticle
(LNP) carriers to enhance stability and intracellular
delivery [91-93]. This approach generates robust
immune responses, with strong CD8+ T cell activation
and adaptability for CD4+ T cell support, making them
highly versatile [94, 95].

DNA vaccines have shown efficacy in preclinical studies,
where the inclusion of cytokine gene adjuvants enhanced
immune activation [89]. Clinical trials have reported
encouraging results, highlighting the potential of DNA
vaccines to generate prostate-specific immune
responses and reduce tumor burden [96, 97]. RNA-based

vaccines, including self-adjuvanted platforms like Cv9103
and (CV9104, have demonstrated immunogenicity,
tolerability, and immune activation in early-phase trials,
with significant responses observed in a majority of
evaluable patients [90, 98].

Advances in delivery methods, such as MS2 virus-like
particles and RNA-pulsed dendritic cells, address
challenges like mRNA instability and enhance vaccine
potency [99, 100]. Both DNA and RNA vaccines benefit
from flexibility in antigen encoding and the ability to
target multiple prostate-specific antigens simultaneously.
Additionally, mRNA vaccines can be rapidly modified to
target specific tumor mutations, offering personalized yet
scalable cancer vaccine solutions, making them highly
adaptable to the heterogeneous nature of prostate
tumors [101]. Despite these advancements, the clinical
efficacy of these vaccines in advanced prostate cancer
remains modest, necessitating further research to
optimize delivery systems, adjuvant combinations, and
dosing protocols. By integrating these innovations with
ongoing clinical insights, DNA and RNA-based vaccines
hold great promise for improving outcomes in prostate
cancer immunotherapy.

3.3. Peptide-Based Vaccines

Peptide-based vaccines are designed to elicit targeted
immune responses against tumor-specific antigens such
as prostate-specific antigen (PSA) and the TMPRSS2:ERG
fusion [53, 102]. Peptide-based vaccines, consisting of
synthetic tumor antigen fragments, are among the
simplest and most cost-effective prostate cancer vaccine
platforms. They are easily manufactured through peptide
synthesis, making them highly scalable and accessible
[103]. However, their immunogenicity depends on
patient-specific HLA typing, requiring precise antigen
selection for optimal immune activation. These vaccines
primarily elicit moderate CD8+ T cell responses, but their
efficacy is often enhanced with strong adjuvants such as
GM-CSF or Montanide to improve antigen presentation
[104-1071].

Several clinical trials underscore the potential of peptide
vaccines in prostate cancer treatment. A phase | trial of a
CDCA1 peptide vaccine in castration-resistant prostate
cancer (CRPC) demonstrated safety and cytotoxic T
lymphocyte activation [108]. Similarly, an E75 peptide
vaccine trial in high-risk prostate cancer patients’ post-
prostatectomy showed safety, immunogenicity, and
potential preventive effects against disease recurrence
[109]. Another study employing dendritic cells loaded
with a cocktail of prostate cancer-associated peptides in
HRPC patients reported temporary PSA declines and
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antigen-specific T-cell activation, further validating their
feasibility [110].

Despite their affordability and ease of production, no
peptide vaccine has yet achieved worldwide regulatory
approval. Peptide vaccines face challenges in generating
long-term immune memory and may require multiple
booster doses to sustain efficacy. Additionally, tumor
antigen loss or downregulation in aggressive prostate
cancer can reduce their effectiveness, making them more
suitable for combination immunotherapy strategies [111,
112]. Advances in immunotherapy, particularly the
emergence of ICls, have created opportunities for
combining peptide vaccines with other agents to enhance
therapeutic efficacy [113]. While progress in peptide
vaccine development continues, the lack of regulatory
approval highlights the need for further research to
optimize formulations, explore novel targets, and
enhance efficacy through combination strategies,
including ICIs [113].

3.4. Virus or Vector-Based Vaccines

A virus-based vaccine is a type of immunotherapy that
uses viruses as delivery systems, or vectors, to introduce
tumor-specific antigens into the body to stimulate an
immune response, naturally triggering strong CD4+ and
CD8+ immune responses due to their inherent
immunogenicity. The manufacturing complexity of viral
vector vaccines is moderate, requiring precise genetic
engineering and biosafety oversight to ensure stability
and minimize unintended immune responses [114, 115].
This platform has shown promising results in prostate
cancer immunotherapy, with PROSTVAC, a poxvirus-
based vaccine, demonstrating strong T cell activation in
early trials [116, 117]. Similarly, cytomegalovirus-based
vaccines expressing PSA have shown efficacy in delaying
tumor growth in murine models [118]. Additional
innovations, such as messenger RNA vaccines packaged
in MS2 virus-like particles, have exhibited strong humoral
and cellular immune responses, including antigen-
specific cytotoxic T-lymphocyte activation in preclinical
studies [119]. Clinical trials further underscore the
potential of virus-based vaccines. A phase | trial of an
adenovirus/PSA  vaccine  reported safety and
immunogenicity, with 68% of patients generating anti-
PSA T-cell responses and 55% exceeding expected
survival times [120]. In another phase Il study, a poxvirus-
based vaccine elicited PSA-specific T-cell responses in
46% of patients with minimal toxicity [121]. Oncolytic
viruses, including engineered DNA and RNA viruses, have
also demonstrated promise in clinical trials, with 58% of
patients in phase | studies achieving over a 25% decrease
in serum PSA levels without severe toxicity [122].
However, PROSTVAC failed to improve overall survival in

Phase Il clinical trials, underscoring the challenge of
translating strong immunogenicity into clinical benefit
due to poor tumor infiltration, antigen escape, lack of
immune checkpoint blockade, and the late-stage patient
population tested in clinical trials [116, 117]. Additionally,
PROSTVAC's trial design as a monotherapy, rather than in
combination with ICls, likely reduced its effectiveness.
Another major limitation of this approach is the presence
of preexisting immunity against viral vectors, which can
reduce vaccine efficacy, particularly with commonly used
adenovirus-based platforms [119, 123, 124]. Future
prostate cancer vaccine strategies should incorporate
multi-antigen targeting, immune checkpoint inhibition,
and administration in earlier-stage disease settings to
improve clinical outcomes. Combination strategies
integrating virus-based vaccines with radiation, hormonal
therapy, and chemotherapy are being actively explored
to enhance efficacy. While encouraging, further research
and clinical trials are necessary to fully evaluate the
therapeutic potential of virus-based vaccines in prostate
cancer treatment.

3.5. Comparative Summary of Prostate Cancer Vaccine
Types

Each prostate cancer vaccine type varies significantly in
its clinical viability, with distinct strengths and limitations.
Dendritic cell-based vaccines, like Sipuleucel-T, induce
strong immune responses but are costly and difficult to
scale due to their patient-specific production
requirements. DNA and RNA vaccines offer a balance of
scalability, cost-effectiveness, and immune activation,
with  mRNA vaccines showing great promise in
personalized oncology. Peptide-based vaccines are
simple and highly affordable, yet limited by their need for
adjuvants and patient-specific HLA compatibility. Lastly,
viral/vector-based vaccines provide robust immune
responses, but preexisting immunity against viral vectors
and moderate scalability issues pose challenges for long-
term success.

While no single vaccine platform has demonstrated
universal superiority, research efforts are increasingly
focused on hybrid vaccine strategies and personalized
immunotherapy approaches. One promising direction
involves combining mRNA-based vaccines with ICls to
sustain T cell activation and counteract tumor-induced
immunosuppression.  Similarly,  nanoparticle-based
vaccine delivery systems are being explored to enhance
antigen presentation and immune cell uptake while
improving vaccine stability. Advances in Al-driven antigen
selection are also transforming vaccine design by
identifying highly immunogenic neoantigens, enabling
patient-specific vaccine formulations with optimized
immune activation.
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4. Advances in Clinical Trials and Therapeutic
Outcomes

4.1. Highlights from Recent Clinical Trials

The clinical development of prostate cancer vaccines has
been shaped by numerous trials assessing their safety,
immunogenicity, and efficacy in various patient
populations. While many vaccines have demonstrated
robust immune activation, translating these responses
into meaningful survival benefits has proven challenging.
To systematically evaluate trial outcomes, we assess key
metrics: safety profile, immune response rates, overall
and progression-free survival benefits, and patient
selection criteria.

Across all the recent clinical trials, prostate cancer
vaccines exhibited excellent safety profiles, with no dose-
limiting toxicities reported. The 5T4 vaccine showed
minimal adverse events, and patients tolerated the
vaccine well in the phase I trial [125]. Similarly, the RhoC
vaccine was well-tolerated in the phase I/Il trial, with no
grade 3 or higher adverse events recorded [126]. The
PSA/MUC-1/brachyury vaccine demonstrated high
tolerability in phase | trials, with no severe side effects
observed, and patients experienced only mild, transient
symptoms such as fatigue or localized injection site
reactions [74]. PROSTVAC, tested in a phase lll trial, also
displayed an acceptable safety profile, with the most
common adverse events being injection site reactions
and mild fatigue [127]. Serious treatment-related events
were rare across all trials. These findings underscore the
feasibility of prostate cancer vaccines as a safe
therapeutic approach.

Clinical trials assess vaccine-induced immune activation
using a combination of T cell response assays (ELISPOT,
flow cytometry, proliferation assays), tumor infiltration
analysis (TIL assessment, IHC, RNA-seq), and cytotoxicity
assays (granzyme B, perforin release, tumor lysis assays).
The degree of immune activation varied significantly
scross trials, reflecting differences in vaccine design,
antigen selection, and immunological context. The 5T4
vaccine demonstrated robust T-cell activation, with both
CD4+ and CD8+ responses and enhanced tumor
infiltration, suggesting a highly immunogenic profile in
early-stage prostate cancer [125]. Similarly, the
PSA/MUC-1/brachyury vaccine induced broad antigen-
specific immunity, with 47% of patients responding to all
three tumor antigens, though the quality of these
responses in controlling tumor progression remains
uncertain [74]. The RhoC vaccine primarily activated
CD4+ T cells, with only occasional CD8+ responses, raising
concerns about its ability to mount effective cytotoxic T
cell-mediated tumor clearance [126]. In stark contrast,

PROSTVAC failed to induce a clinically meaningful
immune response, with no significant increase in tumor-
infiltrating lymphocytes (TILs) or durable T cell activity,
which may have contributed to its lack of efficacy in phase
[l trials [62]. The variability in immune response rates
suggests that certain vaccine strategies (such as multi-
antigen targeting in PSA/MUC-1/brachyury and T-cell
infiltration enhancement in 5T4 vaccine) may offer
superior immunogenic potential compared to single-
antigen or weakly immunostimulatory approaches.

For vaccines to be effective, they must not only generate
robust peripheral immune responses but also facilitate T
cell infiltration into tumors, maintain immune memory,
and overcome immunosuppressive mechanisms to
achieve durable clinical efficacy. While some vaccines
exhibited promising immune activation, their ability to
translate immune responses into survival benefits varied
considerably. The 5T4 vaccine has not yet reached long-
term survival analysis, but its promising immune profile
in early-stage prostate cancer suggests potential for
disease-free survival (DFS) benefits in later trials [125].
The RhoC vaccine, despite showing long-lasting CD4+
activation, has not yet demonstrated significant overall
survival (OS) improvement, though its role in delaying
tumor recurrence is being investigated [126]. The
PSA/MUC-1/brachyury vaccine, despite inducing broad
immune responses in MCRPC, has not shown conclusive
survival benefits, possibly due to the late-stage patient
population in the trial [74]. Most notably, PROSTVAC,
despite promising phase Il data, failed to improve OS or
PFS in its pivotal phase Il trial, leading to its
discontinuation as a monotherapy approach [62]. This
comparison underscores the fact that immune activation
alone is insufficient; vaccines must elicit a response that
directly impacts tumor control and patient survival, which
may require combination strategies.

The stage of disease, prior treatments, and biomarker
status played a significant role in determining the success
or failure of prostate cancer vaccines across clinical trials.
Patients with non-metastatic or early metastatic disease
tend to have better vaccine responses because their
immune systems are less compromised. mCRPC patients,
by contrast, often have an exhausted T cell population
that is difficult to reinvigorate. The 5T4 vaccine, tested in
early-stage prostate cancer, demonstrated strong CD8+
and CD4+ activation with enhanced tumor infiltration,
likely due to a more intact immune system and a less
immunosuppressive tumor microenvironment (TME)
[125]. In contrast, the PSA/MUC-1/brachyury and
PROSTVAC trials, conducted in metastatic castration-
resistant prostate cancer (mCRPC) patients, failed to
show significant clinical benefits despite inducing
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immune responses. These failures were likely due to
chronic antigen exposure leading to T cell exhaustion,
immunosuppressive cytokines, and a lack of tumor-
infiltrating lymphocytes (TILs), which are well-
documented features of late-stage prostate cancer [128-
130]. Prior treatments also influenced vaccine outcomes.
Patients enrolled in the mCRPC trials (PROSTVAC,
PSA/MUC-1/brachyury, RhoC) had received androgen
deprivation  therapy (ADT), chemotherapy, or
radiotherapy, which can induce lymphodepletion and
impair immune responsiveness [74, 126, 127]. In
contrast, the 5T4 vaccine trial, conducted in earlier-stage
patients with minimal prior treatment, saw a more
favorable immune response, reinforcing the importance
of administering vaccines before significant immune
system compromise [125].

Biomarker status plays a crucial role in determining
which patients are most likely to benefit from prostate
cancer vaccines, influencing both immune response
consistency and overall clinical efficacy. The absence of
predictive biomarkers in some trials led to inconsistent
responses, while targeting more specific tumor-
associated markers or neoantigens may improve vaccine
effectiveness in future trials. In the PSA/MUC-1/brachyury
vaccine trial, while 47% of patients exhibited immune
responses to all three antigens, the lack of biomarker-
driven patient selection resulted in heterogeneous
outcomes, where some patients mounted strong
immune responses, while others saw no clinical benefit
[74,126]. This suggests that without validated biomarkers
to stratify patients, the immune system's ability to
recognize and respond to vaccine-targeted antigens
varies widely. In contrast, vaccines designed around
tumor-specific  fusion proteins or personalized
neoantigens, such as TMPRSS2:ERG, may provide a more
targeted approach by ensuring that the selected antigens
are uniquely expressed in a patient’s tumor, reducing the
likelihood of immune escape.

4.2. Challenges in Clinical Trials

While prostate cancer vaccines have consistently
demonstrated strong immunogenicity in clinical trials,
their ability to translate immune activation into survival
benefits remains limited, particularly in advanced disease
settings. As discussed in Section 4.1, vaccines such as 5T4
and RhoC exhibited robust CD4+ and CD8+ T-cell
responses, yet failed to achieve significant tumor control,
suggesting that tumor heterogeneity and immune
resistance posed major barriers to efficacy [125, 126].
Similarly, the PSA/MUC-1/brachyury vaccine, despite
generating broad antigen-specific immune responses in
47% of patients, produced only modest clinical benefits
in  metastatic castration-resistant prostate cancer

(mCRPC), where immune suppression is highly prevalent
[74]. The PROSTVAC trial underscored these challenges,
as its promising early-phase immunogenicity did not lead
to improved overall survival (OS) in phase Ill, ultimately
leading to its discontinuation [127]. The common trend
observed across these trials suggests that while vaccine-
induced T cells can be activated in peripheral circulation,
they often fail to infiltrate tumors, persist within an
immunosuppressive microenvironment, or effectively
eliminate antigen-adaptive tumor cells.

This disconnection between immunogenicity and clinical
efficacy stems from several key factors. First, poor tumor
infiltration of vaccine-induced T cells significantly reduces
the impact of immunization [131]. As seen in the
PROSTVAC trial, despite evidence of peripheral immune
activation, T cells failed to effectively migrate into tumor
sites, likely due to low chemokine expression and stromal
barriers that characterize prostate cancer's immune-cold
microenvironment [132]. Second, the
immunosuppressive tumor microenvironment (TME)
neutralizes vaccine-induced T cells [133], as seen in trials
such as PSA/MUC-1/brachyury and RhoC, where immune
responses were evident but did not lead to durable
tumor control. This suppression is mediated by high
levels of TGF-B, IL-10, regulatory T cells (Tregs), and
myeloid-derived suppressor cells (MDSCs), which
collectively inhibit T cell expansion and cytotoxic activity.
Third, tumor antigen escape and heterogeneity further
weaken vaccine efficacy, as prostate cancer cells
downregulate or modify target antigens to evade
immune detection [134, 15, 111]. While multi-antigen
vaccines like PSA/MUC-1/brachyury attempted to
address this issue, the lack of significant survival benefits
suggests that tumor adaptation and antigen loss remain
major challenges. Finally, vaccine-induced T cells
frequently express exhaustion markers (PD-1, LAG-3,
TIM-3), limiting their function within tumors. None of the
clinical trials discussed in before incorporated ICls such
as anti-PD-1 or anti-CTLA-4, which could have prevented
T cell exhaustion and sustained antitumor immunity [135,
136].

The failure of these vaccine trials in late-stage mCRPC
patients further highlights the importance of patient
selection and timing of immunotherapy. While the 5T4
vaccine was tested in early-stage prostate cancer and
demonstrated promising immune activation, vaccines
such as PROSTVAC and PSA/MUC-1/brachyury were
evaluated in heavily pretreated mCRPC patients, where
chronic antigen exposure and prior therapies had already
compromised immune responsiveness [137]. This
suggests that prostate cancer vaccines may be more
effective when administered in earlier disease stages,
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before the immune system is suppressed and the tumor
microenvironment becomes hostile to immune activation

To bridge the gap between immunogenicity and clinical
efficacy, future vaccine strategies must incorporate
multiple synergistic approaches. Enhancing T cell
infiltration into tumors through chemokine-modulating
agents (CXCL9, CXCL10), oncolytic viruses, or
radiotherapy could improve tumor targeting [138-142].
Expanding antigen targeting strategies by incorporating
both shared prostate cancer and patient-specific
neoantigens could further reduce tumor escape
mechanisms. Furthermore, shifting vaccine
administration to earlier-stage prostate cancer could
enhance efficacy, preserve immune function, and
maximize patient benefit [143]. The failure of PROSTVAC
and other monotherapy vaccine trials underscores the
necessity of combination immunotherapy approaches.
Overcoming immune suppression within the TME by
combining vaccines with ICls, TGF-3 inhibitors, or myeloid
cell-targeting therapies may help sustain vaccine-induced
responses. By integrating these advancements, future
prostate cancer vaccines may overcome the current
limitations and achieve durable clinical success.

5. Facilitating Factors and Barriers in Vaccine
Development

5.1. Key Drivers of Success in Prostate Cancer Vaccine
Development

The success of prostate cancer vaccine development is
driven by a combination of scientific advancements,
technological innovations, and strategic clinical and
economic considerations. While clinical response and
immunogenicity remain central to vaccine efficacy,
manufacturing scalability, cost-effectiveness, and real-
world applicability have emerged as equally critical
metrics for determining long-term success. The
availability of well-characterized TAAs such as PSA, PSMA,
and PAP has provided specific and widely expressed
immunotherapy targets, minimizing off-target effects
and improving tumor-specific immune activation [144-
146]. The success of Sipuleucel-T, the first FDA-approved
therapeutic vaccine for metastatic castration-resistant
prostate cancer (mCRPC), demonstrates the potential of
leveraging tumor-specific antigens to generate antitumor
T-cell responses [147].

Beyond antigen selection, immune costimulatory
molecules have played a vital role in vaccine efficacy.
Incorporating GM-CSF in Sipuleucel-T and ICAM-1 in PSA-
Tricom has enhanced antigen presentation, amplified T-
cell activation, and prolonged immune response
durability [116, 148]. Additionally, early patient
stratification has proven essential in vaccine success, as

patients with low tumor burden and early-stage disease
tend to exhibit stronger immune responsiveness and
fewer complications from tumor-induced immune
suppression [149]. This highlights the importance of
matching vaccine therapies to the appropriate disease
stage, ensuring optimal effectiveness and reducing the
likelihood of treatment failure due to tumor-driven
immune evasion. Advancements in RNA and DNA-based
vaccine platforms have significantly improved
manufacturing scalability and cost-effectiveness, making
these therapies more feasible for widespread clinical
application [150]. Unlike autologous cell-based vaccines
(e.g., Sipuleucel-T), which require personalized ex vivo
processing, synthetic RNA/DNA vaccines enable bulk
manufacturing, allowing for faster, more affordable
production without compromising immunogenicity. The
use of lipid nanoparticle (LNP) delivery in mRNA vaccines
and electroporation-enhanced DNA vaccines has further
improved antigen stability and uptake, increasing their
real-world applicability by streamlining storage,
distribution, and administration logistics [91, 151].

Assessing the success of prostate cancer vaccines
requires consideration beyond clinical response metrics,
incorporating manufacturing feasibility, cost-
effectiveness, and real-world applicability. A vaccine that
demonstrates high efficacy but is too expensive to
produce or distribute at scale may struggle to achieve
widespread adoption. Likewise, if a vaccine requires
specialized delivery systems or patient-specific
modifications, its accessibility and real-world impact may
be limited despite strong clinical data. By integrating
scientifically validated antigen targets, scalable
manufacturing platforms, cost-efficient production
models, and streamlined distribution strategies, the next
generation of prostate cancer vaccines can overcome
existing barriers and achieve both clinical and
commercial success.

5.2. Challenges in Prostate Cancer Vaccine Development:
Tumor Heterogeneity, Immune Evasion, and Financial
Constraints

As previously mentioned, Prostate cancer vaccine
development faces critical challenges related to tumor
heterogeneity, immune evasion mechanisms, and
financial constraints, all of which impact clinical efficacy
and commercial viability. Tumor heterogeneity, driven by
diverse genetic profiles and biological behaviors, enables
cancer cells to evade immune detection and resist
targeted immunotherapy, making it difficult for vaccines
to generate consistent and durable responses across
patient populations [152]. Additionally, immune evasion
strategies, such as upregulation of checkpoint proteins
(PD-1/PD-L1) and the creation of an immunosuppressive
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tumor microenvironment, significantly limit vaccine
efficacy [54-58]. The presence of regulatory T cells
(Tregs), myeloid-derived suppressor cells (MDSCs), and
immunosuppressive cytokines (IL-10, TGF-B) further
suppresses T-cell activation and antitumor immunity,
explaining why some vaccine trials have failed to achieve
significant survival benefits despite eliciting measurable
immune responses [153-156].

Beyond biological barriers, financial constraints remain a
major obstacle to vaccine development and accessibility.
The commercial success of prostate cancer vaccines
relies on the balance between manufacturing costs,
pricing strategies, and demonstrated clinical benefits.
High development and production costs must be justified
by meaningful survival improvements, while pricing
models determine market accessibility and adoption
[157]. This interplay ultimately decides whether a vaccine
achieves financial sustainability or faces limited clinical
uptake, as seen with Sipuleucel-T, which, despite FDA
approval, struggled commercially due to high costs and
modest clinical benefits [158]. Prostate cancer vaccines,
particularly cell-based therapies like Sipuleucel-T, involve
labor-intensive manufacturing, requiring autologous
dendritic cell extraction, ex vivo antigen priming, and
reinfusion, increasing per-dose costs to over $90,000 per
patient [159, 160]. Similarly, viral vector-based vaccines
like PROSTVAC demand large-scale viral engineering and
strict biosafety oversight, further escalating expenses.

Pricing strategies depend on clinical benefit and
competition within the oncology market [157].
Sipuleucel-T's high cost was not justified by its modest
4.1-month OS increase, leading to low insurance
reimbursement and market rejection, contributing to the
manufacturer's eventual bankruptcy [158]. In contrast,
ICIs such as nivolumab and pembrolizumab, despite
being similarly expensive, gained widespread adoption
due to durable responses and strong combination
potential with other therapies [161, 162]. This highlights
the importance of demonstrating sustained survival
benefits and identifying ideal patient populations for
premium pricing to be justifiable. The commercial
viability of prostate cancer vaccines depends on their
ability to generate significant clinical benefit that justifies
their manufacturing costs and pricing structure. The
failure of PROSTVAC's Phase Ill trial, despite strong early
immune activation, exemplifies the disconnect between
immunogenicity and survival benefit, leading to loss of
investment and discontinuation [163].

While pricing strategies and production costs determine
market accessibility, the ability to demonstrate
meaningful survival benefits through well-defined clinical
endpoints ultimately influences regulatory approval,

physician adoption, and long-term viability of these
therapies [164]. The osseous nature of prostate cancer
metastases complicates radiographic assessments,
leading to inconsistencies in evaluating true disease
progression [165]. As a result, progression-free survival
(PFS) is frequently used as a primary endpoint in prostate
cancer immunotherapy trials, though its reliability varies
significantly [166-168]. While radiographic PFS (rPFS) and
clinical PFS (cPFS) have been proposed as surrogate
endpoints for overall survival (OS) in metastatic
hormone-sensitive prostate cancer (mHSPC), their
validity remains under investigation. Supporting this, a
meta-analysis of nine randomized trials found surrogate
threshold effects of 0.80 for rPFS and 0.81 for cPFS,
indicating their potential to streamline phase lll trials by
accelerating data collection and expediting regulatory
approvals [169]. However, given the disconnect between
immune response generation and long-term survival
benefits, future vaccine trials must integrate alternative
clinical endpoints, such as biomarker-driven response
measures and immune-related survival metrics, to better
capture treatment efficacy. Despite these challenges, the
advancement of prostate cancer vaccines will depend on
overcoming tumor-driven immune resistance, refining
patient stratification, improving clinical endpoints, and
addressing financial sustainability.

5.3. Innovative Strategies to Address Challenges in
Prostate Cancer Vaccine Development.

To overcome the persistent challenges in prostate cancer
vaccine development, recent studies are adopting multi-
faceted strategies that enhance immune activation,
improve scalability, and optimize patient selection. One
of the most promising approaches is the combination of
vaccines with ICls, such as anti-PD-1/PD-L1 or anti-CTLA-
4  antibodies, to counteract  tumor-induced
immunosuppression. While ICls alone have shown
limited efficacy in prostate cancer, their combination with
vaccines has demonstrated synergistic effects in
preclinical and early-phase trials, boosting tumor-specific
T-cell recruitment and effector function [170, 171].
Additionally, neoantigen-targeting vaccines, which
leverage tumor-specific mutations to enhance immune
responses, are particularly beneficial for patients with
high tumor burden or aggressive disease, where immune
escape is more common [172, 173]. Vaccine designs are
also evolving to target multiple TAAs or induce epitope
spreading, ensuring a broader immune response that
reduces the risk of tumor antigen loss and immune
evasion [174, 175]. Advances in synthetic vaccine
manufacturing, such as DNA and RNA-based platforms,
provide cost-effective, scalable solutions that maintain
high immunogenicity while reducing production
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complexity [176]. Moreover, refocusing clinical trials on
patients with early-stage disease or minimal tumor
burden has shown greater immunotherapy efficacy, as
these patients have less immune dysfunction and lower
levels of tumor-induced suppression [149]. The
integration of biomarker-driven monitoring and adaptive
trial designs further enables real-time assessment of
immune responses, allowing for personalized treatment
adjustments that optimize patient outcomes [177, 178].

The integration of artificial intelligence (Al) into prostate
cancer vaccine development is addressing critical
barriers that have historically slowed progress in
immunotherapy. Al-driven tools are revolutionizing
epitope selection, optimizing antigen delivery,
accelerating adjuvant discovery, and personalizing
vaccine formulations, enabling faster and more precise
vaccine design [78]. As highlighted earlier, one of the
primary challenges in prostate cancer vaccine
development is tumor heterogeneity and antigen escape,
where cancer cells modify or downregulate their antigens
to evade immune detection. Al is helping to overcome
this issue by analyzing vast genomic, transcriptomic, and
proteomic datasets to identify highly stable,
immunogenic epitopes that remain consistently
expressed across different tumor subtypes [179, 180].
Through machine learning models, Al can differentiate
between shared prostate cancer antigens (e.g., PSMA,
PAP, TMPRSS2:ERG) and patient-specific neoantigens,
allowing for the development of mutation-specific
vaccines that minimize the risk of immune evasion and
improve long-term efficacy [181].

Beyond epitope selection, Al is also optimizing vaccine
formulations and delivery systems, addressing the
inefficiencies of traditional platforms that often result in
suboptimal antigen expression and weak immune
responses. Deep learning algorithms can refine mRNA
and DNA vaccine sequences, predicting the most
effective codon usage, structural stability, and antigen
expression efficiency to enhance antigen presentation
and T-cell activation [182]. This is particularly useful for
mRNA vaccines, where Al-assisted optimization of
untranslated regions (UTRs) and lipid nanoparticle (LNP)
formulations improves stability, cellular uptake, and
protein translation efficiency [183, 184]. Similarly, Al-
driven modeling of electroporation parameters in DNA
vaccines ensures that antigen uptake is maximized,
boosting immune response strength and durability [185].
In addition to antigen design, Al is transforming adjuvant
discovery, a key component in ensuring vaccine efficacy
[186]. Many prostate cancer vaccines have struggled to
induce  strong, sustained immune  responses,

necessitating the use of adjuvants that enhance dendritic
cell activation, cytokine production, and T-cell priming. Al-
driven screening of large biochemical and
pharmacological databases enables the rapid
identification of novel immune-stimulatory molecules,
predicting synergistic interactions between adjuvants
and antigens. This approach not only accelerates
adjuvant discovery but also ensures that the selected
adjuvants enhance vaccine efficacy while minimizing
toxicity, an issue that has limited previous vaccine
formulations [186, 187].

Al could also play a crucial role in personalizing prostate
cancer vaccines and refining patient selection strategies.
Given the significant genetic variability, immune status
differences, and tumor burden heterogeneity among
patients, one-size-fits-all vaccines are often ineffective.
Al-driven  models predict patient-specific immune
responses, enabling the development of personalized
vaccine formulations tailored to an individual's tumor
profile and immune landscape [181]. Furthermore, Al-
based analysis of biomarkers such as PD-L1 expression,
tumor mutational burden, and T-cell infiltration levels
allows for real-time patient stratification, ensuring that
vaccines are administered to patients most likely to
benefit, thereby increasing clinical trial success rates and
regulatory approval likelihood [78]. Despite its vast
potential, Al-driven vaccine development faces several
key challenges that must be addressed to ensure clinical
translation. Tumor heterogeneity and genetic variability
introduce complexities that require large, high-quality
datasets to improve Al prediction accuracy [188].
Additionally, concerns regarding data privacy and
potential biases in Al algorithms must be carefully
managed to ensure equity in vaccine development and
access [189]. Collaboration between oncologists,
immunologists, computational biologists, and Al
specialists is essential to bridge the gap between Al-
based discoveries and clinical applications [190].
Furthermore, establishing careful navigation of a
complex regulatory landscape will be necessary to
guarantee that Al-assisted vaccine development meets
safety, efficacy, and accessibility standards, accelerating
its transition from computational modeling to real-world
implementation [191].

By leveraging Al for precision epitope design, antigen
optimization, and real-time immune response
monitoring, prostate cancer vaccines have the potential
to become more effective, adaptable, and widely
accessible. As Al continues to refine vaccine design and
improve clinical predictability, its integration into cancer
immunotherapy may redefine the future of prostate
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Figure 3. Overcoming the prostate cancer tumor microenvironment. Prostate cancer cells express PD-L1 to suppress cytotoxic T cells,
but immune checkpoint inhibitors (e.g., anti-PD-1/PD-L1) block this pathway. Reactivated T cells then release cytotoxic molecules
(perforin and granzymes), inducing tumor cell death.

cancer treatment, overcoming challenges that have
historically hindered vaccine development.

6. Integrating Vaccines with Complementary
Therapeutic Modalities

Prostate cancer vaccine combination therapies are
gaining momentum as a promising strategy to overcome
immune resistance and enhance treatment efficacy. By
integrating vaccines with checkpoint inhibitors, hormone
therapy, chemotherapy, radiotherapy, and emerging
targeted therapies, researchers aim to exploit synergistic
mechanisms that improve immune activation, tumor
clearance, and treatment durability [192]. As stated
previously, while cancer vaccines alone can stimulate
tumor-specific T-cell responses, their effectiveness is
often limited by immunosuppressive mechanisms in the
tumor microenvironment (TME). Combination
approaches aim to sustain and amplify vaccine-induced
immune responses, making them more effective in
generating durable antitumor immunity [193].

Figure 3 highlights the interplay between tumor cells and
the immune system within the prostate cancer
microenvironment, as well as how immunotherapies can
overcome immunosuppressive barriers. Prostate cancer
cells release signals that attract and modulate immune
cells. Activated CD8* T cells approach the tumor, but their
cytotoxic activity can be suppressed when the tumor cell
expresses immune checkpoint molecules like PD-L1,
which binds to PD-1 on T cells. This interaction dampens
T cell function, allowing the tumor to evade destruction.
The right side of the figure illustrates how immune
checkpoint inhibitors—such as anti-PD-1 or anti-PD-L1

antibodies—can block this inhibitory pathway, restoring
T cell activation. Once reactivated, T cells secrete
cytotoxic molecules (e.g., perforin and granzymes),
ultimately inducing tumor cell death. By interrupting the
tumor’s immune evasion tactics, these therapies enhance
the effectiveness of the immune response against
prostate cancer cells.

6.1. Strategic Sequencing of Vaccine Administration in
Combination Therapies

The timing of vaccine administration in relation to other
therapies plays a critical role in determining clinical
outcomes. In immune checkpoint inhibitor combinations,
vaccines should ideally be administered before or
concurrently with ICls, as they prime the immune system
by generating tumor-specific T cells, while ICls sustain T-
cell activity and prevent exhaustion [194, 195]. The phase
| trial of PROSTVAC with ipilimumab (anti-CTLA-4) and
GM-CSF supports this sequencing, showing prolonged
overall survival (31.6 months) compared to PROSTVAC
alone (25.1 months), with a significant proportion of
patients achieving PSA declines greater than 50% [173,
196, 197]. Similarly, vaccines administered before anti-
PD-1 therapy (e.g., nivolumab or pembrolizumab) may
enhance checkpoint blockade efficacy, as seen in
preliminary responses demonstrating tumor volume
reduction and durable PSA declines [198].

For hormone therapy combinations, evidence suggests
that administering vaccines before androgen deprivation
therapy (ADT) optimizes immune responses. The STAND
trial, which combined Sipuleucel-T with ADT, showed
more robust and sustained T-cell activation when the
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vaccine was given prior to ADT, with immune responses
lasting up to 24 months [199]. This may be due to ADT-
induced antigen release and increased T-cell infiltration,
which synergizes with vaccine-induced immune priming.
Similarly, combining Sipuleucel-T with abiraterone
acetate (AA) and prednisone in mCRPC patients
demonstrated safety and feasibility, with no loss of
vaccine potency despite concurrent ADT [200]. In
chemotherapy-based combinations, sequencing also
plays a role. Dendritic cell-based immunotherapy
(DCVAC/PCa) combined with docetaxel chemotherapy
initially showed prolonged survival and induction of PSA-
specific T cells in early-phase trials [201]. However, the
large-scale VIABLE Phase Il trial failed to achieve
significant overall survival benefits [202]. Despite this,
DCVAC/PCa maintained a favorable safety profile,
reinforcing its potential as part of a rationally timed
combination  strategy [202, 203]. Given that
chemotherapy can enhance antigen presentation by
inducing immunogenic cell death, further trials are
needed to refine optimal dosing and sequencing to avoid
excessive immune suppression [204, 205]. For
radiotherapy (RT) combinations, vaccines are best
administered following RT, leveraging RT-induced
immunogenic cell death and TME remodeling. Radiation
therapy can function as an in-situ vaccine, exposing
tumor antigens and promoting an inflamed,
immunostimulatory environment that enhances vaccine
efficacy [206, 207]. This synergy has been demonstrated
across various cancer types, including prostate cancer
and HPV-associated head and neck cancers [208, 209]. RT
enhances antigen-specific CD8+ T-cell infiltration, which
is crucial for vaccine-driven immune responses [209].
Photodynamic therapy (PDT) combined with vaccine
administration post-RT demonstrated a 50% tumor cure
rate in preclinical models, further highlighting the
importance of treatment sequencing [210].

6.2. Economic and Logistical Challenges of Multi-Modal
Therapies

While combination therapies hold great promise in
enhancing prostate cancer vaccine efficacy, the financial
burden and logistical complexity of integrating multiple
high-cost treatments remain significant barriers to
widespread adoption. The addition of ICls, hormone
therapy, chemotherapy, and radiotherapy to vaccine
regimens significantly increases treatment costs, raising
concerns about cost-effectiveness, reimbursement
feasibility, and patient accessibility. These challenges
mirror the financial constraints discussed in Section 5.2,
where high manufacturing costs, premium pricing
models, and uncertain long-term benefits have limited
the adoption of monotherapy like Sipuleucel-T. With

combination therapies, these issues are further
compounded by the need for multiple concurrent or
sequential treatments, making financial sustainability a
major concern for healthcare systems and patients alike.
Sipuleucel-T alone costs approximately $90,000 per
patient, while ICls such as nivolumab or pembrolizumab
range from $100,000 to $150,000 annually [159-162].
When combined, these therapies can exceed $200,000
per patient per year, making them financially inaccessible
to many patients and healthcare systems. Adding
expenses from radiotherapy and targeted agents (e.g.,
PARP inhibitors, enzalutamide) makes insurers and
healthcare providers reluctant to approve or reimburse
these regimens without clear survival benefits [211].
Furthermore, as noted earlier, prostate cancer vaccines
have yet to demonstrate long-term benefits, making it
hard to justify their premium pricing in combination
therapies.

Beyond direct treatment costs, logistical challenges also
limit the scalability of combination therapies.
Personalized cell-based vaccines (e.g., Sipuleucel-T)
require individualized ex vivo processing, creating supply
chain and distribution hurdles that are further
complicated when combined with rigid dosing schedules
for ICIs or chemotherapy [212]. The need for coordinated
treatment administration across different oncology
specialties adds another layer of complexity, increasing
hospital resource utilization and placing additional
burdens on healthcare infrastructure [190]. For example,
radiotherapy combined with vaccines requires precise
sequencing to ensure optimal immune stimulation,
necessitating frequent clinical visits and specialized
facilities that may not be available in all treatment
centers.

To address these financial and logistical barriers, several
strategies must be considered. First, implementing
biomarker-driven patient stratification can ensure that
only patients most likely to benefit receive high-cost
combination treatments, improving cost-effectiveness
[177, 178]. Second, adopting outcome-based pricing
models, where manufacturers receive reimbursement
only if the therapy meets predefined clinical benchmarks
(e.g., prolonged overall survival or PSA reduction), could
help balance innovation with financial sustainability [213,
214]. Third, prioritizing scalable, cost-efficient vaccine
platforms like RNA/DNA-based vaccines may enable
broader accessibility by reducing manufacturing and
distribution costs, a challenge that has historically limited
cell-based immunotherapies like Sipuleucel-T. Ultimately,
while combining prostate cancer vaccines with ICls,
chemotherapy, radiotherapy, and targeted agents
presents a scientifically sound approach, ensuring
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economic feasibility and practical implementation will be
crucial for real-world adoption. Development of prostate
cancer vaccine combination therapy must continue
refining cost-benefit analyses, optimizing treatment
sequencing, and exploring innovative pricing structures
to balance clinical impact with affordability, ensuring that
these advances benefit a broader patient population
holistically.

6.3. Biological Synergies Underpinning Combination
Therapies

Each combination therapy exploits distinct molecular
mechanisms to enhance tumor targeting and immune
activation. Vaccines alone generate tumor-specific T-cell
responses, but their activity is often dampened by
immune checkpoints and suppressive factors in the TME.
The addition of ICIs blocks these inhibitory pathways,
ensuring that vaccine-induced T cells remain active and
capable of infiltrating tumors. This synergy is evident in
PROSTVAC with ipilimumab, where checkpoint inhibition
amplified vaccine-driven immune responses, leading to
better tumor control [197].

Hormone therapy combinations, particularly the
combination of ADT and vaccines, function by modulating
antigen expression and immune accessibility [215].
Androgen receptor (AR) signaling suppresses MHC class |
expression, reduces T-cell infiltration, and contributing to
CD8+ T cell exhaustion, ultimately limiting vaccine
efficacy [216]. ADT reverses these effects, increasing
tumor antigen presentation and immune cell
recruitment, thereby  enhancing  vaccine-driven
responses [217, 218]. This explains why Sipuleucel-T
followed by ADT in the STAND trial showed prolonged
immune responses compared to ADT alone [199]. In
chemotherapy-based  combinations, agents like
mitoxantrone induce immunogenic cell death, which
releases tumor antigens and enhances dendritic cell
activation [204, 205]. This creates an optimal
environment for vaccine priming, as seen in early trials
with DCVAC/PCa [201]. However, excessive
chemotherapy can lead to lymphodepletion,
necessitating precise dosing to avoid impairing vaccine-
induced immunity [201, 202]. Combination with
radiotherapy, also leverage the ability to promote
immunogenic cell death, upregulate TAAs, and disrupt
the suppressive tumor stroma. This creates a favorable
immune microenvironment, enhancing vaccine efficacy
[206, 207]. RT also induces vascular remodeling,
improving immune cell infiltration into tumors, which is
critical for long-term immune surveillance and durable
responses [206, 207].

7. Emerging Horizons and Innovations in Prostate
Cancer Vaccine Research.

7.1. Emerging Vaccine Platforms: Advancing Toward
Clinical Integration

The future of prostate cancer vaccines is bright, driven by
breakthroughs in immunology, molecular biology, and
cutting-edge technologies. The trajectory of prostate
cancer vaccine development is shaped by ongoing clinical
advancements, manufacturing feasibility, and regulatory
progress. The transition from experimental platforms to
standard-of-care therapies follows a multi-phase
evolution, with some strategies approaching short-term
clinical translation, while others remain in long-term
research and optimization before widespread
implementation. Vaccines currently undergoing Phase I/II
trials and nearing Phase Il validation are the closest to
clinical adoption. Among these, RNA-based vaccines are
showing the strongest potential for early regulatory
approval due to their rapid production, demonstrated
immunogenicity in other cancers, and ongoing
improvements in antigen delivery systems. While mRNA
platforms face challenges in stability and antigen
presentation in solid tumors, the application of lipid
nanoparticle (LNP) carriers and self-amplifying RNA
(saRNA) modifications is addressing these limitations [91,
151, 183]. Given that regulatory agencies have already
established accelerated pathways for mRNA vaccine
approvals, these innovations are expected to transition
into prostate cancer treatment strategies following
confirmatory trials in the next few development cycles
[219]. Similarly, DNA-based vaccines, which offer greater
stability and lower production costs, are positioned for
mid-to-late-stage trials [220]. Although historically
hindered by weak immunogenicity, advancements in
electroporation-based delivery, optimized plasmid
constructs, and integrated adjuvants are showing
promising improvements in T-cell activation [221, 222]. If
ongoing trials confirm longer-lasting immune responses,
DNA vaccines will likely be integrated into treatment
regimens soon after regulatory validation in the next
phase of immunotherapy adoption.

As vaccine platforms mature, the next stage of
implementation will involve combining vaccines with
other immunotherapies, particularly ICls, androgen
deprivation therapy (ADT), and radiotherapy. Checkpoint
inhibitor combinations, such as PROSTVAC + ipilimumab
(anti-CTLA-4) and vaccine + nivolumab (anti-PD-1), have
already demonstrated synergistic immune effects in
early-phase trials [197, 223]. While toxicity management
and treatment sequencing remain areas of optimization,
checkpoint blockade is expected to become a key
enhancer of vaccine efficacy, particularly in patients with
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T-cell-excluded tumors that require immune modulation
[197]. Similarly, vaccine combinations with radiotherapy
and hormonal therapy are gaining traction, as
radiotherapy can function as an in-situ vaccine by
increasing tumor antigen release and immune visibility
[206, 207]. The Sipuleucel-T + ADT (STAND trial) has
already shown long-term immune memory effects,
confirming that hormonal therapy primes the tumor
microenvironment for enhanced vaccine responses
[199]. Ongoing trials will refine optimal sequencing
strategies, patient stratification models, and durability of
immune protection, ensuring that these combinations
are effectively positioned as mainstream therapeutic
regimens in the next phase of clinical expansion. While
oncolytic virus (OV)-based vaccines remain in the
transition phase between early and mid-term trials, their
ability to selectively infect tumors, induce direct cell lysis,
and stimulate antitumor immunity positions them as a
future adjunct to checkpoint blockade and radiation-
based strategies [224-226]. Challenges such as pre-
existing antiviral immunity and inefficient viral
persistence in solid tumors are being addressed through
next-generation  viral vector engineering and
combination therapy formulations [119, 123, 124], setting
the stage for future mid-term clinical applications.

The emergence of neoantigen-based personalized cancer
vaccines represents a transformative shift toward
individualized immunotherapy [227]. By leveraging
patient-specific tumor mutations, these vaccines provide
precision-targeted immune responses, reducing immune
tolerance and off-target effects [228]. However, their
implementation faces major scalability challenges, as
each vaccine must be custom-manufactured per patient,
significantly increasing production time and costs. Al-
driven tumor profiling and batch-processing models are
helping accelerate neoantigen selection [229-231],
allowing for semi-personalized vaccine production,
where patients are stratified into mutation clusters
rather than requiring fully individualized vaccines. As
these models undergo further refinement and regulatory
adaptation, personalized vaccines are expected to move
from experimental trials into select patient applications
as an advanced-stage immunotherapy option [229].
Another key area of long-term research involves
improving vaccine accessibility through automation and
cost-efficient scaling models. The development of
automated Al-driven vaccine synthesis platforms could
eventually allow for real-time customization of
immunotherapies based on evolving tumor profiles,
further advancing adaptive precision oncology.

7.2. Technological Limitations and Advances in Prostate
Cancer Vaccine Development

The integration of artificial intelligence (Al) and machine
learning (ML) models into prostate cancer vaccine
development has accelerated neoantigen discovery,
optimized vaccine design, and improved immune
response predictions. However, for Al-generated vaccine
candidates to be clinically validated, they must undergo
rigorous experimental and clinical testing to ensure
accuracy, safety, and efficacy [191]. One of the biggest
challenges is demonstrating that Al-selected antigens
elicit strong, durable immune responses in human trials,
as preclinical models may not fully capture the
complexity of human immune interactions [78].
Validation requires retrospective testing against existing
patient data, prospective clinical trials, and comparisons
with conventional vaccine design methods to ensure that
Al-driven predictions consistently improve patient
outcomes. While early-stage trials for Al-driven cancer
vaccines are underway in melanoma and lung cancer,
prostate cancer applications remain in exploratory
phases, awaiting regulatory confidence in Al's predictive
reliability [229, 232, 233].

Beyond clinical validation, regulatory and ethical
challenges pose significant barriers to the widespread
adoption of Al-assisted immunotherapy [191]. Traditional
fixed vaccine approval pathways struggle to
accommodate continuously evolving Al-driven vaccine
formulations, requiring new regulatory guidelines for
real-time modifications. Transparency is another major
concern, as many Al models function as black-box
systems, making it difficult for researchers and regulators
to interpret why certain tumor antigens are prioritized
[234]. Ensuring explainability and independent validation
of Al-generated decisions will be critical for regulatory
acceptance. Furthermore, Al-driven vaccine development
relies on large-scale genomic datasets, raising concerns
about data privacy, informed consent, and equitable
access to treatment [234]. If training data lacks diversity,
Al models may introduce biases, leading to vaccines that
are less effective for wunderrepresented patient
populations. Ethical safeguards must be in place to
protect patient data, prevent discriminatory outcomes,
and ensure cost-effective accessibility [78, 234].

To successfully integrate Al-driven vaccine platforms into
clinical practice, the industry must establish standardized
validation frameworks, clear regulatory pathways, and
robust ethical oversight. Researchers must ensure that Al
models are explainable, reproducible, and free of bias,
while regulatory bodies must evolve to accommodate
adaptive vaccine formulations and automated antigen
selection. Addressing these challenges will be crucial in
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ensuring that Al-powered prostate cancer vaccines
transition from experimental innovation to widely
accessible immunotherapy, making precision cancer
treatment both effective and equitable.

8. Conclusion

The development of prostate cancer vaccines represents
a transformative leap in oncology, leveraging
immunotherapy to target tumor-associated antigens
(PSA, PSMA, PAP) through dendritic cell, DNA/RNA,
peptide, and viral vector-based platforms. While these
vaccines demonstrate safety and immunogenicity, clinical
efficacy remains limited by tumor heterogeneity and
immune evasion. Combining vaccines with immune
checkpoint inhibitors (ICls), radiotherapy, and androgen
deprivation therapy (ADT) has shown synergistic
potential, enhancing immune activation and tumor
antigen release.

The most promising short-term strategy is the
combination of prostate cancer vaccines with ICls, which
has demonstrated synergistic effects in early-phase trials
by sustaining T-cell activation and preventing immune
exhaustion. Vaccine combinations with radiotherapy and
androgen deprivation therapy (ADT) are also emerging as
effective approaches, enhancing immune priming and
tumor antigen release. Among vaccine platforms, RNA-
based vaccines hold the greatest potential for rapid
clinical translation due to their scalability, cost-
effectiveness, and ability to encode multiple neoantigens.
Future research should prioritize optimizing RNA vaccine
delivery systems and refining combination therapy
protocols to maximize clinical efficacy and accessibility. In
the short term, priority should be given to advancing
vaccine + IClI combinations into Phase I/l trials,
optimizing MRNA and DNA vaccine delivery, and refining
biomarker-driven patient selection to enhance treatment
efficacy. Efforts should also focus on cost reduction
strategies, such as automated vaccine synthesis and
modular RNA production, to improve accessibility. In the
long term, the goal is to develop Al-driven adaptive
vaccine platforms for real-time personalization, integrate
prostate cancer vaccines into multi-modal treatment
regimens, and establish new regulatory frameworks for
continuously evolving immunotherapies. Achieving these
milestones will transform prostate cancer vaccines from
experimental therapies into widely available precision
treatments.

Despite of all the advancements, several barriers must be
addressed before prostate cancer vaccines become a
standard component of clinical care. The most critical
practical challenge is ensuring that these therapies are
cost-effective and scalable. RNA and DNA vaccines, unlike

dendritic cell-based therapies, allow for centralized,
automated production, making them better suited for
large-scale manufacturing. However, ensuring affordable
pricing and equitable distribution will require strategic
collaborations between pharmaceutical companies,
healthcare systems, and regulatory agencies to
implement better pricing models, such as outcome-
based pricing, where reimbursement is contingent on
clinical effectiveness. Vaccine trials should shift toward
earlier-stage prostate cancer, where intervention may
yield better outcomes, supported by biomarker-driven
patient stratification. Moreover, integrating Al-driven
immunotherapy models can further optimize patient
selection, reduce trial costs, and accelerate clinical
translation, ultimately transforming prostate cancer
vaccines into widely accessible precision treatments.
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